
electronics

Article

Battery Durability and Reliability under Electric Utility Grid
Operations: Analysis of On-Site Reference Tests

Matthieu Dubarry * , Moe Tun, George Baure, Marc Matsuura and Richard E. Rocheleau

����������
�������

Citation: Dubarry, M.; Tun, M.;

Baure, G.; Matsuura, M.; Rocheleau,

R.E. Battery Durability and Reliability

under Electric Utility Grid

Operations: Analysis of On-Site

Reference Tests. Electronics 2021, 10,

1593. https://doi.org/10.3390/

electronics10131593

Academic Editor: Kent Bertilsson

Received: 15 May 2021

Accepted: 30 June 2021

Published: 2 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Hawaii Natural Energy Institute, School of Ocean and Earth Science and Technology,
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Abstract: Grid-tied energy storage will play a key role in the reduction of carbon emissions. Systems
based on Li-ion batteries could be good candidates for the task, especially those using lithium titanate
negative electrodes. In this work, we will present the study of seven years of usage of a lithium
titanate-based battery energy storage system on an isolated island grid. We will show that, even after
seven years, the modules’ capacity loss is below 10% and that overall the battery is still performing
within specifications. From our results, we established a forecast based on the internal degradation
mechanisms of the hottest and coldest modules to show that the battery full lifetime on the grid
should easily exceed 15 years. We also identified some inaccuracies in the online capacity estimation
methodology which complicates the monitoring of the system.

Keywords: battery energy storage system; BESS; titanate; LTO; incremental capacity; SOH

1. Introduction

Battery energy storage systems (BESS) play a key role in tomorrow’s grids as crucial
building blocks towards higher integration of intermittent renewable energy generation [1–5].
This will be essential to allow small grids, such as the ones that power the Hawaiian Islands,
to reach emission reduction targets. In Hawai‘i, the Renewable Portfolio Standards law
mandates a 100% clean energy and transportation environment by 2045 [6].

Despite the large number of BESS deployed [7,8], most of the published studies so far
are focused on modeling [9–17] with sizing, load modeling, or life cost analysis, as well as
battery management system development [18,19]. Within the modeling studies, little to no
effort was devoted to degradation modeling using realistic battery models.

In addition to the modeling studies, there are, to the best of our knowledge, only a
few publications with results from field studies. Consiglio et al. [20] reported on the site
acceptance test of a 0.5 MW system, Koller et al. [21] reported on the impact of different
applications on a 1 MW system, Bila et al. [22] showcased initial performance of a grid
connected household BESS. Some studies were more focused on field usage analysis. This
includes our 3-year study of a grid deployed 1 MW BESS [23], a one year study for a 5 MW
system by Münderlein et al. [24], the validation of smoothing algorithms [25], and some
sweat testing under different applications [26]. In addition, the international Renewable
Energy Agency reported results on some case studies [27,28]. Even Fewer studies reported
electrochemical data. At the system level, Karouia et al. [29] compared Li-ion and a
ZEBRA-based BESS of different sizes from 0.1 to 5 KW, and Kubiak et al. [30] analyzed
the calendar aging induced degradation on a 250 kW/500 kWh system. At the cell level,
and in addition to our previous work [31–33], Benato et al. [34] tested cells of different
chemistries under realistic conditions, and Li et al. [35] tested nickel cobalt manganese cells
for stationary applications. Finally, Podias et al., White et al., Elliot et al. as well as Zhang
et al. investigated grid usage of recycled EV or bus batteries [36–39].
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The Hawai‘i Natural Energy Institute (HNEI) at the University of Hawai‘i at Mānoa has
been working on assessing the benefits of grid-scale BESS for the past decade [23,31–33,40–42].
One of our demonstration BESS is installed on the Hawaii Electric Light Company power
grid on northern tip of the Big Island of Hawai‘i (star on the left of Figure 1) at the point of
common coupling (PCC) between the 10.6 MW Hawaii Renewable Development Windfarm
and the Waimea substation. It has been operational since December 2012 and consists of
384 modules in series with each module containing 7 cells in parallel. This amounts to
a total of 268,850 Ah Altairnano Generation 1 cells composed of a lithium titanate (LTO)
negative electrode (NE) and a blended positive electrode (PE) made of lithium cobalt oxide
(LCO) and lithium nickel-cobalt-aluminum oxide (NCA) in a 55/45 ratio [32]. The modules
are arranged symmetrically on both side of the container, Figure 1 right. The system is rated
for 1 MW of power and 250 kWh of energy. The module nominal power is around 800 W
which leads to a nominal power (P) for the BESS of 310 kW. Data, such as grid frequency
and voltage, are logged by a Schweitzer SEL-735 meter at a 5 Hz sampling rate. Other data,
such as cell group voltages and temperatures are sampled at 1 Hz. More details on the
BESS and its installation can be found in [40]. HNEI’s work encompassed grid performance
assessment, closed-loop control algorithms optimization to maximize grid support, as
well as single cell and module laboratory testing for better understanding of degradation
mechanisms. In previous works [23,31,32], three years’ worth of 1 MW/250 kWh Li-ion
titanate BESS battery usage was analyzed and replicated on single cells leading to a forecast
of cell durability based on the actual degradation observed in the laboratory.

