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Abstract

Flooded lead–acid batteries continue to operate in utility-scale battery energy storage
systems (BESSs), yet their long-term degradation under grid-frequency regulation remains
poorly characterized by field evidence. This paper presents an eight-year, multi-indicator
degradation analysis of a flooded Ortsfeste Kupferstreckmetall (OCSM) lead–acid string at
the M5BAT hybrid BESS facility (RWTH Aachen University), covering five years of active
Frequency Containment Reserve (FCR) operation (2017–2021) followed by three years of
low-utilization reserve operation (2022–2025). Four complementary health indicators are
derived from a shared one-second-resolution operational dataset: DC internal resistance
(DCIR), DC and AC round-trip efficiency, coulombic efficiency, and inverter efficiency.
Five years of continuous FCR service produced no statistically detectable degradation
across any indicator. In contrast, the transition to prolonged high-state-of-charge, low-
throughput standby coincided with a pronounced increase in DCIR and a decline of about
14 percentage points in DC round-trip efficiency (from about 88% in the FCR phase to 74.0%
in 2024). Consistent trends across all indicators, together with stable inverter efficiency,
attribute the observed deterioration to the electrochemical system rather than the power
electronics. These findings indicate that prolonged standby operation, rather than active
FCR cycling, coincided with the onset of accelerated aging in this flooded lead–acid string.
The published open-access dataset provides a valuable basis for future benchmarking and
cross-technology comparisons for stationary battery storage.

Keywords: lead–acid battery; battery energy storage system; operational degradation;
long-term field study; operational data

1. Introduction
The displacement of synchronous generation by variable renewables has sharply

increased the demand for fast frequency regulation, a service for which battery energy
storage systems (BESSs) are technically well suited [1,2]. Frequency Containment Reserve
(FCR)—the fastest and most continuously active balancing product in the European inter-
connected grid—is among the most commercially attractive BESS applications and imposes
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a near-continuous partial-state-of-charge (PSoC) duty whose long-term effect on battery
health is the subject of this work [1].

A further structural limitation of the existing evidence base is the predominance of
simulation-based studies: most investigations of BESS degradation under FCR rely on
synthetic power profiles derived from simplified frequency models rather than continuous
high-resolution field measurements, limiting the transferability of their degradation pre-
dictions to deployed systems [2–4]. Although lead–acid batteries historically dominated
stationary energy storage and continue to retain a meaningful share of the installed global
storage base, particularly in markets characterized by stringent capital cost constraints,
established maintenance infrastructures, or intrinsic safety requirements that disfavor
lithium-based alternatives [5,6], they remain substantially underrepresented in the FCR
degradation literature. The available field evidence primarily concerns valve-regulated
(VRLA) batteries operated under float or uninterruptible-power-supply duty, including
large-scale reliability surveys of stationary installations [7] and laboratory duty-cycle evalua-
tions spanning frequency-regulation profiles [8]. The few field studies addressing lead–acid
storage in FCR applications focus mainly on aggregate system-level availability and capac-
ity metrics rather than applying a multi-metric, physics-grounded indicator framework
capable of disentangling concurrent degradation processes [3,9]. Consequently, multi-year,
one-second-resolution field studies of BESS under real grid-frequency excitation remain rare
across all battery chemistries and are virtually absent for flooded lead–acid technologies.

The value of an eight-year, second-resolution field record extends beyond quantifying
how flooded lead–acid ages: it also offers a vantage point from which to ask a strategic
question that field data, rather than laboratory cells, are uniquely positioned to inform.
Grid storage today rests overwhelmingly on a lithium-ion supply chain concentrated in
Asia, with the majority of global lithium refining located in China [10]. Flooded lead–acid
sits at the opposite pole, supported by a largely closed, domestic European value chain
with collection and recycling rates near 99% [11]. Whether such a supply-chain-sovereign
technology can credibly serve modern grid applications hinges on its operational longevity
under real service, and it is precisely this question that the present dataset is positioned
to examine.

What remains insufficiently characterized by field evidence is how a lead–acid battery
actually behaves under the specific FCR operating regime over its extended field operation,
and which degradation indicators are practically extractable from a continuous operational
data stream. Laboratory studies identify several plausible degradation pathways under
PSoC conditions: lead sulfate crystal growth on the negative electrode through incom-
plete charge cycling [12], electrolyte stratification under low-agitation standby [13], and
progressive grid corrosion as a function of cycling and calendar time [14]. Whether these
mechanisms produce proportionally measurable field-data signatures under actual FCR
service conditions—and which, if any, dominates—is an open empirical question that labo-
ratory cycling protocols and system-level simulations cannot resolve. An equally important
but less-studied question is how degradation behaviour shifts when a battery transitions
from active FCR cycling to low-utilization standby operation—a transition increasingly
common as hybrid BESS installations redistribute load across chemistry types.

The M5BAT (“Modular Multi-Megawatt Medium Voltage Battery Storage”) facility
at RWTH Aachen University provides a well-suited dataset to address these questions.
The hybrid BESS integrates five distinct battery technologies—including a flooded OCSM
lead–acid unit manufactured by Exide Technologies—and the facility has been providing
FCR service continuously since April 2017 [3,9,15,16]. The M5BAT monitoring infrastruc-
ture captures one-second-resolution data from both the battery management system (BMS,
Exide LT series) and the power conversion system controller (BSC) (SMA Solar Technology
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AG, Niestetal, Germany) for every battery unit simultaneously, yielding an archive that
spans DC current, voltage, state of charge, grid frequency, AC energy counters, operating-
mode flags, and 55 BMS alarm channels. Critically, the observation period encompasses
not only five years of active FCR-primary service but also a subsequent transition in 2022
to low-utilization reserve operation—creating an observational before/after comparison of
two fundamentally different operating regimes within the same hardware system.

Building on this dataset, the present paper makes the following contributions:

(i) It presents a longitudinal, multi-metric degradation analysis of a flooded OCSM
lead–acid BESS spanning an eight-year observation window, covering both a FCR-
primary phase (2017–2021) and a reserve-operation phase (2022–2025).

(ii) It characterizes the degradation trajectory across the two operating regimes through
four complementary health indicators, i.e., DC internal resistance (DCIR), DC and
AC round-trip efficiency, coulombic efficiency, and inverter efficiency, each extracted
from distinct measurement pathways to mitigate sensor-specific biases. The analysis
reveals that FCR-phase degradation rates were statistically indistinguishable from
zero over five years of active service, while the transition to low-utilization reserve
operation correlated with a substantial acceleration in internal resistance growth. This
finding suggests that FCR-specific PSoC cycling may not be the dominant driver of
degradation under the investigated operating conditions.

(iii) It evaluates which degradation mechanisms are consistent with the multi-indicator
observations, explicitly distinguishes what can be inferred from system-level field data
from that which would require cell-level postmortem confirmation and identifies the
minimum additional measurements that would narrow the mechanistic uncertainty.

Together, these contributions provide the most detailed publicly documented field
characterization of a flooded lead–acid BESS under FCR conditions and offer a transferable
analytical framework readily adaptable to other BESS chemistries.

The remainder of this paper is organized as follows. Section 2 describes the M5BAT
system architecture, the OCSM lead–acid unit, the measurement infrastructure, and the
dataset. Section 3 presents the methodology, including data preprocessing, degradation
metric definitions, operational mode classification, and the statistical framework. Section 4
presents the results: operational characterization, degradation indicators, and detailed
efficiency analysis. Section 5 discusses the findings, evaluates candidate degradation
mechanisms, addresses methodological limitations, and derives implications for battery
management. Section 6 presents conclusions and recommendations for practice.

2. System Setup and Data Description
This section describes the M5BAT facility and the flooded OCSM lead–acid unit under

study, the measurement infrastructure and dataset, and the scientific motivation and scope
of the analysis.

2.1. The M5BAT Hybrid Battery Energy Storage System

The M5BAT (“Modular Multi-Megawatt Medium Voltage Battery Storage”) system
is a utility-scale hybrid battery energy storage system (BESS) located on the campus of
RWTH Aachen University in Aachen, Germany. Erected in 2016 as part of a publicly funded
research project and commissioned for continuous Frequency Containment Reserve (FCR)
operation in April 2017, M5BAT has since served as one of the most comprehensively
instrumented hybrid BESS field laboratories in Central Europe [3,9,15,16]. A comprehen-
sive overview of the prior research conducted on the M5BAT system is provided by the
project [17].
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The system integrates ten independent battery units across five electrochemical
technologies—four lead–acid strings (two flooded OCSM, two valve-regulated OPzV)
and six lithium-ion strings (LMO/NMC, LFP, LTO)—with a total installed capacity of
approximately 6 MW and 7.5 MWh AC [3,16]. The present study concerns one of the two
flooded OCSM lead–acid units; the other technologies are not analyzed within this work.

