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Abstract: This work highlights the performance metrics and the fundamental degradation mecha-
nisms of lead-acid battery technology and maps these mechanisms to generic duty cycles for peak
shaving and frequency regulation grid services. Four valve regulated lead acid batteries have been
tested for two peak shaving cycles at different discharge rates and two frequency regulation duty
cycles at different SOC ranges. Reference performance and pulse resistance tests are done periodically
to evaluate battery degradation over time. The results of the studies are expected to provide a valuable
understanding of lead acid battery technology suitability for grid energy storage applications.

Keywords: valve regulated lead acid battery; grid energy storage; battery degradation; peak shaving;
frequency regulation

1. Introduction

Enabling a more sustainable energy supply system requires the integration of re-
newable energy resources as well as energy storage systems (ESS) with the power grid.
For a robust and resilient grid, ESS can provide various grid services such as load leveling,
frequency regulation, energy management, backup power, voltage support, and grid stabi-
lization [1,2]. To validate and identify the challenges related to the extensive use of ESS in
the power grid, ESS is tested for reliability and safety as part of the “Grid Energy Storage
Strategy” released by the U.S. Department of Energy (DOE) [3]. The lessons learned from
these tests are expected to increase the deployment of ESS.

Many different energy storage technologies are being tested, evaluated, and deployed
globally. Grid-scale lead-acid batteries were deployed as far back as the 1980s [4] and are a
cost-effective and reliable option for different grid services [5–8]. Materials sustainability is
one of the most important aspects of lead acid batteries since nearly a 100% recycling rate
is achievable [2]. However, for the larger battery size required for grid scale battery energy
storage systems (BESS), there are several challenges that need to be addressed.

The charge-discharge reactions for lead acid battery at the positive and negative
electrodes are given in Equations (1) and (2) respectively, while Equation (3) shows the
overall cell reaction [9,10].

PbSO4(s) + 2H2O
charging
�

discharging
PbO2(s) + H2SO4 + 2H+ + 2e− (1)

PbSO4(s) + 2H+ + 2e−
charging
�

discharging
Pb(s) + H2SO4 (2)

2PbSO4(s) + 2H2O
charging
�

discharging
PbO2(s) + Pb(s) + 2H2SO4 (3)
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The discharged species for both electrodes is lead sulfate (PbSO4), while the charged
species is lead dioxide (PbO2) for the positive electrode and spongy lead (Pb) for the
negative electrode. The formation of lead sulfate at both electrodes during discharge results
in electrolyte dilution due to sulfuric acid consumption, with protons migrating from the
negative to the positive electrode. Lead dioxide in the positive electrode is reduced while
spongy lead in the negative electrode is oxidized to lead sulfate. The reverse process
takes place during charge, with electrolyte specific gravity increasing due to sulfuric
acid generation.

In a valve regulated lead acid battery (VRLA), the electrolyte is absorbed in a glass
mat separator, also known as absorbed glass mat (AGM) separator, or absorbed into a gel,
with no excess free-flowing electrolyte, unlike its flooded counterpart.

VRLA battery capacity is typically positive electrode limited, generating oxygen at
the positive on overcharge (Equation (4)) before the negative electrode is fully charged.
Gas channels are formed either as connected porosity in the AGM separator or as micro-
cracks in the gel [11]. This creates a passage for oxygen gas to the negative, where it is
electrochemically reduced in the presence of hydrogen ions to form water (Equation (5)).
In addition to oxygen generation, there is an ongoing parasitic reaction related to positive
grid corrosion during charge, which is accelerated during overcharge in the presence of
oxygen. The depolarization of the negative electrode by the oxygen recombination reaction
increases the positive electrode potential during constant voltage charge mode, further
accelerating grid corrosion. This parasitic grid corrosion reaction has to be balanced at
the negative electrode. Since the negative electrode is in excess, the balancing reaction
is expected to be charging of the negative electrode active material from lead sulfate to
spongy lead. If the oxygen generation rate exceeds the recombination rate at the negative,
this excess oxygen generation also has to be balanced by charging of the negative electrode
active material from lead sulfate to spongy lead. Ideally, there should be sufficient excess
negative active material to account for positive grid corrosion and incomplete oxygen
recombination, such that at the end of design life, hydrogen generation at the negative is
avoided, thus preventing water loss. The reactions for oxygen generation at the positive
during overcharge, followed by recombination with lead at the negative, and subsequent
conversion to lead sulfate are given below in Equation (4) at the positive and Equation (5)
at the negative, which is the reverse of Equation (4), thus keeping the positive and negative
electrode state-of-charge (SOC) fixed [12]:

H2O → 1
2

O2(g) + 2H+ + 2e− (4)

1
2

O2(g) + 2H+ + 2e− → H2O (5)

Common failure modes of VRLA batteries are discussed in Section 2, along with cell
design to optimize performance and life. Degradation modes are proposed to explain
the internal resistance increase and capacity degradation trends under peak shaving and
frequency regulation duty cycles for VRLA battery modules in Section 4. Suggestions
for post-test disassembly and analysis of individual components to validate the proposed
failure mechanism for each duty cycle are provided in Section 4.4. Mapping has been
done between the proposed degradation modes for each duty cycle with corresponding
degradation modes for hybrid electric vehicles in Section 4.7.