Figure 1. Outside and inside view of the BESS.

In this work, the laboratory results will be compared with the real degradation as-
sociated with seven years of real usage on the grid where the BESS was primarily used
for frequency regulation. This study will report on the durability of the BESS according
to different metrics such as power, energy, efficiency, and capacity as calculated from two
types of reference tests, one from the manufacturer and one custom. Moreover, a complete
degradation analysis obtained from replaced modules will be used to discuss the accuracy
of the online capacity estimation, the impact of modules temperature, the origin of the
degradation, as well as to allow the forecast of the BESS remaining useful life using a
realistic battery degradation model. The degradation model will be constructed from the
evolution forecast for the three battery degradation modes: the loss of lithium inventory
(LLI) and the loss of active material (LAM) on both electrodes [43].
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2. Experimental
2.1. Overall Systems Description and Usage

The BESS stored close to 2.3 GWh of energy in seven years, which corresponds to
2.6 MAh of capacity or around 7500 equivalent full cycles. This represents more than
1000 equivalent full cycles a year or around 3 full cycles per day. Days of intense usage
showcased more than 15 equivalent full cycles, black line on Figure 2. The system state
of charge (SOC) was around 50% on average with daily excursions of 26% SOC. The
average module temperatures were between 28 and 33 ◦C (with a 5 ◦C average temperature
gradient within the modules). The overall usage of the BESS throughout its seven years
of service is summarized in Figure 2. The hours of charging and discharging generally
trended down starting in early 2015; this is due to adjustments to the primary frequency
response algorithm that reduced cycling while still maintaining a significant portion of the
grid benefit. This will be discussed in more detail in Section 4.1 below. A detailed analysis
of the usage throughout the first three years was already published [23] and will not be
repeated here. To assess the performance of the BESS, two types of periodic reference tests
were performed, the manufacturer-recommended reference Test (MRT) and a custom HNEI
reference test (HRT). The letters at the top of Figure 2 show when the tests were performed,
with a blue M for the MRT and a red H for the HRT.

Figure 2. 2013–2019 Battery Energy Storage System activity showcasing discharging time (blue), charging time (red),
idling time (green) and offline time (white). The M and H letters highlight the running of reference testing following the
manufacturer and HNEI’s protocols, respectively. The black curve represents the daily equivalent full cycle total.

2.2. Manufacturer’s Reference Testing

The MRT consisted of three separate protocols to assess power ability, efficiency,
energy ability as well as module capacities and resistances. The date at which those tests
were carried on are highlighted by the letter M on the top of Figure 2. To date, the tests
were repeated eight times at days 0, 302, 585, 713, 861, 1050, 1939 and 2268.

The power test consisted of 10 min 1 MW (3P) pulses in between 10 min rest periods.
The test started and ended at a full charge state with the aid of a top-up pulse as shown
in Figure 3. The first objective of this test is to first verify that the BESS can still provide
over 1 MW of power at the PCC level. The second is to assess the power capability at the
BESS level (i.e., how much power is needed to get 1 MW at the PCC level). The third is to
calculate the efficiency (power in/power out).
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Figure 3. Example of the manufacturer tests: power, energy, and SOH.