Architecturally, each battery unit is independently coupled to the medium-voltage net-
work via a dedicated bidirectional power conversion system (PCS, 630 kW rated AC power
per unit), with pairs of inverters sharing a transformer before connecting at a 10 kV busbar.
Operational dispatch is centralized in a programmable logic controller (PLC) hosting a
proprietary energy management system (EMS), which calculates technology-specific real-
power setpoints and communicates bidirectionally with each unit’s battery management
system (BMS) and battery system controller (BSC) [3]. A site-level data logger captures
all bus traffic at a uniform one-second sampling rate, producing a continuous multi-year
archive spanning both BMS and BSC channels for every unit simultaneously. Operating at
a contracted FCR capacity of up to 3 MW and sustaining system-level availability in excess
of 96.5%, M5BAT has accumulated several years of uninterrupted grid service—a tempo-
ral depth sufficient to reveal technology-specific degradation trajectories that laboratory
cycling campaigns cannot replicate [3].

2.2. The OCSM Lead–Acid Unit Under Investigation

The subject of the present study is one of the two OCSM lead–acid units of M5BAT
(designated “Exide1”), manufactured by Exide Technologies (GNB Industrial Power series;
Büdingen, Germany). The full technical specifications and case-study premises are listed in
Appendix A (Table A1). The unit consists of 300 cells in series (300S/1P; reduced to 299S af-
ter a defective cell was bypassed on 10 August 2023), yielding a nominal DC string voltage
of 600 V and a rated capacity of 1776 Ah at C/3 discharge (~1066 kWh usable energy), cou-
pled to a 630 kW PCS. OCSM (“Ortsfeste Kupferstreckmetall”) denotes a flooded lead–acid
design with tubular positive plates and copper expanded-grid negative plates. The tubular
(armoured) positive plates retain the active mass within porous gauntlets, which mechani-
cally suppresses shedding and softening under the repeated shallow partial-state-of-charge
(PSoC) cycling characteristic of FCR duty. The copper expanded-grid negative plates lower
the grid resistance and the negative-plate overpotential, improving charge acceptance and
reducing the local polarization that promotes hard, poorly reversible sulfation. Relative to
conventional VRLA or OPzV cells, this combination confers greater tolerance to PSoC oper-
ation and provides a mechanistic rationale for the negligible degradation observed during
the FCR phase [13,14]. Unlike VRLA designs, the open, vented housing permits water
replenishment and equalization charging but requires active maintenance to prevent elec-
trolyte stratification [12,18]. Within the M5BAT EMS, OCSM units receive lower dispatch
priority than lithium-ion strings to protect the more cyclic-stress-sensitive chemistry [15].

2.3. Measurement Infrastructure and Dataset

The monitoring infrastructure for the Exide1 unit comprises two complementary
subsystems. The BMS records DC-side quantities—string current, terminal voltage, state
of charge, and 55 binary warning and alarm flags—at one-second resolution. The BSC
simultaneously captures AC-side quantities, including actual and setpoint active and reac-
tive power, grid frequency, cumulative AC energy counters for the charge and discharge
half-cycles, FCR operating-mode flags, and battery temperature. Cross-correlation of the
DC current signals from the two subsystems yields a Pearson coefficient of r = 0.985; BMS
and BSC SoC estimates agree to r = 0.9999 with a mean systematic offset of +0.17 percentage
points, and the BMS value is adopted as authoritative due to its more proximal measure-
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ment point. An ambient temperature sensor in the BSC returned a constant 0 ◦C throughout
the observation period (hardware failure) and is excluded from all thermally referenced
analyses; battery temperature is recorded reliably and used for internal resistance correc-
tion. The BMS inter-string voltage imbalance warning flag was active during 72% of all
sampled seconds in January 2022, indicating persistent intra-string heterogeneity at that
point in the operating history; its mechanistic significance is discussed in Section 5. The
complete signal list with original register designations and engineering units is provided
in the accompanying dataset codebook. The full dataset spans from commissioning (2017)
through May 2025; temporal gaps remain below 3% of the total observation window [3].

2.4. Scientific Motivation and Research Scope

The combination of flooded OCSM chemistry, continuous FCR service, and multi-year
observation is scientifically uncommon: published field studies of lead–acid degrada-
tion under real FCR are scarce and report aggregate, system-level metrics rather than
the FCR-specific electrochemical mechanisms [3,5,6,9]. The OCSM design—flooded elec-
trolyte and expanded-grid negative plates—is especially susceptible to the partial-state-
of-charge sulfation inherent to FCR (which holds the cell near 50% SoC for symmetric
headroom), yet has not been tracked systematically over its lifetime with independent,
physics-grounded metrics.

3. Methodology
The methodological framework is structured around five complementary degradation

metrics derived from a shared eight-year operational dataset. The following sections
describe the system, data pipeline, metric definitions, and analysis procedures.

3.1. Operational Context and Degradation Mechanisms

The Exide1 unit has been commercially contracted for FCR service in accordance with
the ENTSO-E Network Code, which mandates a linear power response proportional to
frequency deviation (±200 mHz around 50.0 Hz) with full activation within 30 s [1,9]. This
operational regime structurally constrains the battery to continuous partial-state-of-charge
(PSoC) operation near 50% SoC to preserve symmetric regulation headroom.

Under PSoC conditions, flooded lead–acid cells accumulate insoluble lead sulfate
(PbSO4) crystals on the active electrode surfaces during repeated incomplete cycling, pro-
gressively reducing both electrochemically active area and electrolyte ionic conductiv-
ity [12,14]. The practical consequence is a coupled degradation observable across multiple
electrical parameters: rising DC internal resistance (DCIR), declining round-trip efficiency,
and shrinking charge-acceptance capacity [18]. This multi-metric manifestation motivates
the analytical framework developed in Section 3.3, the design of which presupposes no
dominant degradation mechanism but instead evaluates empirically which mechanisms
are consistent with the observed trajectories.

A significant operational regime change occurred in 2022, when the system transi-
tioned from primary FCR delivery to reserve operation following the commissioning of a
co-located lithium-ion BESS. Annual charge throughput declined from ~250,000 Ah a−1

(2018–2019) to below 20,000 Ah a−1 (2025)—a reduction exceeding 90%. This regime shift
constitutes a significant confounding factor in long-term trend analysis and is explicitly
accounted for in all metric interpretations (Section 3.4).

3.2. Dataset Overview

This section summarizes the operational dataset used throughout the analysis: the raw
data sources and their preprocessing, followed by the selection of the signals employed.
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3.2.1. Raw Data and Preprocessing

Operational data were recorded at 1-s resolution by two subsystems: the Battery
Management System (BMS, Exide LT series) and the power conversion system controller
(BSC) (Exide Technologies, Büdingen, Germany (battery) and SMA Solar Technology AG,
Niestetal, Germany). Raw exports were quality-filtered, UTC-unified, and deduplicated
prior to analysis. Gaps shorter than 5 s were forward-filled; longer gaps were preserved
as discontinuities. The resulting archive spans the full commercial operation period from
commissioning (2017) through May 2025. The processed dataset is available in a public
repository (see Data Availability Statement).

BMS channels are stored in physical units; BSC channels are scaled to physical units
during preprocessing. Current sign convention follows the electrical engineering standard:
positive current denotes discharge, negative current denotes charging. All signal definitions
and scaling factors are documented in the dataset codebook.

3.2.2. Signal Selection

A minimal set of 16 BMS and BSC channels, sampled at 1 s resolution, was suffi-
cient to compute all degradation metrics, the FCR stress profile, and the SoC distribution
(Table 1); the full register mapping is provided in the published dataset (see the Data
Availability Statement).

Table 1. Signal set used in all core analyses.

Signal Source Unit Description

soc_pct_bms BMS % State of charge (BMS-internal estimate)
current_A_bms BMS A DC string current

voltage_bat_V_bms BMS V DC string voltage (BMS terminal)
energy_charge_Wh_bms BMS Wh Cumulative charge energy counter (32-bit split)

energy_discharge_Wh_bms BMS Wh Cumulative discharge energy counter (32-bit split)
flag_imbalance_voltage_bms BMS – Cell voltage imbalance/sulfation warning flag

power_ac_kW_bsc BSC kW AC active power (positive = discharge)
frequency_Hz_bsc BSC Hz Grid-frequency measurement

temperature_degC_bsc BSC ◦C Battery temperature (cabinet sensor)
voltage_bat_V_bsc BSC V DC voltage at battery terminal

current_A_bsc BSC A DC current, battery side (positive = discharge)
voltage_inv_V_bsc BSC V DC voltage at inverter terminal (cable-drop proxy)

energy_charge_kWh_bsc BSC kWh Cumulative AC charge energy counter
energy_discharge_kWh_bsc BSC kWh Cumulative AC discharge energy counter

flag_fcr_active_bsc/flag_standby_bsc. . . BSC – Operational mode flags (FCR, standby, equalization. . .)