2. Failure Modes for Lead Acid Batteries

The lead acid battery failure modes comprise the following, with electrolyte stratifica-
tion and dry-out limited to VRLA [13–16]

• Positive grid corrosion
• Positive active material softening and shedding
• Electrolyte stratification (VRLA)
• Electrolyte dry-out (VRLA)
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• Negative active material sulfation

2.1. Flooded Batteries

In flooded batteries positive grid corrosion is mitigated by using lead-antimony alloy
grids [17,18], related to higher creep strength of this alloy [19]. Antimony also facilitates
conversion of the highly resistive PbO corrosion product to the conductive PbO2, which
has a conductivity 17 orders of magnitude higher [20]. However, antimony dissolves in the
electrolyte, migrates to the negative electrode, and promotes hydrogen evolution during
standby, charge and overcharge. Hence for maintenance-free batteries, low antimony posi-
tive grid alloys are used, while for VRLA, antimony free alloys of Pb-Ca-Sn are used [19,21],
with calcium providing mechanical strength and tin mitigating grid corrosion, while Pb-Ca
alloy is used for the negative gird. Positive active material softening and shedding, and
negative active material sulfation, common to flooded and VRLA batteries, are covered
in detail in the next section. Electrolyte stratification is mitigated by overcharging to pro-
mote gas evolution with associated electrolyte mixing. Electrolyte dry-out is prevented
by periodic addition of deionized water as part of standard maintenance. For flooded
batteries, grid corrosion mitigation by use of lead-antimony alloy is expected to reduce
positive active material shedding due to better grid-active material bond, while mitigation
of electrolyte stratification and starting with a lower negative to positive active material
ratio relative to VRLA are expected to reduce negative electrode irreversible sulfation.

2.2. VRLA Batteries

For VRLA batteries, there are areas that need further study. Oxygen recombination
depolarizes the negative electrode, thus raising its potential. For batteries charged at a
constant potential, this raises the positive electrode potential, leading to greater positive
grid corrosion, with associated water loss [19,21] and additional oxygen evolution, which
corrodes the grid further [12]. The higher sulfuric acid concentration due to water loss
accelerates grid corrosion [19]. This leads to a synergistic effect of water loss on grid
corrosion. Hence it is important to avoid water loss, not just to ensure the cell capacity is
not electrolyte-limited, but to limit positive grid corrosion. Control of overcharge current
such that it does not exceed the recombination rate ensures complete recombination of
oxygen evolved from the positive electrode. For fresh VRLA batteries, there may be
some excess electrolyte, which slows down oxygen transport to the negative, resulting in
water loss till the oxygen recombination current can be supported. During this period,
the oxygen generation current at the positive is supported by charging of the negative
electrode active material. Cell design should take this into account and add sufficient excess
negative capacity to ensure the negative electrode does not get fully charged during this
period to avoid hydrogen evolution. The unintended effect of excess negative is that some
uncharged lead sulfate crystals may eventually grow in size and become difficult to charge,
increasing electronic resistance and preventing electronic and ionic access to parts of the
electrode. Hence it is important to ensure the positive and negative electrode active mass
and electrolyte content are optimized to avoid (1) hydrogen generation at the negative,
(2) irreversible sulfation of negative electrode (3) electrolyte dry-out.

Upon discharge, there is a near doubling of volume in the positive electrode and
about a 2.5× increase in the negative electrode volume [19] since the lead sulfate discharge
product has a lower density. The negative spongy lead is compressible; hence this volume
growth is partially compensated by a reduction in the volume of the remaining lead during
discharge. For VRLA batteries using glass mat separators, while volume change in the
in-plane direction due to positive grid corrosion has been mitigated by the use of antimony-
free Pb-Ca-Sn alloy, the through plane increase in positive active material volume upon
discharge is mitigated by applying a compressive force to the electrode assembly [19].
The glass mat is made of fibers with various diameters to optimize mechanical strength,
pore size distribution, porosity, and wicking characteristics of the separator. Smaller
fiber diameter lends itself to smaller pore size and greater wicking ability, while larger
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fiber diameter improves mechanical strength and resistance to compression [12,22]. With
proper glass mat separator design, electrolyte stratification is avoided or mitigated by
wicking, and positive active material growth is mitigated by compression, with the glass
mat pressed against the positive active material at pressures up to 138 kPA [22]. In a
gel VRLA battery, where sulfuric acid is mixed with fumed silica, forming an immobile
electrolyte, stratification is less of an issue [22]. Note that for flooded batteries, as discussed
earlier, electrolyte stratification is mitigated during overcharge, where the gases evolved
stir the electrolyte.

VRLA batteries have a higher specific gravity at full charge compared to flooded
batteries to compensate for the lower electrolyte content. The positive electrode has two
oxide types in the fully charged state–α-PbO2, which has lower activity, and β-PbO2
which has higher activity. As long as the acid concentration is maintained in the 0.9–5 M
(1.05–1.28 specific gravity) range, the active material is in the more active state, with the
less active α-PbO2 dominating outside this range [18]. Electrolyte stratification could result
in greater α-PbO2 formation at the bottom of the electrode, while water loss can result in
α-PbO2 dominating throughout the charged positive electrode. As discussed earlier, higher
electrolyte specific gravity also accelerates positive grid corrosion, which manifests itself as
a steady decrease in usable capacity at a fixed rate.

Electrolyte stratification also results in greater lead sulfate formation at the bottom.
This uneven lead sulfate distribution across the electrode height results in lower electrode
active mass utilization and associated capacity loss [12]. This is mitigated for tall cells and
modules by placing the tall side horizontally [23].