To pass the test, the power rating must be above 1 MW and the efficiency rating above
80% minus 1% per year of service. The equations provided were the following:

Power rating =
|Edis + Echa|

2× 600 s
× 3600 ≥ 1.0 MW (1)

E f f iciency rating =
|Edis + Erest_dis|

|Echa + Erest2+Eresidual |
≥ 80%− 1%/year (2)

The energy test consisted of a discharge and a charge at 250 kW (at PCC level, P/1.25)
on the entire SOC range (0–100% from BESS SOC meter, denoted SOCB) with no rest in
between as shown in Figure 2. The energy rating is calculated as the average of the charge
and discharge energy. To pass the test, the energy storage capacity must be above 250 kWh.
The equation provided by Altairnano was the following:

Energy Storage capacity =
|Edis + Echa|

2
≥ 250 kWh (3)

The state of health (SOH) test consisted of a charge and discharge at 500 kW (1.6P)
between 30% and 80% SOC with 10 min rest periods before, in-between and after (Figure 3).
The methodology to extract the module capacity and the resistance from this data was
not explicitly stated by Altairnano but was assumed to be the following: for the module
capacity, the rest cell voltages (RCV) should correspond to the open circuit voltage (OCV).
From this OCV and a reference OCV vs. state of charge (SOC) curve, the ∆SOC between
the two rests can be calculated. Dividing the corresponding measured capacity by the
∆SOC yield module capacity. For the module resistance, it was assumed that the ohmic
drop (∆V) between the rest and the application of the charge and discharge current were
used. Based on the ohmic drops and knowing the current and Ohm’s law, the resistance
can be calculated as R = ∆V/∆I = ∆V/(I − 0) where I is the requested current and the
“0” is the OCV current. Unlike the power and energy tests, the SOH test was not run
consistently, and the charge and discharge power varied between 300 kW (2nd and 3rd
iterations), 500 kW (1st, 5th,7th, and 8th iterations) and 1 MW (4th and 6th iterations).

2.3. HNEI’s Reference Testing (HRT)

HNEI’s reference testing consisted of slow charge and discharge (50 kW, P/6.5) on the
entire SOC window with long rests (>5 h vs. 10 min for MRT SOH test), Figure 4. This test
was designed to accurately track capacity fading as well as changes in the modules OCV
response. It also allowed the application of electrochemical voltage spectroscopies [44] such
as incremental capacity (IC) to compare the degradation in the field to those observed in
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the laboratory [31,32]. Module capacities were extracted by dividing the measured capacity
between two rests by the ∆SOC. This test could not be run often because it required
significant downtime for the BESS (>40 h), but it was performed four times at days 984,
1081, 2060 and 2564. It also must be noted that there were some issues in the execution
of the protocol for the first two iterations. In the first one, the charge power was not kept
constant. In the second iteration, some pulses were performed at the end of the discharge
prior to resting. Because of the significant downtime, tests could not be repeated and will
therefore be analyzed as is.

Figure 4. Power vs. time curves for the four iterations of the HNEI performance test.

2.4. HNEI’s Laboratory Battery Testing & Incremental Capacity Analysis

On two occasions, around day 1000 and 2500, some modules were replaced in the
deployed BESS. The 12 removed modules were shipped to HNEI laboratory and tested
on a calibrated 20-channel ARBIN LBT-25 V-100 A machine. Prior to the testing, all
channels were current- and voltage-calibrated against a common reference (NIST-traceable
Keithley 2700 source meter unit) to ensure consistency across the experiment. A reference
performance test was performed at 25 ◦C and comprised C/25, C/10 and C/5 full cycles
with 4-h rests before and after residual capacity measurements at C/50. More details on
the reference test can be found in [45].

IC curve simulations were performed using the proprietary ‘alawa toolbox [46] us-
ing HNEI mechanistic degradation model [47]. Experimental validation supporting the
simulation results based on LLI and LAM degradation modes has been reported by other
groups [48–50]. The stock library of the ‘alawa toolbox was used for the half-cell data. More
details on the process for these cells it out of the scope of this paper and it can be found in
our previous work [32].

3. Results
3.1. Field Data

Figure 5a–c present the evolution of the power, efficiency, and energy ratings as a
function of time. The power rating was stable for the seven years the BESS had been in
service. It dropped slightly below 1 MW around Day 300 but recovered after. The efficiency
also stayed above the threshold value throughout the 7 years of usage. The energy rating
started above 280 kWh and quickly faded to around 240 kWh after day 800. This triggered
the replacement of two modules around Day 1000. After modules replacement, the energy
rating increased to around 270 kWh and remained rather constant between days 1000 and
2000 before starting to lower again.
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Figure 5. BESS (a) power, (b) efficiency, (c) energy, and (d) capacity evolution with time.