3.3. Degradation Metric Framework

Four complementary metrics are derived from the operational dataset. They differ in
the physical phenomenon they capture, the measurement pathway (AC-side energy meters
vs. DC-side current/voltage), and the period for which they are computable. Their joint
use mitigates sensor-specific biases that would affect any single indicator, consistent with
the multi-parameter approach recommended for field-deployed lead–acid degradation
analysis [18]. A fifth metric, apparent capacity from full-cycle Coulomb counting, is
implemented in the analysis module but not reported as a primary result because fewer
than 50 deep discharge events (SoC < 20%) were identified over the eight-year observation
period, rendering per-year capacity estimates statistically unstable. All data processing
and analysis were performed in Python 3.12 (Python Software Foundation, Wilmington,
DE, USA).
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3.3.1. DC Internal Resistance—Method A

The DC internal resistance (DCIR) Rint serves as the primary electrochemical proxy for
sulfation-induced active surface loss. It is computed from voltage and current transients at
polarity transitions (discharge-to-charge and charge-to-discharge) identified in the 1 s data
stream using the current-pulse (step) method, i.e., Ohm’s law applied to the coincident
voltage and current steps (R = ∆U/∆I), in line with hybrid pulse power characterization
(HPPC) and IEC-type pulse procedures:

Rint =
∆U
∆I

=
Uafter − Ubefore
Iafter − Ibefore

(1)

where U and I are the BSC battery terminal voltage and current, averaged over a 5 s window
immediately before and after the polarity change. Pulses with |∆I| < 10 A are excluded
to avoid noise-dominated estimates. All values are reported at string level (300 cells in
series); per-cell DCIR is obtained by dividing by the number of series cells (300; 299 after
the 10 August 2023 bypass). Transition events are binned into 0.5 h SoC intervals; annual
medians and interquartile ranges are computed across all valid pulses in each calendar year.
Importantly, this approach exploits naturally occurring polarity transitions detected in the
1 s operational data stream; it does not rely on dedicated laboratory-style current-pulse
injections (typically <10 ms at controlled SoC setpoints). The resulting estimates therefore
capture in situ string-level resistance under real operating conditions, but carry higher
scatter than standardized single-pulse measurements and are not directly comparable
to per-cell values obtained from controlled hardware-pulse protocols. The BMS voltage
channels, logged at a cadence of roughly 60 s and only for each 3-cell group, cannot resolve
this transient: the sampling interval is far longer than the sub-second ohmic response to a
current step, and the 3-cell aggregation is neither time-aligned with the current samples
nor resolved to the string level. All dynamic DCIR estimation therefore relies on the 1 s,
string-level BSC current and voltage channels.

Temperature correction: no explicit normalization was applied. The battery hall is
actively climate-controlled with a high air-exchange rate. The mean battery temperature
measured from the operational record differs by only about 1 ◦C between the two regimes,
and the reserve phase (mean 22.2 ◦C) is in fact marginally warmer than the FCR phase
(mean 21.1 ◦C). With a typical lead–acid DCIR coefficient of 0.5–1.0%/◦C [13,14], this
∆T ≈ −1.1 ◦C maps to at most 0.8–1.6% of the observed 35.9 mΩ DCIR increase, and its
sign is opposite to that required to explain the rise. Temperature differences between
operating regimes therefore cannot account for the observed change.

3.3.2. AC Round-Trip Efficiency—Method B

The AC round-trip efficiency is ηrt,AC = WAC,out/WAC,in, the ratio of cumulative AC
energy discharged to charged at the grid connection point. Because the on-board AC energy
counters were unpopulated before 2022, AC energy is integrated uniformly across the full
record from the one-second AC active-power signal i_P_AC (charge = integral of negative
power, discharge = integral of positive power); this reproduces the on-board counters to
within 1% over their 2022–2025 overlap. Monthly estimates are computed only when Ah
throughput exceeds 500 Ah, to avoid SoC-drift artifacts at period boundaries (Section 3.3.3).

3.3.3. DC Round-Trip Efficiency and Coulombic Efficiency—Method C

The DC round-trip efficiency ηrt,DC = WhDC,out/WhDC,in is computed from the BMS
cumulative energy counters (Eges_entlad, Eges_lad) at monthly granularity. The coulombic
efficiency ηcoul = Ahout/Ahin is derived from the BMS current integral. These metrics are
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likewise available for the full observation period. The same 500 Ah monthly throughput
threshold applies.

Note on BMS-reported energy efficiency fields: the BMS data archive contains a pre-
computed efficiency field (eta_rt_BMS) which shows values near 100% for 2017–2021. This
field reflects a binary BMS flag unrelated to the Faradaic round-trip computation and
must not be confused with the ηrt,DC values reported in Section 4, which are computed
independently from the counter integrals using the pipeline described above.

3.3.4. Inverter Efficiency—Method D

The inverter efficiency is defined as ηinv = ηrt,AC/ηrt,DC and isolates power-electronic
losses from battery chemistry losses. It is computable across the full observation period,
since both ηrt,AC and ηrt,DC are now available throughout. A value below the theoretical
maximum (~95–97% for modern bidirectional inverters) would indicate inverter aging;
stability of ηinv over the reserve phase is used as a consistency check on the ηrt,DC trend.

3.3.5. Cable Resistance

DC cable resistance (Rcable) is estimated as the ratio of the voltage difference be-
tween the battery and the inverter terminal to the string current at operating points with
|I| > 10 A. The inverter-side voltage signal required for this calculation was unavailable
after 2021; Rcable is therefore an auxiliary cross-check for the FCR phase only and is not part
of the longitudinal degradation indicator set.

3.3.6. Open-Circuit Voltage

Median cell OCV is estimated from string voltage during rest periods (|I| < 2 A,
minimum preceding rest of 30 min). As discussed in Section 5.9, the OCV increase in the
reserve phase is primarily attributable to the shift in mean SoC rather than constituting an
independent degradation indicator; the metric is therefore not part of the core indicator set
but is reported for completeness.

3.4. Operational Mode Classification

Each second is assigned to one of six mutually exclusive operational modes by a
priority-ranked evaluation of the BSC opmode flags (Table 2), then resampled to 1-min
resolution by majority vote to suppress sub-minute flag jitter and run-length-encoded into
a compact event table.

Table 2. Operational mode labels in order of assignment priority. The first matching condition in
descending priority order is applied to each minute.

Label Priority Condition (Any Flag Active)

stop_failure 1 (highest) flag_stop_bsc or flag_failure_bsc
equalization 2 flag_cmd_fullcharge_bsc (or battery full-charge request)

test_cycle 3 flag_const_bsc (constant-power mode)
fcr_normal 4 flag_fcr_active_bsc (PQ regulation active)

standby 5 flag_standby_bsc or flag_wait_bsc
unknown 0 (lowest) No evaluable opmode flag present

The regime change in 2022 is reflected in a structural shift of the mode distribution: the
FCR-normal mode fraction collapsed from 17–38% (2017–2021) to below 12% (2022–2025),
while standby became the dominant mode. This shift has direct implications for (i) the SoC
distribution experienced by the battery (Section 3.3.6), (ii) the availability of current pulses
for DCIR estimation (Section 3.3.1), and (iii) the opportunity for equalization charging (see
Section 4.1).
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3.5. FCR Stress Characterization

FCR performance is characterized by the FCR-active fraction (fraction of time in PQ
mode), tracking RMSE (root mean square deviation between measured power and ideal
FCR response), and grid-frequency statistics. Annual FCR energy throughput (charge and
discharge separately) is derived from the AC energy counters during FCR-active periods.
These metrics serve as proxies for electrochemical stress and are used to contextualize the
degradation trajectory.

3.6. Statistical Framework—Aggregation and Trend Analysis

All primary metrics are aggregated at monthly granularity; partial months at the obser-
vation boundaries are included in annual summaries but excluded from trend regressions.
Linear trends are estimated by ordinary least squares (OLS) regression over annual data.
To formally characterize the two-phase aging trajectory, piecewise regressions are fitted
separately to the FCR phase (2017–2021, n = 5) and the reserve phase (2022–2024, n = 3,
excluding the partial year 2025). Confidence intervals on slopes are computed as ±t_{α/2,
n − 2} × SE(b) at the 95% level. The reader is cautioned that the reserve-phase segment
contains only three annual data points (df = 1), resulting in necessarily wide confidence
intervals; the width of these intervals reflects the limited statistical power rather than
uncertainty about the direction of the trend, which is confirmed by R2 = 0.998.

3.7. Data Availability

The processed one-second-resolution dataset underlying all results in this paper are
available in a public repository (see Data Availability Statement). The dataset comprises the
signal channels listed in Table 1 with human-readable column designations; the mapping
between these designations and the original manufacturer register names is provided in
the accompanying dataset codebook. The decision to publish the processed dataset rather
than the raw manufacturer exports reflects both data-volume considerations and the aim of
maximizing usability for independent replication.

4. Results
This chapter presents the results of the operational characterization, degradation

indicator analysis, and detailed efficiency measurements for the M5BAT lead–acid battery
string over its eight-year field operation from April 2017 to mid-2025. All results are derived
from the one-second-resolution measurement data and analysis procedures described in
Section 3.