Using the mitigation approaches described, the above failure modes have been re-
duced, resulting in the negative electrode failure being the main R&D topic for further
work. The low surface area of the negative electrode and its low specific capacitance results
in poor charge acceptance especially at high rates. The voltage range above which gassing
occurs and below which charge is incomplete is quite narrow for VRLA batteries [23,24],
which further contributes to poor negative electrode charge acceptance at high rates. The
positive lead dioxide active material has an order of magnitude higher specific surface and
three times higher specific capacitance relative to the negative electrode spongy lead [23,25].
This ensures uniform distribution of the charge transfer reaction across the bulk of the
positive electrode, and formation of lead sulfate film at the negative electrode surface due to
poor charge acceptance. This is especially the case for partial state of charge cycling of lead
acid batteries [16,26], where the batteries are not fully charged at the end of each cycle (e.g.,
hybrid electric vehicle, frequency regulation). To overcome this, expanders are added to
the negative electrode active mix during paste formulation. These consist of barium sulfate,
which increases nucleation rate for the lead sulfate formation reaction [12,16,26], lignosul-
fonates with functionalities that promote the formation of lead sulfate uniformly across the
electrode thickness by inhibiting lead sulfate crystal growth and formation of a passivating
layer [12,24], and various forms of carbon such as graphite and carbon black that increase
electronic conductivity, surface area and specific capacitance [24,27]. The higher electronic
conductivity reduces isolation of negative active mass via electronic percolation, while
the higher surface area allows uniform distribution of lead sulfate across the bulk of the
electrode, with the higher capacitance improving charge acceptance at high rates [25]. The
carbon is incorporated either in the paste mix or laminated onto the electrode to form a
parallel lead-carbon hybrid, or simply replaces the negative spongy lead electrode or the
grid [15,19]. For the batteries used in this work, high surface area carbon is introduced in
the paste formulation step of the negative electrode [28]. Table 1 shows the summary of
failure modes.
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Table 1. Failure Modes of Absorbed Glass Mat Valve Regulated Lead Acid Batteries.

Failure Mode Cause Mitigation

Positive grid corrosion

Negative electrode depolarization during
recombination for CV charge
Water loss resulting in higher
electrolyte concentration
Electrolyte stratification, resulting in
greater corrosion at electrode bottom

Mitigate water loss
Reduce stratification by appropriate choice of
separator fiber diameter
Use of Pb-Ca-Sn alloy to increase creep strength
and reduce grid corrosion

Water loss

Charge current exceeds
recombination rate
Charge voltage not temperature
compensated
Positive grid corrosion

Proper charge control
Mitigate grid corrosion
Adjust initial electrolyte amount, negative excess
and optimize separator porosity to minimize
hydrogen evolution through the design life

Positive active material shedding
Grid growth due to corrosion
Active material expansion by 2×
during charge

Mitigate grid corrosion
Optimize separator fiber diameter distribution to
balance mechanical strength (large diameter)
versus wicking characteristics (small diameter)

Electrolyte stratification Poor separator wicking Optimize separator diameter distribution

α-PbO2 formation Electrolyte stratification
Water loss Mitigate stratification and water loss

Negative electrode sulfation
Low surface area leads to poor charge
acceptance
Partial state of charge cycling

Expanders that increase nucleation rate of lead
sulfate formation and inhibit crystal growth
High surface area carbon to increase surface area
and electronic conductivity of partially
charged electrode

3. Experimental Setup
3.1. Module Specification

A valve regulated lead acid battery (VRLA) module with six series-connected cells
manufactured by C&D technology, Inc (Horsham, PA, USA), using absorbent glass mat
(AGM) technology (model no. SHC 12-200FT), is used for testing. These batteries, also
referred to as carbon lead batteries, use lead carbon composite in the active material paste
of the negative electrode to reduce irreversible sulfation and improve charge acceptance of
the negative plate. The battery has a capacity of 172 Ah when discharged at the C10 or 10-h
(h) rate from a fully charged state to 1.8 V per cell at 25 ◦C, where C10 rate is the discharge
current at which the battery requires 10 h to reach an end of discharge voltage of 1.8 V from
a fully charged state at 25 ◦C. The battery specification sheet [28] provides battery weight
(60 kg), dimensions, performance, and cycle life details.

3.2. Test Protocols

Four lead-acid battery modules are subjected to two peak shaving duty cycles and two
frequency regulation duty cycles. The duty cycles are based on the “Protocol for Uniformly
Measuring and Expressing the Performance of Energy Storage Systems” developed by
energy storage industry stakeholders, led by Pacific Northwest National Laboratory and
Sandia National Laboratory [29]. The tests are ongoing for over one year. The test data
correspond to 28 months for one duty cycle and 18 months for three other duty cycles.
Testing was performed using an N.H. Research Inc. (NHR, Irvine, CA, USA) battery pack
test system (9200 series, model 4912), with a maximum DC voltage of 120 V and current of
200 amperes (A), with an 8 kW limit for charge and 12 kW limit for discharge [30]. Figure 1
shows the experimental setup for the BESS, where the lead acid battery module is the DC
storage block, and the NHR battery tester performs the role of the grid and site controller.
At the beginning of each test, the battery module is charged at a constant current (CC) of
17.5 A (10-h rate) until module voltage reaches 14.1 V (2.35 V/cell), followed by a constant
voltage (CV) charge until current drops to 1 A. After charge, the battery is subjected to a
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rest period of three hours. Reference performance tests are done at the beginning of the test
regime to establish a baseline and repeated periodically. These tests consist of a capacity
test and a pulse resistance test to determine battery degradation during operation. The
reference performance capacity test is conducted every month, corresponding to 58 peak
shaving duty cycles or 30 frequency regulation duty cycles. A pulse resistance test is done
every two months, after 116 peak shaving cycles and 60 frequency regulation cycles to
measure internal resistance.
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Figure 1. Experimental setup of the BESS, comprising battery module DC storage, and battery tester
representing the grid and site controller.

3.2.1. Reference Performance Capacity Test

The battery is initially charged at a CC of 17.24 A (10-h rate) until the module voltage
reaches 14.1 V, followed by a CV charge at 14.1 V until the charge current drops to 1 A. After
the initial charge, the battery is discharged at the C5 rate of 31.34 A until the module voltage
drops to 11.1 V (1.85 V/cell). Note that during this test, the end of discharge voltage is kept
at 1.85 V/cell to avoid deep discharge-related degradation during the capacity test, since
the main goal was to estimate duty cycle-related degradation. The battery is not subjected
to rest after discharge to minimize duration at a low state of charge, where irreversible
sulfation may occur. The CC/CV charge is repeated, with termination condition during
CV charge corresponding to either the current decreasing to 1 A or charge capacity (Ah)
reaching 103% of previous discharge Ah capacity. Note that the battery module is charged
at a higher rate (5-h or C5 rate) for 1 h to minimize time spent at low SOC, followed by
charge at the C10 rate. After charge, a 3 h rest period is incorporated. The discharge and
charge steps are repeated for a total of two discharges, with the battery capacity calculated
as the average of these two discharges. Capacity retention is calculated as the ratio of Ah
capacity measured during reference performance test as the battery ages to the initial or
baseline measured Ah capacity of the battery.