Since both the MRT energy rating test and HNEI’s protocol were performed on the
full SOC window, their exchanged capacity can be compared (Figure 5d). The BESS started
with a capacity above 350 Ah which was expected with modules comprising 7 × 50 Ah
cells in parallel. The capacity decreased to 260 Ah (−25%) before modules replacement
and increased back to around 300 Ah (−15%) after then remained rather stable.

Figure 5c is intriguing as the available energy seems to increase between day 1000 and
day 2000 from the MRT results. To investigate the origin of this increase, Figure 6a plots
the voltage vs. capacity curves associated with all the MRT energy tests. From these plots,
it is apparent that the overall end of discharge and end of charge potential are respectively
increasing and decreasing (arrows on Figure 6a). This suggests that more of the voltage
window of the cells is utilized and that therefore the ∆SOC used for the energy test is
increasing. However, looking at the ∆SOCB (the SOC reported by the BESS), Figure 6b, it is
always between 100 and 0. This indicates that SOCB does not have a 1:1 correspondence
with the true SOC of the BESS. This is confirmed by the fact that SOCB and the capacity do
not have a linear relationship, whether from the MRT test (Figure 6b) or the HRT test at low
rate (Figure 6c). A deviation from a linear relationship can be seen at high and low SOC
but also in the 40 to 60% region with a significant hysteresis especially visible in charge.
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Figure 6. (a) Voltage vs. capacity curves for the MRT Energy tests. And (b) associated SOC vs. capacity curves. (c) SOC vs.
capacity curves for the HRT tests. Arrows on (a) indicates overall evolution with aging.

One of the most important features of the manufacturer’s and the HNEI’s SOH tests
is the ability to estimate the capacity associated with each module. Because the modules
are connected in series, they all see the same current and thus discharge the same amount
of capacity. Therefore, the modules capacity cannot be deciphered directly. To calculate
each module’s individual capacity, the exchanged capacity needs to be related with the
associated ∆SOC in each module. This is usually done by using rest cell voltages and
an OCV vs. SOC curve but this step is not straight forward, and multiple sources of
error can arise. The first error source is usually caused by the fact the RCVs are not fully
stabilized. Figure 7 presents an example of voltage vs. time curves for the six different
RCVs considered in this work. Three RCVs were measured from the manufacture’s SOH
test ( 1©– 3©, Figure 3) that in most cases lasted less than 0.2 h and, the other three RCVs
were measured from HNEI’s test (
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, Figure 4) that lasted 5 h or more. Although all
RCVs, even the short 10 min ones, appeared to be stable when the step was completed, the
changes of voltages in the last 2 min of the relaxation steps were investigated to quantify
the stability of the voltages. It was found that for RCVs 1©– 3©, the potential still varied
between 0.8 and 1.9 mV in average. For the long rests, the same measurement showed
changes below 0.1 mV in average during the last 2 min. To address the significance of these
changes, the voltage variations between 8 and 10 min of the long HRT relaxations were
reviewed. They were found to be of 0.4 mV in average for
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respectively. This shows that, although potentials 1©– 3© appear
mostly stable after 10 min, they could be far from the OCV value since 0.4 mV variations
after 10 min, lower that the one observed, could lead up to 70 mV further variation after
several hours. The impact of these results, as well as other errors, will be discussed further
in the next section.
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Figure 7. Example of relaxation vs. time curves for the manufacturer test ( 1©– 3©) and HNEI test (
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). Note that example
2© is the relaxation after a charging cycle.

Temperature is one of the most significant parameters to influence capacity retention
and capacity loss. Figure 8 presents the evolution of the maximum daily maximum
temperature as a function of day. The BESS was used more aggressively during the first
1000 days causing the temperature to be higher than for the latter days. Temperature stayed
mostly below 40 ◦C. Also plotted in Figure 8 is the minimum module temperature at the
same time as when the maximum was recorded. This showcases a temperature imbalance
that could be responsible for some inhomogeneous degradation within the modules. The
temperature difference between modules is typically between 5 and 10 ◦C.