4.1. Operational Characterization

The operational mode classifier assigns each minute of battery activity to one of six
mutually exclusive labels based on the inverter control-mode flags (Section 3.4). Figure 1
summarizes the annual fractions of the two most relevant modes—FCR-normal operation
and standby—together with equalization charging and stop/failure states.

The most prominent structural change is the regime transition in 2022, when the
lead–acid string was reassigned from its primary FCR-service role to a reserve capacity role
within the hybrid BESS. In the FCR-primary phase (2017–2021), the FCR-normal fraction
ranged from 17–38%, with standby increasing steadily as the system accumulated calendar
age. In the reserve phase (2022–2025) the FCR-normal fraction collapsed to below 12%,
while standby dominated with 61–90% of annual operating time. This structural shift in
utilization is the central confounding variable for all degradation indicators discussed in
subsequent sections.
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Figure 1. Annual breakdown of operational mode durations. The 2022 regime change is visible as a
shift from mixed FCR-normal/standby to standby-dominated operation.

In 2017, 56.6% of the year was classified as stop/failure. This is attributable to the
commissioning and initial calibration period; continuous FCR operation did not commence
until April 2017. During this commissioning window the plant operated intermittently
while the BMS and BSC channels were still being calibrated (sensor offset and gain settings,
energy-counter initialization), which inflates the 2017 stop/failure fraction. From 2018
onward the stop/failure fraction drops to below 6% for most years, with a notable spike
in 2025 (20.5%, partial year, covering January–May 2025 only). The pronounced drop in
stop/failure fraction from 20.2% (2018) to 5.5% (2019) is not attributed to a specific cause in
this study; separately, operational records document that a defective cell was bypassed on
10 August 2023: the BMS monitors voltage across groups of three series-connected cells,
and a single faulty cell within such a group triggers recurring protection shutdowns. The
affected cell had been identified through cell-voltage monitoring as exhibiting markedly
elevated internal resistance, and was bypassed to remove it from the active string. This
hardware intervention represents a discontinuity in the monitored string configuration and
must be borne in mind when comparing absolute DCIR and efficiency values across the
pre- and post-bypass periods.

4.2. Battery Degradation Indicators

Four complementary degradation indicators are evaluated: DC internal resistance
(DCIR, Method A), DC round-trip efficiency (ηrt,DC) and coulombic efficiency (ηcoul)
(Method C), inverter efficiency (ηinv) as a stability reference (Method D), and a cross-
indicator triangulation (Section 4.2.4). AC round-trip efficiency (ηrt,AC, Method B) is
available for the full observation period (reconstructed from AC-power integration before
2022) and is discussed in Section 4.3.

4.2.1. DC Internal Resistance

The median string-level DCIR rose monotonically across the observation period
(Table 3, Figure 2), with the interquartile range widening in parallel, indicating grow-
ing cell-to-cell heterogeneity within the string. Per-cell values remain within the range
reported for aged stationary lead–acid cells [12,18].
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Table 3. Annual KPIs for the M5BAT lead–acid string. DCIR values at string level (per-cell values use
the active series count: 300 before, 299 after 10 August 2023). Rcable 2017–2021: not available. ηrt,AC

and ηinv span the full record (pre-2022 ηrt,AC reconstructed from AC-power integration); 2018 ηinv

excluded (string-maintenance artifacts). * Partial year.

Year Throughput
[kAh]

ηcoul
[%]

ηrt,DC
[%]

ηrt,AC
[%]

ηinv
[%]

DCIR Med.
[mΩ]

DCIR Q25–Q75
[mΩ] Regime

2017 88.9 97.9 88.3 79.6 90.2 55.6 44–68 FCR-primary
2018 238.9 96.0 85.1 84.7 – 51.8 40–65 FCR-primary
2019 248.2 98.7 88.4 82.6 93.5 54.9 43–67 FCR-primary
2020 165.2 97.7 86.8 79.5 91.6 58.8 46–73 FCR-primary
2021 167.5 96.6 85.0 80.0 94.1 59.7 46–75 FCR-primary
2022 162.2 96.9 84.0 78.6 93.6 65.2 52–79 Reserve
2023 70.5 93.5 80.7 75.5 93.6 79.4 64–95 Reserve
2024 34.9 86.0 74.0 68.2 92.2 91.5 73–108 Reserve

2025 * 18.9 87.4 76.7 70.5 92.0 92.6 75–106 Reserve

Figure 2. Quarterly median DCIR (center line) with interquartile range (shading). Color transition
marks the 2022 regime change. Dashed vertical line at 2022-Q1.

Piecewise regression separates the two operating phases: FCR phase (2017–2021):
+1.53 ± 2.40 mΩ/year (R2 = 0.578, t = 2.03, not statistically significant at α = 0.05); reserve
phase (2022–2024): +13.14 ± 7.41 mΩ/year (R2 = 0.998, t = 22.5). The wide CI on the reserve
rate reflects the small sample (n = 3, df = 1) rather than uncertainty about the direction
of change. The non-significance of the FCR-phase slope indicates that DCIR degradation
during active FCR service was statistically indistinguishable from zero—a finding that
strengthens the attribution of accelerated degradation to the reserve-regime transition.

The single quarterly outlier in 2017-Q4 (≈550 mΩ) is a measurement artifact aris-
ing from incomplete, non-physical current-step estimates in the early operating record;
it fails the current-step and data-quality filters (Section 3.3.1) and is excluded from all
regression analyses.

4.2.2. DC Round-Trip Efficiency and Coulombic Efficiency

Annual ηrt,DC and ηcoul are computed from DC energy integrals at the battery terminals
(Section 3.3.3) (Figure 3).

Piecewise regression shows no statistically significant FCR-phase efficiency trend
(2017–2021: −0.48 ± 1.66%/year, R2 = 0.22), consistent with a stable degradation regime dur-
ing active FCR service, followed by a steep reserve-phase decline (2022–2024: ≈−5%/year).
The decline is directionally consistent across ηrt,DC and ηcoul but rests on a single degree of
freedom and should be interpreted with caution.
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Figure 3. Annual efficiency with annual means and ±1 σ bands from monthly estimates; blue = FCR-
primary phase (2017–2021), red = reserve phase (2022 onward). (a) Coulombic efficiency ηcoul.
(b) DC round-trip efficiency ηrt,DC. Shaded bands widen in low-throughput years (2017, 2024, 2025),
reflecting reduced estimation reliability; the gray band marks the partial 2025 decommissioning year.
The dotted vertical line marks the 2022 regime change.

The divergence between ηcoul and ηrt,DC—coulombic efficiency declining more slowly
than round-trip efficiency—is consistent with rising ohmic losses (captured by DCIR) as
the dominant degradation mechanism. The partial-year 2025 data show a slight apparent
recovery to ηrt,DC = 76.7%, which may reflect a seasonal temperature effect and should not
be interpreted as genuine performance improvement.

4.2.3. Inverter Efficiency as a Stability Reference

ηinv was 93.3% (2022) and 93.7% (2023), declining modestly to 92.0% (2024) and 90.8%
(2025) (Figure 4). The modest decline stands in sharp contrast to the concurrent steep deterio-
ration of ηrt,DC (−10 pp over the same period). This comparison confirms that the bulk of the
observed efficiency loss originates in the battery rather than the inverter, and validates DCIR
and ηrt,DC as genuine battery degradation indicators rather than artifacts of inverter aging.

Figure 4. Annual inverter efficiency ηinv (2017–2025; the 2018 value is omitted owing to string-
maintenance artifacts). The near-flat trajectory confirms that power-electronics aging does not drive
the ηrt,DC decline.
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4.2.4. Cross-Indicator Triangulation

The Pearson correlation between annual DCIR and ηrt,DC over 2017–2024 is r ≈ −0.98
(Figure 5). The value of this agreement lies in the independence of the two measurement
pathways, i.e., pulse-based voltage and current for the resistance versus energy integrals
for the efficiency. Both trace the same underlying aging process through unrelated signal
chains, not in the magnitude of the coefficient, which for monotonic annual series partly
reflects a shared temporal trend. The mirrored trajectories are particularly pronounced post-
2022, where DCIR gained approximately 27 mΩ and ηrt,DC lost about 14 percentage points
relative to the FCR-phase level (about 10 points over the three reserve years 2022–2024).

Figure 5. Dual-axis overlay of annual median DCIR (red) and ηrt,DC (blue). Pearson r ≈ −0.98 across
2017–2024. The red solid line with circles is the annual median DCIR (Method A, left axis) and the
red shaded band its interquartile range (Q25–Q75); the blue dashed line with squares is the annual
DC round-trip efficiency ηrt,DC (Method C, right axis). The red dashed vertical line marks the 2022
regime change.