3.2.2. DC Current Pulse Test to Measure Internal Resistance

The lead acid battery modules’ internal resistance can be measured using DC pulse
current or electrical impedance spectroscopy (EIS). EIS employs multiple frequency sine
waves to measure resistance over a wide range of frequencies [31]. However, EIS is not a
viable option for a large battery module due to hardware limitations related to voltage and
current. Per the battery cycler specifications [30], the current change time is <5 ms, while
the internal resistance is reported every 10-millisecond (ms) time interval. However, it took
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30–100 ms for the applied pulse current to stabilize, hence ohmic resistance is estimated at
100 ms, where there is a significant contribution expected from charge transfer.

The internal resistance of the battery module comprises ohmic resistance, charge
transfer, and mass transport resistance. For AC impedance tests, ohmic resistance is
estimated at 10–100 kHz [32], which corresponds to a duration of 10–100 µs, while charge
transfer resistance is evaluated at 1–10 Hz (0.1–1 s), and mass transfer resistance or diffusion
resistance to ion transport to and from the electrode pores is measured at 0.001–0.1 Hz
(10–1000 s).

It has been shown that the pulse width at a fixed pulse current should be such that
the ∆SOC is ≤0.1% [33]. This condition is met by using C1 or 1-h rate pulse of 115 A for
6 s, with a ∆SOC of 0.11%. The discharge and charge pulses are applied at every 10% SOC
change from 100% SOC to 0% SOC, with only discharge pulse applied at 100% SOC and
charge pulse at 0% SOC, with a 30-min rest period imposed after each pulse to allow the
battery voltage to relax and the temperature to equilibrate. The battery’s internal resistance
is calculated from the voltage change during the pulse.

Total internal resistance, Rtotal =
∆V
∆I , ∆V = (VF −VI) and ∆I = (IP − II).

Where, VI is the initial voltage before pulse is applied, VF is the final voltage at the
end of the pulse and II is the initial current, which is 0, and IP is the pulse current. Figure 2
shows a discharge pulse current and voltage profile of the battery.
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Figure 2. Measurement of internal resistance by DC pulse current.

In this work, the 100 ms data is used to calculate ohmic resistance, while the 2-s data
is used to calculate the sum of ohmic (Ro) and charge transfer resistance (Rct), and the 6-s
data is used to calculate total resistance (Rtotal) [34]. Mass transport resistance (Rm) is the
difference in 6-s and 2-s data. Corresponding times for calculation of resistance from the
voltage relaxation after charge or discharge are 0.1 s, 2 s, and 1800 s.

3.2.3. Peak Shaving Duty Cycle Test

Two battery modules are subjected to peak shaving duty cycles. A peak shaving (PS)
duty cycle consists of a discharge at constant power for a duration ranging from 1–4 h
during the daily on-peak period followed by a recharge during the off-peak period. Table 2
shows the peak shaving duty cycle operating parameters. The depth of discharge (DOD)
of the battery module is 50% based on the initial Ah-capacity measurement. Discharge
is done at two power levels (730 watts (W) and 246 W) to analyze the effect of power on
performance and degradation. At the end of 58 peak shaving cycles, the battery is fully
discharged, followed by a reference performance test.

For the 730 W, the discharge time is 1.2 h, with the highest current corresponding to
the 2-h rate, and is referred to as PS 2-h. The corresponding numbers are 3.8 h and 8-h rate
for discharge at 246 W, referred to as PS 8-h. The charge back power is kept the same for
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both modules at 265 W. The charge power is calculated by multiplying the voltage at the
low end of SOC with the C10 charge current. The batteries are charged at a constant power
of 265 W until the voltage is 14.1 V, followed by a CV charge until current decreases to 1 A.
The total duration of both the peak shaving duty cycles is 12 to 14 h. The rest time for peak
shaving is 2 h to accommodate close to 2 cycles per day.

Table 2. Peak Shaving Characteristics.

Parameter Value

Module 1 2
DOD 50% 50%
Initial SOC 100% 100%
Highest discharge current 2-h rate 8-h rate
Discharge power (W) 730 246
Discharge duration (h) ~1.2 ~3.5
Rest after discharge (h) 1 1
Charge back power (W) 265 265
Charge time (h) ~8.5 ~7.5
Rest after charge (h) 2 2
Total duration for each PS cycle (h) ~13 ~14

3.2.4. Frequency Regulation Duty Cycle Test

Two modules have been subjected to the 24-h frequency regulation (FR) duty cycle.
The 24-h duty cycle power is normalized with respect to the power corresponding to the C1
rate at 50% SOC of the battery module, estimated at 1090 W for both FR duty cycles. This
corresponds to a discharge energy throughout of 3.9 kWh per cycle for this energy neutral
signal. Note that positive power typically represents discharge from the battery module,
and negative represents charge into the battery module from a grid perspective. In this
work, since a battery cycler is used to charge and discharge the battery, charge is associated
with a positive power signal, and discharge with a negative power signal. A reference to
the raw data based on which the duty cycle is generated is given in Appendix B of [29].
Table 3 shows the operating parameters for the frequency regulation duty cycles, with the
DOD for the 24-h duty cycle set at 20%.

Table 3. Frequency regulation characteristics.