Figure 8. Maximum daily temperature evolution with associated minimum module temperature.

3.2. Laboratory Data

The modules that were replaced were analyzed in HNEI’s battery testing laboratory.
The modules in this BESS are organized in line replacement units (LRU) that each contain
two modules. Therefore, with two LRUs replaced after 1000 days, four modules were
exchanged. Of those, two were believed to be damaged (modules 25 and 170) and two
behaved normally (modules 26 and 169). Four LRUs were also replaced after day 2500
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including two that experienced the highest temperatures (modules 353 to 356) and two
than experience the lowest temperatures (modules 201 to 204).

Figure 9a presents the C/25 discharge curves for the modules replaced at Day 1000
showing that only one the modules (#170) was actually defective with a capacity 15% lower
than the others which were all within 1% around 384 Ah, close to the maximum capacity
of 392 Ah from a pristine module [31]. For the modules changed after 2500 days, their
capacities were between 387 and 393 Ah for the low temperature modules and between
386 and 389 Ah for the high temperature modules (Figure 9b).

Figure 9. (a,b) C/25 discharges and (c,d) corresponding C/25 charge and discharge IC signature of replaced modules after
day 1000 (a,c) and 2500 (b,d).

To enhance the changes in the voltage response, Figure 9c,d display the modules’
incremental capacity (IC, dQ/dV = f(V)) signatures where it can be seen that they exhibited
some differences in peak intensities which indicates disparities in SOH. Compared to a
pristine cell, for which details can be found in [32], Feature A is broadened, Peak B is
thinner, Peak D shrank and Peak E developed. All are clearly indicating (at least) loss of
active material on both the positive and negative electrodes. Module 170 presents lower
intensities for peaks B, C, D, and E compared to the other cells. Interestingly, the multi-
plication of the IC signature of module 170 by 7/6, nearly overlaps the signature of the
other modules (dash curve). This indicates that the observed degradation might not be
associated to an accelerated degradation but rather to the failure or disconnection of one of
the cells in parallel within the module. The other module marked as defective (#25) did
not show any specific difference compared to the others, which might indicate that there
was an intermittent connection problem of one cell within the module. The single cells are
encapsulated in a significant amount of hard resin, and they unfortunately could not be
separated for individual testing despite some attempts. After 2500 days, the capacity differ-
ences between modules that experienced the same temperatures was minimal. Comparing
modules that experienced higher temperatures to the lower temperature ones, Peak E is
less intense and Peak A broader for the cells that were used at higher temperature. This
suggests only a slight path dependence in the degradation process.



Electronics 2021, 10, 1593 10 of 20

4. Discussion
4.1. Overall Usage of the BESS

As showcased by Figure 2, the usage of the BESS varied throughout the 7 years of
deployment. The BESS, installed at a 10.6 MW wind farm, is equipped with two real-
time control algorithms: primary frequency response, and wind smoothing. The wind
smoothing algorithm was rarely used (123 total days between 1 January 2013 and 31
December 2018). Between 2013 and 2014, the frequency response algorithm was generally
fixed to an aggressive gain setting of 30 MW/Hz with no dead-band (a range of grid
frequency deviations that are ignored by the BESS). Starting on 22 January 2015, dead-
bands of 20 mHz and 40 mHz were tested along with gains of 20 MW/Hz, 30 MW/Hz and
40 MW/Hz. The BESS was also limited to respond with±300 kW,±500 kW, and±1000 kW
(max). Various combinations of settings were cycled over several days through June 2016
when the gain was set to 40 MW/Hz with a dead-band of 40 mHz for the remainder of
the period. Further discussion on the impact of different settings in out of the scope of this
paper and will be published at a later date.

4.2. Open Circuit Voltages & Module Capacities

Proper indirect estimation of capacity requires satisfaction of several conditions:

- First, two good RCVs where the modules reached their equilibrium voltages. This
usually requires long rests, ideally at a charged and discharged state.

- Second, the measured RCVs must not be on a voltage plateau.
- Third, an accurate OCV vs. SOC curve. Based on the information provided to

us, Altairnano might be using a 10 points OCV vs. SOC curve. The method of
interpolation between the points was not disclosed. From our laboratory testing, a
higher resolution OCV vs. curve (1001 points, extracted from [31]) was available and
used in this work.