4.3. Detailed Efficiency Analysis

Charge throughput collapsed by roughly 92% from its 2019 peak to 2024–2025 (Table 3)
(Figure 6), moving the unit into a low-throughput, high-standby regime associated with
accelerated sulfation [14]. Monthly coulombic efficiency remained high (>97%) through
the FCR phase and then declined with increasing inter-month scatter from 2022 onward
(Figure 7); monthly ηrt,DC held a tight 83–91% band during FCR service before descending
steeply (Figure 8), with AC round-trip.

Figure 6. (a) Monthly charge/discharge Ah throughput. (b) Cumulative Ah throughput (≈1.20 MAh
total); the dashed line marks the 2022 regime change. Monthly throughput bars are coloured by operating
regime (blue, FCR-primary phase 2017–2021; red, reserve phase 2022–). In (a) the black line is the 12-month
moving average; in (b) the blue line is cumulative throughput, with the annotations giving the amount
and share accumulated in each regime. The red dashed vertical line marks the 2022 regime change.
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Figure 7. Coulombic efficiency ηcoul. (a) Monthly estimates (dots: blue = FCR-primary, red = reserve)
with the 6-month median (line). (b) Annual values with a fitted linear trend. Wider monthly scatter
in low-throughput years (2017, 2024–2025) reflects reduced estimation reliability. Colours denote the
operating regime (blue, FCR-primary; red, reserve): monthly dots in (a), annual bars in (b). In (a) the
black line is the 6-month rolling median; in (b) the black dashed line is the fitted linear trend (slope
and R2 in the legend). The red dashed vertical line marks the 2022 regime change.

Figure 8. Round-trip and inverter efficiency. (a) Annual ηrt,DC, ηrt,AC, and ηinv; the ηinv value is
unavailable for 2018 (string-maintenance artifacts). (b) Monthly ηrt,DC and ηrt,AC (6-month median
lines; dots = monthly values). In (a) the grouped annual bars are ηrt,DC (blue), ηrt,AC (green) and ηinv

(orange). In (b) the solid lines are the 6-month rolling medians of ηrt,DC (blue) and ηrt,AC (green),
and the faint dots labelled “Monthly values” are the underlying individual monthly values. The red
dashed vertical line marks the 2022 regime change.

DC cable resistance ranged between 27.2 mΩ (2021) and 32.9 mΩ (2017–2019) dur-
ing the FCR phase. As the required inverter-side voltage signal was unavailable from
2022 onward, Rcable is not part of the longitudinal indicator set and is reported here only
for completeness.

4.4. Regime Comparison

Boxplot comparison confirms that all efficiency metrics deteriorated substantially
after the regime change. Median ηrt,DC in the reserve regime (≈80%) is approximately
6 percentage points (median-to-median, Figure 9) below the FCR-primary median (≈86%).
Wider interquartile ranges in the reserve phase reflect greater month-to-month variability
driven by variable standby duration and temperature seasonality.
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Figure 9. Regime comparison of efficiency metrics (boxes span the interquartile range, the center line
marks the median, whiskers extend to 1.5 × IQR, and crosses mark outliers). ηrt,AC now spans both
regimes (pre-2022 reconstructed by AC-power integration). The reserve regime shows systematically
lower ηcoul, ηrt,DC, and ηrt,AC, consistent with accelerated degradation during prolonged high-SoC,
low-throughput standby.

4.5. Summary of Annual Key Performance Indicators

Table 3 consolidates all annual KPIs. DCIR values are reported at string level; per-cell
values are obtained by dividing by the active series count (300 before, 299 after 10 August
2023). The DCIR Q25–Q75 column provides a measure of intra-string cell heterogeneity; the
widening from ±24 mΩ (2017) to ±35 mΩ (2024) indicates increasing cell-to-cell spread.
Cells marked ‘–’ indicate unavailable data. The 2025 row is a partial year (January–May).
The annual state-of-charge distribution shifted upward after the 2022 transition, with the
median rising from about 52% to 63% and the lower quantiles compressing toward the
upper SOC range (Figure 10).

Figure 10. Annual SoC distribution—quantile fan chart (P5/P10/P20/P30/P40 to P95/P90/P80/
P70/P60, shaded bands; P50 = line). Blue: FCR-primary phase (2017–2021); red: reserve phase (2022–).
From 2022 onward, the lower quantiles shift upward: the battery was deliberately held in the upper
SoC range and rarely discharged below 50%, while equalization charging continued.

The joint trajectory of DCIR and ηrt,DC constitutes the primary degradation signal. Both
indicators confirm a two-phase aging pattern characterized by statistically non-significant
FCR-phase change rates and a strongly accelerated reserve-phase decline. Mechanistic
interpretation is provided in Section 5.
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5. Discussion
This chapter interprets the empirical results reported in Section 4 against the pa-

per’s central question: what can an eight-year operational field dataset reveal about
the degradation of a lead–acid BESS, and how far can system-level indicators attribute
the observed changes to specific mechanisms? The discussion is structured to first
present the two primary empirical findings (the primary and secondary findings below),
then evaluate the mechanistic possibilities without overstating what the data can prove
(Sections 5.1–5.4), and finally address validity, statistics, operational implications, and
limitations (Sections 5.5–5.12).

Primary finding: no statistically detectable degradation during FCR operation. The
most important and probably most counterintuitive result of this study is the relatively
negligible effect of the FCR operating modes on degradation. Over five years of con-
tinuous FCR-primary service (2017–2021), neither the DCIR growth rate nor the ηrt,DC

trend (Section 4.2, Table 4) is statistically distinguishable from zero at any conventional
significance level.

Table 4. Statistically significant full-dataset OLS trends (p < 0.05, annual data n = 9).

Metric Annual Trend R2 p-Value

DCIR median (full dataset) +5.01 ± 2.59 mΩ/year 0.789 0.0004
BMS DC efficiency −1.79%/year 0.820 0.0008
FCR mode fraction −4.39 pp/year 0.926 <0.001
FCR active fraction −4.45%/year 0.957 <0.001

pSoC < 50% −5.22 pp/year 0.584 0.017
pSoC < 30% −2.37 pp/year 0.681 0.006

Discharge energy −14.8 kWh/month/year 0.520 0.028

This non-result is substantively meaningful, not merely a power problem. The dataset
covers approximately 145 million one-second measurements across the five-year FCR phase
(2017–2021). The FCR-phase degradation rates are small not because the data are noisy
but because the system genuinely did not degrade measurably during active FCR service.
This finding provides field evidence that questions the widespread assumption that FCR-
specific PSoC cycling is a primary accelerant of lead–acid degradation. Under the specific
operating conditions of M5BAT’s OCSM unit, which benefited from comparatively lower
FCR dispatch priority due to the hybrid EMS strategy [15], periodic equalization charging
(maintained throughout the observation period), and a mean SoC of approximately 52%,
five years of FCR service left no statistically discernible mark on the two primary health
indicators. Accordingly, the negligible degradation observed during the FCR phase is
conditional on the continued use of this automated periodic equalization regime. The
equalization cycles regularly counteract incipient PSoC sulfation. The finding should
therefore not be generalized to FCR operation without a comparable equalization protocol.

This contrast is also evident quantitatively. A throughput-based aging model, cal-
ibrated to the reserve-phase resistance growth of 13.14 mΩ/year at a mean annual
throughput of 71.6 kAh, would predict an FCR-phase resistance growth of approximately
37.6 mΩ/year, obtained by applying the reserve-phase specific rate of about 0.18 mΩ/kAh
to the higher mean FCR throughput of 204.9 kAh/year. The predicted rate is approx-
imately 25 times higher than the observed increase of 1.53 mΩ/year, which was not
statistically significant.

The two operating regimes therefore show a clear mismatch between throughput
and observed aging. The FCR phase had approximately 2.9 times the annual throughput
of the reserve phase, while resistance growth was approximately 8.6 times lower. A

https://doi.org/10.3390/en19174141

https://doi.org/10.3390/en19174141


Energies 2026, 19, 4141 17 of 26

throughput-only aging model would consequently misrepresent not only the magnitude
of the degradation difference but also its direction. For field-oriented lead–acid aging
models, throughput should therefore be complemented by explicit terms for calendar
aging and high-SoC standby operation. An equalization state could provide a further
relevant model variable. This does not mean FCR operation is harmless to lead–acid cells
in general; it means that under the specific dispatch and management conditions of this
installation, its effect over this time scale was below the detection threshold of string-level
monitoring. Systems with higher FCR dispatch fractions, less equalization, or different SoC
management strategies may exhibit different behavior. The result is better framed as a data
point about operating regime sensitivity than as a universal exoneration of FCR cycling.

Secondary finding: regime transition correlated with strongly accelerated degradation.
Following the 2022 transition to low-utilization reserve operation, all indicators shifted
simultaneously and substantially: DCIR growth accelerated sharply while ηrt,DC and ηcoul

both declined steeply (Section 4.5, Table 3). The reserve-phase DCIR slope is much higher
than the FCR-phase slope and represents the dominant degradation event in the system’s
lifetime to date.