Parameter Value

Module 1 2

DOD 20% 20%

Initial SOC 80%, 57%

Ending SOC 60%, 37%

Discharge duration (h) 24 24

Maximum power (W) 1090 1090

Charge back current 10-h rate 10-h rate

Total duration for each FR cycle (h) ~29 ~29

Frequency regulation tests are done at two different initial SOC levels (80% and 57%)
to determine the effect of different operating SOC ranges on performance and degradation.
The charge acceptance of lead acid batteries is impacted by the preceding step. If the
preceding step is a discharge step, the formation of small lead sulfate crystals offers
sufficient surface area for the subsequent charge, whereas, if the preceding step is a charge
step, the newly formed low surface area spongy lead reduces charge acceptance [35].
While optimization of expander properties is expected to mitigate this issue, for this work,
starting an FR duty cycle after a preceding charge step to the initial SOC resulted in voltage
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excursions above the upper limit at the start of the duty cycle. Hence the batteries were
brought to an SOC equal to target start SOC + 5% (62% for target SOC of 57% and 85%
for target start SOC of 80%), and subsequently discharged to the target start SOC. This
finding also indicates there is room for further improvement in expander research and
development for duty cycles with volatile power signals.

Since the frequency regulation duty cycle is energy neutral, the total discharge Ah
exceeds the total charge Ah for each cycle, since RTE < 1. That is, for the condition of
charge energy equal to discharge energy, the average charge voltage is higher than average
discharge voltage. Since energy in Wh is the product of Ah and battery voltage, the
discharge Ah is greater than charge Ah for a 24-h FR duty cycle. At the end of each
frequency regulation cycle, the battery modules are charged to bring them back to their
starting SOC using a 10-h rate., followed by a constant voltage charge until the desired
charge Ah is achieved. The desired charge Ah is calculated by measuring the difference
between charge Ah and discharge Ah for the preceding frequency regulation cycle and
applying a suitable overcharge to address gassing during charge. Note that no overcharge
is applied for the FR duty cycle starting at 57% SOC, while a 0.75% overcharge is applied
during charge back for the FR duty cycle starting at 80% SOC. The charge back step is
followed by a rest period of 1 h before the next frequency regulation cycle. The total
duration for frequency regulation, including charge back and rest, is about 29 h.

4. Results and Discussion
4.1. Reference Performance Test Results

Reference performance tests and pulse resistance tests are conducted at regular inter-
vals to evaluate the performance stability of the batteries performing four different duty
cycles. Performance stability assessment is done by monitoring changes in the battery
capacity and internal resistance as a function of elapsed test time, number of cycles and
cumulative energy throughput for each of the four duty cycles.

Figure 3a shows the voltage and current profile of one discharge and charge cycle
for the reference performance capacity test. Figure 3b shows the current and temperature
profiles for two charge and discharge cycles. Resistive and reversible heat contribute to heat
generation during operation [36]. Lead acid batteries have a positive temperature coefficient
for open circuit voltage of 0.2 mV/◦C, which corresponds to endothermic contribution of
reversible heat during discharge (and exothermic contribution of reversible heat during
charge) [37,38]. The battery temperature rises during charge as expected, while during
discharge, it rises during the first cycle and drops during the second cycle. At the start of the
first discharge, the battery temperature was low at 22 ◦C, resulting in resistive heating that
overwhelms the endothermic effect. In contrast, at the beginning of the second discharge,
the temperature was higher at 24 ◦C, with associated lower resistive heating, such that the
endothermic effect dominates. The exothermic behavior during charge has the potential
for cell dry-out during constant voltage charging, hence it is prudent to set the CC current
low to avoid significant temperature increase. None of the modules exhibited significant
temperature increase during the course of testing, indicating that the charge profile is
suitable, and the electrolyte dry-out is not a major failure mode.

Figure 4a shows battery capacity retention as a function of time elapsed since test
start for different duty cycles. Capacity retention is calculated using the initial measured
capacity as 100%. Over the same elapsed time, batteries subjected to FR duty cycles batteries
degraded more than those subjected to PS duty cycles. The battery subjected to FR duty
cycle operating in the 57–37% SOC range has the longest testing period and degraded the
most. For PS duty cycle batteries, the battery capacity recovered after initial degradation.
Performance enhancement can occur due to various factors such as improved electrode
wetting during initial cycles, rearrangement of active material resulting in a greater active
area, better electrolyte distribution among battery cell components [39], and reversal of
irreversible sulfation. This recovery indicates that the initial capacity drop is not related to
positive active mass shedding. Figure 4b shows capacity retention as a function of cycles,
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while Figure 4c shows capacity retention as a function of cumulative discharge energy. The
sharp drop in capacity for FR (57–37)% in Figure 4b,c was observed after the battery was in
an idle state for four months stored in a fully charged condition and is probably related to
irreversible sulfation of the electrodes [40].
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Figure 3. (a) Voltage and current profile of the capacity test; positive current is charge; (b) Temperature
and current profile of the capacity test.
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Figure 4. Capacity retention vs. (a) months (b) number of cycles and (c) cumulative discharge energy
for four different duty cycles.

Typically, irreversible sulfation due to the growth of lead sulfate crystals occurs when
batteries are stored for prolonged periods without being charged or subjected to low SOC
during cycling [40,41]. The poor electronic conductivity of these lead sulfate crystals also
isolate portions of the electrode, making them inaccessible, further reducing battery capacity.
The battery subjected to FR (57–37)% duty cycle degraded more during the same period
than FR (80–60)% duty cycle. The degradation may be related to irreversible sulfation of
the battery electrodes caused by operation at lower SOC levels.

Since the frequency regulation duty cycle has higher discharge energy throughput per
cycle than the peak shaving duty cycle, Figure 4b shows higher degradation per cycle for
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FR, while the gap decreases when degradation is normalized per unit MWh discharged
(Figure 4c), especially for the FR (80–60)% duty cycle. Note that the average SOC for this
duty cycle is 70%, close to the average SOC of 75% for the PS duty cycles.