- Finally, the OCV vs. SOC curve needs to be updated upon aging. Depending on
the battery degradation, the OCV vs. SOC curve will change with SOH as the cells
degrade differently along with usage [32,43].

Figure 10b presents a comparison of a 10 and 1001 points OCV vs. SOC curve as well
as associated SOC estimation errors. The error is around 3% on average with a maximum
of 10% at 60% SOC. Figure 10b also provides the SOC estimation error based on RCV
measurement errors of 1 mV (the resolution of the voltage sensors), 5 mV, 10 mV and
20 mV. According to our analysis of the relaxation curves (Figure 7) RCVs 1©– 3©were not
stabilized and this could lead to significant errors since, for a 20 mV measurement error,
SOC estimation could be on average±5% off and up to±20% off in the worst case scenario.
The 1 mV resolution was found only be an issue only in the 45 to 55% SOC range were
errors of ±2.5% are possible.

To start to quantify the possible errors on the capacity estimation, Figure 10a displays
the spreads of RCVs for 1©– 3© and
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on the initial OCV vs. SOC curve. None of them
appear to be on a voltage plateau nor in areas of high possible SOC estimation errors.
Nonetheless, the error induced by errors in voltage measurements up to 20 mV for 1© and
3© could lead to SOC estimation errors up to 4% and 2% for 2©. This SOC estimation error

leads to ∆SOC errors in the order of 5% between the low and high SOC points and thus up
to 10% underestimation of the capacity (5% on a ~50% SOC range), which is significant.

It must be noted that the shape of the error is similar to the observed mismatch
between SOC and normalized capacity (Figure 6). Discussion on the evolution of the OCV
curves with aging will be provided in the next section.
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Figure 10. (a) Comparison of the 10 and 1000 points OCV curves with the different spread of measured RCVs. (b) SOC error
associated with using a 10-point OCV instead of a 1000-point OCV as well as with measurement errors of 1, 5, 10 and 20 mV.

With three sets of relaxation voltages available per dataset, module capacities could be
calculated between points 1 and 2 as well as between points 2 and 3. Figure 11a presents the
comparison between the two sets of capacities estimated from rests 1©– 2© and from rests
2©– 3©. If the SOC determination was accurate, they should be equal. They are close except

for the test at Day 713 where capacities calculated from points 1©– 2© are 40 Ah higher
(~10%) than the one measured from points 2©– 3©. From a closer look at the data, the rests
all look ok, but the charge capacity between 2© and 3© was abnormally high. The origin of
that capacity measurement error is unclear but likely associated with a calibration error
for the current or the coulomb counting in charge. For the HRT test, Figure 11b and rests
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, the calculated capacities are overlapping for the first and fourth tests. For the second
and third tests, there is an almost constant difference of 20 Ah and 10 Ah respectively. The
origin of this difference is also likely related to calibration differences. Since the last four
MRT tests were performed at similar time as the HRT tests, the calculated capacities can
be compared and Figure 11c showcases the comparison of capacities 1©– 2© and
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for
the four common tests, all gathered during the same regime and thus the same calibration.
MRT capacities were all overestimated for Test 1, underestimated for tests 2 and 3 and
scattered for Test 4. This illustrates that the correlation between the two datasets was
weak at first then fast decreasing (Pearson correlation coefficient of 0.75, 0.4, 0.4 and 0.03
respectively for days 984, 1081, 2060, and 2564). This is interesting because it shows that
the voltage measurement error impact is different for every module as the error is not
constant. The accuracy of the MRT-determined capacities could potentially be improved
by extrapolating the relaxation curves to estimate the final voltages [51,52] but this is out
of the scope of this work. Figure 11 also shows that the module changes at Day 1000 did
perturb the system significantly as the correlation coefficient dropped from 0.75 to 0.4 in
less than 100 days. Finally, on both the HRT and the MRT test prior to Day 1000, two
modules are consistently showing capacities around 30 Ah lower than the spread of others.
These were the replaced modules.
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Figure 11. (a) MRT capacities calculated from ∆SOC 1–2 vs. ∆SOC 2.3, (b) HRT capacities calculated from ∆SOC 1–2 vs.
∆SOC 2–3, and (c) capacities HRT calculated from ∆SOC 2–3 vs. MRT calculated from ∆SOC 1–2. All calculations were
performed using the initial OCV vs. SOC curve.