Several factors changed simultaneously at the 2022 boundary: annual Ah throughput
fell by more than 50% from the preceding year and continued declining; the fraction of
time spent below 50% SoC collapsed from 42% to below 2% by 2024; mean SoC rose into
the upper half of its range; the FCR-active fraction dropped from 17% to 12% and con-
tinued falling; and the measurement environment changed (the inverter-terminal voltage
signal, named voltage_inv_V_bsc, became unavailable). The result is a clean empirical
observation—degradation accelerated sharply after 2022—but a multi-factor confound that
prevents attribution of the acceleration to any single cause. The discussion of candidate
mechanisms that follows (Sections 5.1–5.4) is therefore presented explicitly as hypothesis
generation, not mechanistic confirmation.

The multi-indicator signature observed from 2022 onward—rising DCIR, falling ηcoul,
falling ηrt,DC—is consistent with several degradation mechanisms, which are discussed in
order of their evidential support from the available data.

5.1. High-SoC, Low-Throughput Standby

The combination most strongly supported by the data is low-throughput, high-SoC
standby. First, pSoC <50% fell from 42–59% in the FCR years to 1.4% in 2024: the cell
almost never discharged into the lower half of its SoC range and spent most of its time at
elevated SoC, where positive-grid corrosion and calendar aging dominate and lead sulfate
formed during partial discharge is incompletely reconverted. Second, annual throughput
collapsed by roughly 92%, removing the regular deeper cycling that promotes electrode
reconditioning. Equalization charging, by contrast, continued at a comparable cadence
throughout both regimes (≈2–3% of operating time; Figure 1), so the acceleration occurred
despite this countermeasure; whether an adjusted equalization protocol contributed cannot
be resolved from the data. These observations are consistent with progressive sulfation
and calendar-dominated aging (Pavlov [14], Ruetschi [12]; calendar-aging dominance is
also reported for M5BAT by Jacqué et al. [16]) but cannot be confirmed without cell-level
evidence such as EIS, acid-density readings, or postmortem plate analysis.

5.2. Calendar Aging and Corrosion

The positive grid of lead–acid cells undergoes progressive oxidation regardless of
cycling history, at a rate determined primarily by temperature and electrolyte concentra-
tion [12]. Over eight years, calendar-aging-driven grid corrosion is expected to contribute
to rising DCIR independently of operating regime. The near-zero FCR-phase DCIR trend
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does not exclude this mechanism but suggests either that the corrosion rate was below
the string-level measurement resolution during active cycling, or that cycling-induced
effects (plate flexion, active material mixing) partially mitigated the corrosion signature.
Calendar aging becomes a proportionally larger contributor as cycling declines [19], which
is consistent with the post-2022 acceleration, but cannot be separated from the sulfation
contribution without a controlled experiment.

5.3. Electrolyte Stratification

Flooded lead–acid cells are susceptible to electrolyte stratification under low-utilization
conditions, where concentration gradients develop between the upper and lower portions
of the cell. Stratification increases local corrosion near the electrolyte surface, reduces
effective SoC estimation accuracy, and can accelerate sulfation in the upper plate regions.
Although equalization gassing, which mechanically mixes the electrolyte, did continue, the
sharply reduced cycling and prolonged high-SoC dwell provide extended resting periods in
which stratification can develop [13]. The widening of the annual DCIR interquartile range
from 24 mΩ (FCR years) to 35 mΩ (reserve years) is consistent with increasing intra-string
heterogeneity, which stratification would promote. However, this is also consistent with
accelerating cell-to-cell divergence from any of the above mechanisms.

5.4. What the Data Cannot Distinguish

The three mechanisms described above are not mutually exclusive and likely co-occur.
Under prolonged high-SoC standby they are mutually reinforcing: positive-grid corrosion
raises local resistance and consumes water, promoting acid stratification, while stratification
concentrates acid in the lower plate region and locally accelerates both corrosion and the
sulfation of incompletely reconverted lead sulfate, whose stable crystals in turn reduce
active surface area and raise polarization. A field-measured DCIR rise is therefore the
aggregate signature of a coupled degradation cascade rather than of any single isolated
mechanism [12,14]. System-level field data alone, providing DCIR, efficiency, and OCV, can-
not distinguish between them because they produce overlapping multi-indicator signatures.
The measurements that would narrow the mechanistic uncertainty are: (a) electrochemical
impedance spectroscopy (EIS) to separate capacitive, charge-transfer, and diffusion-limited
resistance components; (b) electrolyte acid density measurements to directly detect stratifi-
cation and loss of active material; (c) capacity measurements from controlled full-discharge
cycles, including incremental capacity analysis (ICA) and differential voltage analysis
(DVA), to quantify capacity fade and resolve electrode-level aging modes independently of
DCIR; and (d) postmortem plate analysis to identify sulfate crystal morphology. None of
these were available in the operational dataset.

5.5. Coulombic Efficiency: Causal Direction

ηcoul fell from 98.7% (2019) to 86.0% (2024). The causal pathway connecting electrode
degradation to coulombic efficiency loss in lead–acid cells works as follows: rising electrode
resistance or reduced active surface area increases polarization during charging → elevated
electrode potential promotes parasitic hydrogen and oxygen evolution → a larger fraction
of charge current is consumed by gas evolution rather than the Faradaic reaction, reducing
ηcoul [12]. In this sequence, electrode degradation (from whichever mechanism) is upstream
of the ηcoul decline. The decline of 12.7 pp in ηcoul over five years is therefore consistent
with progressive electrode deterioration and does not by itself distinguish sulfation from
corrosion or stratification.
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5.6. Inverter Efficiency as an Independent Indicator

ηinv (93–94% in 2022–2023, declining to 91% by 2025) remained substantially more sta-
ble than ηrt,DC (which declined by >10 pp over the same period). This comparison provides
a useful methodological validation: the ηinv cross-check confirms that the ηrt,DC decline is
attributable to the battery, not to inverter aging, and bounds the inverter-attributable bias
on system-level efficiency metrics to below 3 pp.

5.7. Temperature Effects on DCIR

No temperature correction was applied to the DCIR data. As quantified in Section 3.3.1,
the mean battery temperature measured from the operational record differs by only about
1 ◦C between regimes, with the reserve phase marginally warmer than the FCR phase; the
resulting temperature contribution is at most 0.8–1.6% of the observed DCIR increase and
is of the opposite sign to the rise. A slightly lower standby temperature can therefore be
excluded as the cause of the post-2022 increase, and the regime comparison is unaffected.

5.8. Statistical Robustness and Model Choice

Table 4 summarizes the statistically significant full-dataset OLS trends. All chemistry-
specific degradation trends (DCIR, BMS efficiency, pSoC distribution) are significant at
p < 0.001–0.028. The FCR-activity trends (R2 = 0.926–0.957) are the strongest predictors in
the dataset but reflect operational decisions, not battery chemistry.

The full-dataset OLS model conflates the two phases and yields a single slope of
+5.01 mΩ/year that underestimates the reserve-phase rate and overestimates the FCR-
phase rate. A piecewise model with a structural break at 2022 better represents the physics
of the two-regime trajectory. To formally validate this choice, a Chow test [20] was applied
to each of the three primary indicators at the hypothesized breakpoint of 2022. The test
rejects the null hypothesis of parameter stability for all three: DCIR (F = 83.3, p < 0.001),
ηrt,DC (F = 7.2, p = 0.047) and ηcoul (F = 12.8, p = 0.018). The structural break at 2022 is
therefore statistically established across all core degradation metrics. Bootstrapped 95%
confidence intervals (B = 10,000 resamples) on the piecewise OLS slopes confirm the key
findings. In the FCR phase, the efficiency trends are statistically indistinguishable from
zero: ηrt,DC slope CI [−1.7, +0.8] pp/a and ηcoul CI [−1.1, +1.1] pp/a both span zero. In the
reserve phase, the slopes are bounded clearly away from zero: ηrt,DC [−6.8, −3.3] pp/a,
ηcoul [−7.6, −3.4] pp/a, and DCIR [+8.0, +12.1] mΩ/a. The reserve-phase DCIR slope
thus has a bootstrap CI that excludes zero despite resting on only three annual data points
(df = 1), indicating that the directional evidence is robust to the limited sample size even if
the precise magnitude remains uncertain.