The greater rate of capacity loss for FR duty cycles, coupled with less of a capacity
recovery appears to indicate that positive active material shedding, in addition to irre-
versible sulfation, may play a bigger role for the FR duty cycle, which involves multiple
charge-discharges and the associated contractions and expansions of the active mass within
a 24-h duty cycle. This needs to be taken into consideration while using VRLA batteries for
frequency regulation. This failure mechanism appears to be absent for PS duty cycles. Note
that converting cumulative energy throughput to number of 100% DOD equivalent cycles,
FR (57–37)% has completed 728 100% DOD equivalent cycles, while the corresponding
numbers for FR (80–60)%, PS (2-h) and PS (8-h) are 494, 362 and 289 respectively.

4.2. Pulse Resistance Test Results

Figure 5a shows internal resistance vs. SOC for discharge pulse durations from
100 (ms) to 6 s, while Figure 5b shows corresponding results for the charge pulse. The
ohmic resistance, corresponding to the 100 ms measurement, includes contribution from
charge transport resistance as well, and decreases as SOC increases. Ohmic resistance is
determined by electronic conductivity of the current collector and the electrode active mass,
along with electrolyte ionic conductivity and tortuosity of the separator and electrode pores.
The discharge product at both electrodes, PbSO4, has lower electronic conductivity than
the corresponding charge states of PbO2 at the positive and spongy Pb at the negative,
while the electrolyte ionic conductivity increases with increasing state of charge [42]. While
ohmic resistance should not depend on pulse direction (charge vs. discharge), for the 0.1-s
discharge pulse, the ohmic resistance decreases more steeply with increasing state of charge
compared to the charge pulse. The resistance at 10% SOC is nearly the same regardless
of direction of the pulse, indicating the charge transfer resistance at this SOC is nearly
the same for the charge and discharge pulse. As the SOC increases, the discharge pulse
resistance decreases more than the charge pulse. This is expected, as the charge transfer
resistance is expected to increase with state of charge for the charge pulse, negating the
decrease in ohmic resistance at high SOC.
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Figure 5. Internal resistance vs. SOC (%) profile (a) for discharge pulse (b) for charge pulse.

For the discharge pulse, at high SOC, the internal resistance increases with pulse width.
While it is difficult to separate out charge transport and mass transport effects, assuming a
2-s cut-off for charge transport, it appears that mass transport effects can be estimated all
the way up to 6-s pulse width. On the other hand, at low SOC, after 2–3 s, the resistance
does not increase significantly. This indicates that due to low acid concentration at low
SOC, mass transport effects are almost fully captured within 2–3 s. The data for the charge
pulse is a mirror image. At low SOC, since there is plenty of water in the electrolyte, mass
transport effects are observed for the entire 6-sec pulse duration. At high SOC, due to
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higher concentration of the sulfuric acid product, a majority of the mass transport related
effects are captured within 2–3 s.

4.3. Degradation Analysis

Figure 6 shows all four batteries’ capacity retention vs. total internal resistance. The
total internal resistance is averaged from 80% SOC to 30% SOC for charge and discharge
pulses. The capacity degrades linearly with an internal resistance increase. VRLA batteries
are typically positive electrode limited. As the battery cycles, the positive electrode grids
undergo corrosion, causing an in-plane mechanical stress on the grid, leading to a decrease
in adhesion between the active material and the grid. The active material is separated
from the grid because of the expansion and shrinkage of the active material during the
discharge and charge cycles, reducing the capacity [43]. The capacity recovery for PS cycles
in Figure 4c indicates that positive active material shedding is not the main reason for
capacity loss. As stated earlier, use of appropriate alloys and compressive force appears to
have mitigated this failure mode. This indicates that irreversible sulfation at the bottom of
electrodes due to electrolyte stratification and at the low surface area negative during partial
state of charge operation may be a reason for the linear decrease in capacity as resistance
increases, while resistance increase may be associated with positive grid corrosion, water
loss and irreversible sulfation. As irreversible sulfation at the negative increases, there
is expected to be a transition from positive limit to negative limit, at which point gas
generation increases, accompanied by further resistance increase due to water loss. The
slight increase in capacity corresponding to an increase in resistance for FR duty cycles may
be related to reversal of dense sulfation film (leading to increase in capacity), while grid
corrosion and loss of water lead to an increase in resistance.
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Figure 6. Capacity retention vs. internal resistance profile for four duty cycles.

Figure 7 shows internal resistance vs. elapsed test duration. Ohmic resistance increases
with increasing duration. Some of the reasons could be (1) irreversible lead sulfate formation
at the bottom of both electrodes related to electrolyte stratification and at the negative
electrode due to partial state of charge cycling, (2) positive grid corrosion resulting in in-
plane mechanical stress on grid and loss of contact with positive active material (3) Positive
active material shedding due to active material volume change during cycling resulting in
loss of electronic percolation in active mass (4) Electrolyte dry-out resulting in an increase
in ionic resistance.