Figure 12 presents the measured capacity loss versus time for both the MRT and
the HRT experiments. Since no initial point was available for the HRT experiment, the
maximum capacity measured during our cell-to-cell variation analysis [31], with the cal-
endar aging accounted for, was used as a starting point. It seems that the modules did
not degrade homogenously as the difference in capacity loss in-between modules spans
for more than 15% after 2500 days with between 10 and 25% capacity loss (HRT test).
According to the MRT results, this spreading might have been gradual. The inaccuracy
of the MRT is exemplified by the capacity loss going up and down depending on the test.
It must be noted that the capacity loss on the modules did also decreased for the HRT
test after module replacement. The origin of this is unclear at this point but it might be
associated to the BESS being set offline for while awaiting module replacement as capacity
can sometimes be recovered after long rests. This might be related to a change in calibration
or with electrode overhang and the fact that some lithium ions that migrated to the inactive
part of the electrode can migrate back into the active area [53]. Some of the new modules
also appear to degrade faster than the rest of the modules which resembles the fast capacity
loss observed during the first 300 days for the other modules.

Figure 12. Capacity loss vs. time. Colors corresponds to different modules.
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The increase of the spread of capacity loss between modules can usually be attributed
to different usage patterns, different temperatures and different intrinsic degradation
rates [54]. All modules are in series, so they all experience the same current. Since modules
are comprised of seven cells in parallel, it is possible that some cells were used more than
others within the modules. However, our recent modeling work on the impact of cell-to-
cell variations in modules with cells in parallel showed limited impact of inhomogeneous
degradation on the module performance [55]. The second possible contributing factor is
the temperature. Some temperature gradients were observed within the BESS (Figure 8)
and it is therefore possible that the hottest modules degraded faster than the coolest ones.
An analysis of the module temperatures showed that the same modules were consistently
hotter than others. Figure 13a shows the positions of these modules within the BESS. Hotter
modules were on the top row near the middle of the stack on both sides. Cooler modules
were always on the bottom. Figure 13b compares the capacity losses with modules average
temperatures and Figure 13c the capacity loss with the time each module spent above 35,
45 and 50 ◦C. In all cases, Pearson correlations coefficient are below 0.15, there is therefore
no impact of the temperature on the modules’ inhomogeneous degradation. This was
verified for both HRT and MRT measured capacities. This was also validated with direct
capacity measurement from the replaced modules (Figure 9) that experienced the highest
and lowest average temperatures and show less than 1% capacity difference in average.
Another explanation for the spread of capacity loss could be the intrinsic degradation
rate [54]. Previous studies on other types of cells showed differences of more than 5% after
1000 cycles, therefore 10% after 6500 cycles is not out of the range of possibilities. This is
tempered however by the laboratory test results where the four replaced modules for each
temperature (both at low and high) were compared and where the observed maximum
spread between the cells was around 1%, higher than in between different temperatures,
but much lower than 10%.

Figure 13. (a) Average temperature in each module for the 1st 1000 days as a function of module position in the trailer.
(b) Average module temperature vs. capacity loss and (c) Time above 35 ◦C, 45 ◦C and 50 ◦C as a function of capacity loss.

Based on the observations above, the most likely explanation could be inaccuracies
in capacity estimation. Such inaccuracies can originate from inadequate rest cell voltage
measurements, inaccurate OCV vs. SOC curves and errant capacity measurements. An easy
way to determine if there is any significant error in the capacity estimation is to compare
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the last capacity estimated for the 12 modules that were replaced with the one directly
measured during the laboratory tests, Figure 14. Figure 14a presents the comparison of the
estimated capacity versus the measured capacity for the 12 modules that were replaced.
The estimated capacities show neither precision nor accuracy. All were underestimated by
at least 8% and by more than 13% in average and their correlation was also rather weak
at 0.6 and 0.7 for the MRT and the HRT respectively. To verify the validity of the capacity
estimation method, the capacity obtained during the laboratory test were also estimated
using both the initial OCV curve and an updated OCV curve, calculated from averaging
the C/25 charge and discharge [45], for each module (triangles in Figure 14a). In both
cases, the estimated capacity is at most of 0.7% different than and the measured one with a
correlation higher than 0.99. This illustrates that, for these cells and under these conditions,
the accuracy of OCV curve used does not matter much if the cells rest in areas of limited
error towards the end of charge and the end of discharge (Figure 10). This is confirmed by
Figure 14b where the module capacities were estimated using the RCV measured from the
MRT and HRT tests and the true OCV curve for each module (calculated from the HRT
test). Figure 14b shows marginally better estimation with an average error of 9% (4% less)
and the same correlation. The estimation difference is higher between the two OCV curves
because, from the BESS, the measured relaxations were not truly at the end of charge and
the end of discharge and thus in areas of larger error (Figure 10). The impact of the quality
of the rest cell measurements has already been discussed and should not be a major factor
for the HRT dataset, therefore this error must originate elsewhere.