As a further robustness check that does not rely on the three annual aggregates, the
distributions of higher-resolution indicator values were compared between regimes using
the non-parametric Mann-Whitney U test, which makes no distributional assumption and
is insensitive to the seasonality that would confound a monthly trend regression. Weekly
per-cell DCIR (n = 238 vs. 181) and monthly DC round-trip efficiency (n = 49 vs. 28) both
differ highly significantly between the FCR and reserve phases (DCIR median 0.19 →
0.27 mΩ per cell, U = 8270, p < 0.001; ηrt,DC median 86.8% → 81.8%, U = 395, p = 0.002),
confirming that the post-2022 shift is detectable well below annual resolution. Monthly
coulombic efficiency, the noisiest indicator, shows a smaller distributional shift that does
not reach significance (94.1% → 91.2%, p = 0.22), consistent with its lower signal-to-noise
ratio. These distribution-level results confirm the Chow test and bootstrap confidence
intervals without depending on the limited number of annual data points.
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5.9. OCV Interpretation

Median cell OCV rose from 2.045–2.088 V/cell (FCR phase) to 2.080–2.103 V/cell
(reserve phase). Two interpretations apply: First, the rising mean SoC in reserve opera-
tion (52% → 63%) thermodynamically implies a higher OCV at rest. This is an artifact
of the changed operating point, not a degradation signal. Second, electrolyte stratifica-
tion can produce apparent OCV elevation due to acid concentration gradients [14]. The
first interpretation is more frugal and is the primary explanation; the second cannot be
excluded but requires acid-density evidence to support. The OCV trend therefore does not
add independent mechanistic information beyond what is already conveyed by the SoC
distribution data.

5.10. Implications for Battery Management

These field results are consistent with findings from previous studies on lead–acid
batteries. Shamim et al. [8] reported from controlled VRLA tests under peak-shaving
and frequency-regulation duty cycles that degradation was influenced more strongly
by the state-of-charge operating window than by cycling intensity. This is consistent
with the present observation that resistance growth coincided with high-SoC standby
operation rather than with the higher throughput during FCR operation. Ruetschi [12]
and experience from valve-regulated batteries in float service [21] identify positive-grid
corrosion at sustained high SoC as an important calendar-driven life-limiting mechanism.
This provides a plausible explanation for the behavior observed during the reserve phase.
The contribution of the present work lies primarily in the duration and operating context of
the field record. It covers eight years at one-second resolution for a full-scale battery string
operated under real grid conditions, rather than accelerated laboratory testing of individual
cells. Two practical implications follow from these findings. First, operating guidelines
and prequalification frameworks for stationary lead–acid batteries in reserve and standby
applications should specify active SoC management and periodic cycling in addition to an
equalization schedule. Second, DC round-trip efficiency can serve as a low-cost indicator
for continuous health monitoring. It can be calculated from standard BMS counters and
showed a strong relationship with internal-resistance growth in the investigated system
(r ≈ −0.98).

Avoid prolonged high-SoC, low-throughput standby; use periodic cycling and active
SoC management even in reserve service. The transition into this regime in 2022 is the
operational change most strongly associated with the onset of accelerated degradation.
Equalization charging should be maintained as good practice, but on this evidence did not
by itself prevent the standby-phase degradation.

Monitor ηrt,DC as a rolling monthly health indicator. It is computable from existing
BMS counter signals and tracks internal resistance closely (Section 4.2), providing an
actionable degradation metric without additional instrumentation.

Treat regime transitions from active cycling to extended standby as degradation risk
events, not purely as operational decisions. For lead–acid chemistry, low-throughput high-
SoC standby appears to be a more damaging regime than high-throughput partial-SoC
FCR cycling. This is contrary to the common intuition that reserve service is inherently
less stressful.

The data further suggest that the choice of maintenance charging protocol is a more de-
cisive determinant of lead–acid longevity than the operating regime per se. A battery held
in prolonged standby at elevated SoC is exposed to a more adverse, calendar-dominated
electrochemical environment than one actively dispatched for FCR. This is contrary to
the common intuition that reserve operation is inherently the less stressful mode. This
has a practical corollary: reserve and emergency-power applications, which rarely gener-
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ate sufficient cycling throughput to drive autonomous electrode reconditioning, may be
structurally more susceptible to sulfation than FCR-operated systems with comparable
chemistry. Mixed-mode operation, combining periodic market-coupled dispatch with
scheduled equalization cycles, may therefore represent a viable strategy for extending
service life in low-utilization applications.

More broadly, the results provide implications for technology portfolio decisions in
hybrid multi-technology BESS. The OCSM lead–acid unit at M5BAT showed no measurable
FCR-induced degradation over several years of operation, indicating that lead–acid tech-
nology need not be excluded from such configurations a priori. This result was obtained
under an operating strategy in which the lead–acid unit had lower FCR dispatch priority
than the co-located lithium-ion units and was subject to active SoC management.

The finding is nevertheless conditional. The battery was still in an early stage of its
operational life during the FCR-primary period from 2017 to 2021. The rapid deterioration
after 2022 also shows that a stable FCR-phase health record does not imply long-term
durability under changing operating conditions. The suitability of lead–acid technology in
hybrid BESS therefore depends on maintaining operating and maintenance conditions that
avoid prolonged high-SoC standby.

These findings can be considered alongside the established recycling infrastructure for
lead–acid batteries and the potential for further cost reductions through improvements in
recycling processes [22]. In this context, lead–acid technology may retain a role in hybrid
configurations where dispatch and maintenance strategies can be adapted to its specific
operating requirements. This consideration becomes more relevant as alternative battery
chemistries, including sodium-ion, advance as potential low-cost technologies based on
more abundant materials [23]. At the same time, the continued cost reduction of lithium-
ion technology [24] limits the relevance of lead–acid technology based on performance or
cost alone. Its potential role therefore depends increasingly on factors such as established
recycling infrastructure and demonstrated long-term operating behavior. Long-term field
datasets such as the one analyzed here are essential for characterizing aging over timescales
that cannot be reproduced by laboratory testing alone.

5.11. Strategic and Economic Context

The eight-year observation window above invites a what-if economic question, posed
deliberately without assuming any lead–acid system price. For a given storage service,
the annualized capital cost per unit of usable energy is (C/D)·CRF(r,T), where C is the
installed cost per nominal kWh, D the usable depth of discharge, T the service life, and
CRF the capital recovery factor. Equating this across technologies yields a break-even
lead–acid cost CPb* = CLi·(DPb/DLi)·[CRF(r,TLi)/CRF(r,TPb)]. With the illustrative TPb = 8
a against a representative lithium-ion service life of 12 a, usable depths of 0.5 and 0.9, and a
6% discount rate, lead–acid reaches capital-cost parity at roughly 40% of the lithium-ion
installed cost; for a representative installed lithium-ion cost of 250 €/kWh, this implies a
break-even near 100 €/kWh (about 30–55% across the plausible-assumption range; Table 5).
Two factors not captured here, namely lead–acid’s lower round-trip efficiency and larger
footprint, would lower this threshold and are noted as caveats rather than quantified.
This is a scenario, not a cost forecast: the present data establish an eight-year observation
window, not an aging-defined service life or the cost outcome.

Taken together with the break-even scenario discussed above, the eight-year obser-
vation period indicates that aging alone does not preclude the use of flooded lead–acid
batteries for grid services. If installed costs were to fall below approximately 40% of those
of lithium-ion systems, the established supply chain and recycling infrastructure could
become relevant advantages, provided that no additional aging penalty emerges under
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comparable operating conditions. This represents a hypothesis for further techno-economic
investigation rather than a firm conclusion of the present study.

Table 5. Break-even capital-cost ratio k = CPb*/CLi as a function of usable depth DPb and lithium-ion
service life TLi (DLi = 0.90, r = 6%, TPb = 8 a).

DPb\TLi 10 a 12 a 15 a

0.40 0.38 0.33 0.28
0.50 0.47 0.41 0.36
0.60 0.56 0.49 0.43

5.12. Limitations and Future Work

(1) Temperature correction. Because the battery room is actively climate-controlled
(Section 3.3.1), the measured inter-regime battery-temperature difference is only
about 1 ◦C (the reserve phase marginally warmer), which bounds the temperature-
attributable DCIR bias below 2% of the observed increase and of opposite sign; a
temperature-corrected analysis using the logged signal is identified as future work
and does not affect the qualitative findings or regime-comparison conclusions.

(2) Capacity measurement. The multi-indicator framework of this study is deliberately
confined to continuous one-second operational data; dedicated capacity or reference-
performance tests are not part of it. Sparse periodic reference capacity tests do exist in
the dataset (the final one, on 14 April 2025, indicating about 21% residual capacity)
and are used here only as an independent external cross-check: they corroborate
the direction and severity of the degradation already captured by the operational
indicators and therefore do not alter the conclusions. Because deep-discharge events
were infrequent (fewer than 50 over eight years) and were performed under het-
erogeneous conditions, these tests cannot form a continuous capacity trajectory and
are not used as a quantitative indicator; incorporating such reference measurements
would extend this study beyond its operational-data scope. Planned future work
on charge acceptance (CA) as an early-stage indicator [25] would complement the
current DCIR-based framework.

(2b) C-rate and efficiency comparability. The reserve phase operated at a markedly lower
average C-rate than the FCR phase; by the Peukert effect this should improve coulom-
bic and round-trip efficiency independently of aging [14]. Efficiency nonetheless
declined (Section 4.2), so the underlying electrochemical degradation is more severe
than the raw metrics suggest. No standardized capacity tests are available for a direct
C-rate-normalized comparison between regimes.