For all duty cycles, the ohmic resistance for charge pulse is greater than that for
discharge pulse, which is due to contribution from charge transfer in the 100 ms pulse.
Depending on the duty cycle, the reason for ohmic resistance increase may differ. For
example, for peak shaving, since the charge rate is the same for both duty cycles, if
electrolyte dry-out is the predominant mode, electrolyte loss is expected to be nearly the
same for the 2-h and 8-h duty cycles. The slightly lower resistance for the 2-h discharge
may be related to less time spent in the 75% to 50% SOC range, resulting in less irreversible
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sulfation at the negative electrode. The ohmic resistance for the FR (80–60)% run matches
the results for the PS 8-h, whereas the corresponding values for the FR (57–37)% case is
lower. Hence it appears that electrolyte dry-out could be the dominating reason for ohmic
resistance increase for the PS duty cycles and the FR duty cycle operating in the 80–60%
SOC range, with the PS duty cycles expected to have greater grid corrosion and water
loss due to being subjected to a full charge after each cycle, while the FR (80–60)% duty
cycle is expected to have more sulfation due to spending >3.5× duration at <70% SOC.
Irreversible sulfation at the negative electrode could be the dominant reason for ohmic
resistance increase for FR (57–37)%. Note that this battery was on open circuit for four
months. During this time, some water loss is expected due to self-discharge, but the main
degradation mechanism may be irreversible sulfate formation, which is corroborated by
the steep increase in charge transfer resistance for the charge pulse at the 10-month mark
(Figure 7b).
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The charge transfer resistance for the discharge pulse is relatively unchanged with a
slight increase, while it decreases in the first few months for the charge pulse. This appears
to indicate that the charge acceptance initially is not very high, probably related to sulfation
formed over a long storage period of ~6 months prior to testing. The steep increase in
charge transfer resistance for the charge pulse at the 10-month mark appears to be related
to the 4-month rest on the open circuit, which leads to sulfation of the active material and
the associated poor charge acceptance. As expected, the corresponding charge transfer
resistance for the discharge pulse is not very high since the reacting species is the charged
form of the active mass in each electrode.

Mass transport resistance for the charge pulse increases with time, while that for the
discharge pulse increases to a much less degree (Figure 7c). During charge, sulfuric acid is
produced in the pores, requiring transport of the acid away from the pores to allow reactant
water access. It is difficult for bulk water to force its way into the pores while displacing the
acid that is produced. During discharge, sulfuric acid is consumed at the electrode pores,
which are now filled with water. It is easier for acid in bulk to enter the pores and displace
the produced water. Irreversible sulfation results in the increase of active mass volume,



Energies 2022, 15, 3389 14 of 19

with an associated decrease in porosity and pore size. Hence the pore size and porosity
reduction associated with irreversible sulfate formation increase mass transport resistance,
with more of an impact on the charge pulse.

This effect is maximum for FR (57–37)% duty cycle, where irreversible sulfation at the
negative electrode is expected to be the largest, with corresponding greatest pore size and
porosity reduction. The results are similar for FR (80–60)% duty cycle and PS 8-h, where
both duty cycles spent significant time at <70% SOC and hence are expected to have a
similar degree of irreversible sulfation, while the PS 2-h duty cycle spends less time at <70%
SOC, and hence has less irreversible sulfation, accompanied by a lower increase in mass
transport resistance.

It is our hypothesis that for the PS duty cycles and FR (80–60)% duty cycle, the main
mode of degradation is water loss, with some irreversible sulfation at the bottom of both
electrodes related to electrolyte stratification, with additional sulfation at the low surface
area negative for FR (80–60%) and PS 8-h related to longer time spent at SOC < 70%, while
for FR (57–37)% duty cycle, the main mode is irreversible sulfation at the negative electrode
related to longer time spent at low SOC along with sulfation at the bottom of both electrodes
related to electrolyte stratification, with water loss related effects expected to be lower. To
validate these hypotheses, the aged battery modules, along with fresh modules to establish
a baseline, need to be disassembled in the charged state and subjected to the recommended
tests in the following section.

4.4. Recommended Tests to Validate the Proposed Failure Mechanism

(1) Determine mass of negative, positive and separator. The negative electrode needs to
be transferred immediately in deionized water to avoid oxidation in air.

(2) Determine electrolyte content in positive, negative and separator by measuring wet
and dry weight. The negative needs to be dried in a vacuum oven.

(3) Determine electrolyte specific gravity by titrating a known electrolyte volume obtained
by squeezing electrolyte from separator.

(4) Determine electrolyte distribution at various heights of electrodes and separator (to
estimate electrolyte stratification).

a. Cut the electrode into three parts, top, middle, and bottom, measuring wet
weight, followed by titration to determine acid content for each part, followed by
measurement of dry weight.

(5) Determine acid content at the top, middle and bottom parts of the separator, followed
by filtration and drying of the retained separator.

a. Immerse each separator piece in deionized water after weighing and titrate vs.
1 M NaOH.

(6) Determine porosity and pore size distribution by BET and mercury porosimetry to
correlate results with mass transport resistance.

(7) Determine elemental composition using energy dispersive X-ray analysis (EDX) for
the top, middle and bottom part of positive and negative electrodes.

4.5. Internal Resistance vs. SOC Trends for the Duty Cycles

Figure 8 shows the internal resistance measured from discharge and charge pulse at
different SOC levels for four different duty cycles. The internal resistance is averaged over
time at the same SOC. From Figure 8a–d, it can be seen that the duty cycles affect the battery
internal resistance similarly, with the shape of the resistance as f (SOC) similar for all duty
cycles. For all four duty cycles, total internal resistance measured from charge pulse is
higher than total internal resistance measured from discharge pulse. This is in line with our
observation that charge transfer- and mass transport-related losses are higher for charge.
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Figure 8. Internal resistance vs. SOC (%) for four duty cycles. (a) peak shaving 2-h rate (b) peak
shaving 8-h rate (c) frequency regulation (80–60)% and (d) frequency regulation (57–37)%.

4.6. Round Trip Efficiency Results for the Duty Cycles

Figure 9 shows the round-trip efficiency (RTE) of (Figure 9a) peak shaving duty cycles
and (Figure 9b) frequency regulation duty cycles. While the RTE is constant for 400 peak
shaving duty cycles, it decreases subsequently, with significant fluctuations. This is due
to a change in the charge procedure after 400 cycles. Initially, the charge back procedure
consisted of a CC/CV charge with charge termination set at 3% overcharge or current
decreasing to 0.8 A, whichever occurs first. Also, the constant current and constant voltage
charge steps each had a 7-h time limit to reduce excessive gassing. After 400 cycles, the
CC/CV charge is terminated when the current decreases to 0.8 A, with the 3% overcharge
requirement removed. Note that in these subsequent cycles, the overcharge is more than
3% of the discharge capacity, thus reducing the RTE. Additionally, the charge capacity is
different in each cycle as some of the charge back cycles reached the termination current
of 0.8 A before the time limit, while for other cases, the time limit was reached before the
current decreased to 0.8 A. Hence the decrease and fluctuation in RTE are not primarily
due to battery degradation. The FR (80–60)% has slightly lower RTE than FR (57–37)%. For
the energy neutral frequency regulation signal, as explained earlier, the total discharge Ah
> total charge Ah for the FR duty cycle, since RTE < 1. The charge back Ah is determined by
applying a 0.75% overcharge to the difference between total discharge Ah and total charge
Ah for the FR (80–60)% duty cycle, while no overcharge was applied to the FR (57–37)%
duty cycle since gassing is expected to be insignificant in this low SOC level. Hence FR
(57–37)% has a slightly higher RTE.
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4.7. Mapping Hybrid Electric Vehicle (HEV) Degradation with Grid Services

It was determined that batteries subjected to a micro hybrid electric vehicle (HEV)
drive cycle operating at 5% DOD in the 90–85% SOC range experienced no sulfation of
the negative electrode, while batteries subjected to a mild HEV drive cycle operating in
the 90–70% SOC range experienced mild sulfation, and batteries subjected to a full HEV
drive cycle operating in the 80–30% SOC range experienced rapid sulfation [20]. The PS
duty cycle appears to map with the mild HEV cycle, with a slightly lower average SOC,
but getting fully charged after each cycle. The PS 8-h duty cycle spends more time at
SOC < 75%, hence may have more sulfation at the negative. The FR (57–37)% duty cycle
has a slightly lower average SOC than a full HEV drive cycle, is charged to only 57% SOC
at the end of each cycle and is expected to show greater sulfation of the negatives. The FR
(80–60)% duty cycle has an average SOC halfway between mild HEV and full HEV and is
expected to experience sulfation greater than mild HEV and less than full HEV. The PS duty
cycle and the FR (80–60)% duty cycle are expected to see greater water loss compared to
the FR (57–37)% duty cycle. Table 4 below provides a mapping of grid services degradation
with that experienced by various HEV cycles.

Table 4. Mapping of Grid Services Degradation with HEV Cycles.

Drive Cycle Micro HEV Mild HEV Full HEV

SOC range 90–85% 90–70% 80–30%
Sulfation of negative Negligible Mild Highest
Grid Corrosion Medium Lower Lowest
Water loss Medium Lower Lowest
Inactive α-PbO2 Medium Lower Lowest

Grid services that
map to drive cycles

PS 2-h lower sulfation, PS 8-h higher sulfation. Both
expected to have similar grid corrosion, similar
water loss.
FR (80–60)% similar grid corrosion and water loss,
greater sulfation

FR (80–60)% lower sulfation,
FR (57–37)% higher sulfation,
lower grid corrosion and
water loss.

5. Conclusions

Leveraging upon work done on the degradation of lead acid batteries used for hybrid
electric, degradation mechanisms of batteries used in micro, mild, and full HEV are mapped
with the grid service duty cycles used in this work. Post-cycling tests have been proposed
to validate the hypothesis for dominant failure modes for each duty cycle.

Assigning different durations within the charge or discharge current pulse, ohmic,
charge transfer and mass transport resistances are estimated. Higher ohmic resistance for
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PS 8-h relative to PS 2-h is explained by the longer duration spent at <70% SOC for the
former, while similar ohmic resistance increase for the PS 8-h and FR (80–60)% is explained
by higher water loss for the former balanced by the higher sulfation for the latter related
to 3.5× longer time at <70% SOC for the FR (80–60)% grid service. The higher charge
transfer resistance during the charge pulse at the start of testing may be related to extended
storage prior to test, resulting in sulfation, which is subsequently reversed. This hypothesis
is further validated by the spike in charge transfer resistance for the charge pulse for the
FR (57–37)% duty cycle after a 4-month stand at open circuit, which is also reversed upon
further testing. The higher mass transport resistance for the charge pulse also correlates
with grid services with greater expected sulfation, with the value highest for FR (57–37)%
and lowest for PS 2-h. Hence these measurements provide very useful insights into the
degradation mechanisms for various grid services. The higher resistance during charge
across all duty cycles places limitation on maximum power for energy neutral grid services
such as frequency regulation.

Regardless of the duty cycle, capacity loss increased with an increase in internal
resistance, with nearly the same slope for all duty cycles. For FR (57–37)%, while the
capacity decreases as expected with increase in resistance, there is reversal in this trend
with a slight increase in capacity as resistance increases, which appears to signal a switch
from negative limit to positive limit related to reversal of the dense sulfation at the negative.
Such signatures provide insights into battery management approaches for VRLA used in
various grid services, taking into account the initial positive & negative electrode active
material ratio and electrolyte content to maximize battery operating life.

While positive active material shedding does not appear to be the main failure mode
for PS duty cycles. it may play a bigger role for the FR duty cycle, due to multiple
contractions and expansions of the active mass within a 24-h duty cycle. This needs to
be taken into consideration while using VRLA batteries for frequency regulation and
other services such as renewable smoothing that are associated with volatile signals. The
capacity loss per energy throughput is highest for grid services with the highest potential
for sulfation—FR (57–37)% > FR (80–60)% > PS 8 h > PS 2 h—thus highlighting the need for
the mitigation of sulfation to be a top priority. This is achieved by minimizing electrolyte
stratification, which affects both electrodes, and by increasing negative electrode surface
area to ensure uniform current distribution by addition of suitable expanders.
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