(3) Piecewise regression formalization. A Chow test for a structural break at 2022 was
implemented and confirms significant parameter instability across all three primary
indicators (DCIR: p < 0.001; ηrt,DC: p = 0.047; ηcoul: p = 0.018). Bootstrapped 95% CIs
(B = 10,000) are reported in Section 5.8; results are discussed there.

(4) Multi-chemistry comparison. Co-located LFP and NMC strings under the same grid
excitation offer a natural control group. A comparative analysis is out of scope here
but would isolate chemistry-specific from system-level effects.

(5) Threshold sensitivity. The annual efficiency metrics are computed from annual energy
integrals and are therefore insensitive to the monthly throughput validity threshold:
varying it between 300 Ah and 1000 Ah (0.17–0.56 EFC; baseline 0.5 EFC, about
888 Ah) leaves the annual round-trip and coulombic efficiency values unchanged
(0.0 percentage-point difference across the reserve years) and alters only the number
of monthly points flagged as low-confidence in Figure 7.
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(6) Secondary market utilization at end of first design lifecycle. The finding that FCR
operation produced no statistically detectable degradation over five years raises the
question of whether a lead–acid BESS that has completed its primary lifecycle in
reserve or standby service could subsequently be transitioned to market-coupled FCR
operation without disproportionate acceleration of residual degradation—provided
that equalization charging is reinstated prior to and throughout the transition. Such
a secondary utilization model could, in principle, extend the commercially viable
lifetime of an installation beyond its initial design lifetime. The present results con-
stitute a necessary, though not sufficient, condition for this to be feasible; the health
state at the point of transition, the minimum acceptable equalization protocol, and the
implications for residual capacity would each require quantification. A prospective
field study, or a comparative analysis of datasets spanning analogous lifecycle transi-
tions across multiple installations, would be required to evaluate the technical and
economic feasibility of this approach.

(7) Sufficiency of system-level data for degradation monitoring. Individual cell-voltage
data at approximately one-minute resolution were available for the full observation
period (2017–2022) but were not included in the published dataset, as the analysis
demonstrated that they provide no additional quantitative value for the degradation-
indicator trends studied here. A statistical analysis of intra-string voltage heterogene-
ity, quantified as the standard deviation and interquartile range of voltages across the
100 three-cell measurement groups, showed no systematic growth during the FCR
phase (2018–2021, σ ≈ 6 mV, stable). This is consistent with the near-zero string-level
DCIR trend over the same period. The time resolution of the cell-voltage data (~60 s)
was structurally insufficient to resolve the ohmic transient at polarity transitions
(characteristic timescale <1 s), thus providing no additional value to the analyses.
Cell-voltage surveillance nonetheless retained qualitative diagnostic value: a defective
cell exhibiting markedly elevated resistance was identified through this monitoring
and bypassed on 10 August 2023, so the limitation established here concerns quanti-
tative per-cell DCIR trending rather than fault detection. These observations carry a
positive methodological implication: the multi-indicator framework presented here is
derivable exclusively from string-level BMS signals that are standard in commercially
deployed BESS installations, without requiring individual cell-level monitoring in-
frastructure. This makes the approach transferable to any system with one-second
BMS logging, independent of the granularity of the cell-voltage instrumentation. Cell-
voltage data at one-second resolution would be required for a quantitative per-group
DCIR analysis and are identified as a priority for future instrumentation upgrades in
comparable field studies.

(8) Single-system scope and generalizability. All results derive from one battery string,
one manufacturer, one cell chemistry, and one site-specific energy-management strat-
egy. This is an in-depth N-of-1 field study: the absolute degradation rates reported
here are specific to the Exide OCSM chemistry and the M5BAT dispatch strategy
and should not be read as representative values for flooded lead–acid in general.
What is structurally transferable is the methodological framework, a reproducible
multi-indicator approach derived from operational data, and the qualitative obser-
vation that prolonged low-throughput, high-SoC standby can be more detrimental
than active partial-SoC cycling. This direction is consistent with VRLA float-service
experience, where calendar-driven positive-grid corrosion at sustained high state
of charge is the dominant life-limiting mechanism [21], although the absolute rates
and the flooded-specific contribution of stratification are not directly transferable.
Confirming the generality of these operational thresholds will require replication
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across multiple strings, chemistries, manufacturers, and management strategies. In
particular, cells of nominally identical construction from different manufacturers can
exhibit materially different degradation rates, so the quantitative values reported here
should be transferred to other products only qualitatively.

6. Conclusions
This study presents an empirical characterization of lead–acid BESS degradation across

eight years and two fundamentally different operating regimes, without presupposing a
dominant mechanism. The two primary findings are as follows: (1) five years of active FCR
service produced no statistically detectable degradation in the primary health indicators—a
result that provides field evidence questioning the prevailing assumption that PSoC cycling
is the principal aging driver for lead–acid cells in FCR applications; and (2) the subse-
quent transition to low-utilization reserve operation correlated with a strongly accelerated
deterioration across all indicators simultaneously.

Multiple degradation mechanisms, i.e., sulfate crystal growth, calendar aging, grid
corrosion, and electrolyte stratification, are consistent with the reserve-phase acceleration
and likely co-occur. The available system-level data do not permit definitive attribution to
a single mechanism; the measurements that would resolve this ambiguity (EIS, acid density,
postmortem analysis) are identified as the primary priorities for follow-on work.

The methodological contribution is a reproducible multi-indicator framework com-
bining DCIR, round-trip efficiency, coulombic efficiency, and inverter efficiency from a
shared operational data stream. This approach is transferable to other BESS field datasets
and provides a template for system-level degradation monitoring that does not depend on
laboratory test infrastructure.

For practitioners, three operational recommendations follow directly from these find-
ings. First, extended high-SoC, low-throughput standby should be avoided or mitigated
through periodic cycling and active SoC management; equalization charging should be
maintained as good practice but, having continued throughout, did not by itself prevent
the post-2022 degradation. Second, DC round-trip efficiency is recommended as a rolling
monthly health indicator: it is computable from existing BMS counter signals, correlates
tightly with internal resistance (r ≈ −0.98), and requires no additional instrumentation.
Third, transitions from active cycling to extended high-SoC standby should be regarded as
degradation-risk events rather than purely operational decisions because, contrary to the
conventional expectation, low-throughput, high-SoC standby proved more damaging to
this flooded lead–acid string than high-throughput partial-SoC FCR cycling.

At the system-design level, these results support a deliberate role for lead–acid chem-
istry within hybrid multi-technology BESS, provided that dispatch priority, SoC manage-
ment, and a sustained equalization protocol are tailored to its requirements. This recom-
mendation is explicitly conditional on such management and does not imply comparable
durability under arbitrary operating conditions. Methodologically, the multi-indicator
framework that combines DC internal resistance, round-trip and coulombic efficiency,
and inverter efficiency, all derived from a single one-second operational data stream, is
transferable to other BESS field datasets without laboratory test infrastructure. The princi-
pal questions for following work are the mechanistic disambiguation that only cell-level
diagnostics (electrochemical impedance spectroscopy, acid-density measurement, and
postmortem plate analysis) can provide, a temperature-corrected DCIR analysis using
the logged battery-temperature signal, and a comparative study across the co-located
lithium-ion strings under identical grid excitation to separate chemistry-specific from
system-level effects.
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Appendix A
Table A1 lists the full technical specifications and case-study premises of the OCSM

lead–acid unit. This information overlaps substantially with the published open-access
dataset and is therefore provided here in the appendix rather than in the main text.

Table A1. Technical specifications of the flooded OCSM lead–acid unit and case-study premises.

Parameter Value

Manufacturer/product Exide Technologies, GNB Industrial Power series

Cell technology Flooded lead–acid, OCSM (Ortsfeste Kupferstreckmetall); tubular positive
and copper expanded-grid negative plates

String configuration 300 cells in series, 1 parallel (300S/1P); 299S after 10 August 2023
(defective cell bypassed)

Nominal string voltage 600 V
Rated capacity 1776 Ah at C/3 (about 1066 kWh usable)

Power conversion system 630 kW bidirectional PCS
Installation Climate-controlled battery hall

Operating regimes FCR-primary (2017–2021); low-utilization reserve (2022–2025)
Mean state of charge About 52%

SoC operating range Predominantly partial-SoC; time at pSoC <50% fell from 42–59% (FCR)
to 1.4% (2024)

Depth of discharge Mostly shallow partial-SoC cycling; fewer than 50 deep-discharge events
(SoC < 20%) over the record

Annual throughput About 248 kAh (2019 peak) down to 19 kAh (2025); cumulative
about 1.20 MAh

Equivalent full cycles About 140 (2019) to 11 (2025) per year
DC round-trip efficiency (RTE) About 88% (FCR) to 74% (2024)

Coulombic efficiency About 96–98% (FCR) to 86% (2024)
DC internal resistance About 55 mΩ (2017) to 92 mΩ (2025), string level

State of health/capacity Periodic reference capacity tests in the dataset; final test 14 April 2025:
~21% residual capacity

Observation window April 2017 to mid-2025 (unit decommissioned; planned
technology change)
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