Figure 14. (a) comparison of the measured capacity and the estimated ones from the BESS MRT and HRT test and from the
laboratory test OCV curves. (b) comparison of the measured capacity and the estimated ones from the BESS MRT and HRT
tests using each module true OCV curves.

With errors coming from the accuracy of the OCV curves and the one from RCV
removed, the only possibility left is some inaccuracies in the capacity measurements. This
was not considered at first because, since all the modules are in series, this error was
believed to be constant. However, the different calibration issues observed Figure 11 seems
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to show that there might be some problems. This was acknowledged by the manufacturer
and this could explain the accuracy issue. In addition, one important parameter was not
considered: cell balancing. In the BESS, balancing is continuous throughout the SOC range
whenever the lowest cell group SOC is greater than or equal to 5%. The lowest SOC cell
group is compared to all other cell groups to determine balance of the BESS. Any cell group
that is ∆3% SOC or more compared to the lowest cell group SOC will receive a 150 mA
resistive load to remove energy from the cell group. Therefore, modules might receive
more capacity than was recorded in our data, and this could explain the precision issues.
Balancing data was unfortunately not available to us.

4.3. Degradation Analysis

Despite the setback in not being able to track the real capacity loss from all the
modules, we can still investigate the degradation based on the modules that were removed
from the BESS. In our previous work [32], the electrochemical behavior of the single
cells was investigated and a sensibility analysis was performed to determine the most
relevant features of interest (FOI) to diagnose the degradation mechanisms. Based on this
analysis, the loss of active material on both component of the PE, LAMNCA and LAMLCO
respectively and of the NE (LAMNE) were decipherable directly from FOIs. The last
degradation mode, the loss of lithium inventory, had to be estimated from the best possible
fit of the electrochemical behavior. The three FOI were the area between 2.3 and 2.4 V to
quantify LAMLCO, the area between 2.15 and 2.3 V to quantify LAMNCA and the intensity
at 2.44 V to quantify the total LAMPE. Given the shape of the IC curves, no capacity
appears to be outside of the potential window and therefore, LAMNE was estimated from
the capacity loss.

Based on the FOIs and the methodology we proposed in [32] to quantify the degra-
dation mechanisms on these cells, the degradation of the lower temperatures modules
comprised, on average, 5.2 (±2.6)% LAMLTO, 7.6 (±0.8)% LAMNCA, 1.9 (±0.8)% LAMLCO,
and 6.0 (±0.9) LLI. For the higher temperature modules, the degradation was composed
of 5.9 (±2.2)% LAMLTO, 13.5 (±3.2)% LAMNCA, 2.6 (±1.0)% LAMLCO, and 8.8 (±0.9) LLI.
The observed ratios between the degradation modes are comparable to the one measured
during the laboratory experiment [32]. This confirms that our laboratory test was successful
in replicating realistic aging for the BESS system.

Since the data for the MRT energy and HRT tests were done on the entire SOCB range
at a relatively low rate for high power cells, P/1.25 and P/6.5, the same FOI analysis
was tried on the field data. Unfortunately, it was found not to be possible as the FOI
values extracted from the tests before the modules swap did not match the one observed
experimentally in the laboratory for the replaced modules. This could be related to several
issues: First, the voltage response at the single level is rather noisy and so significant
smoothing was necessary to have clear IC features which modify IC peaks shape, area
and intensity and thus FOI detection. Second, the HRT and MRT tests were done under
constant power regime which affected the IC peaks at beginning and end of regime where
voltage variations are significant and where FOI 2 and 3 were measured. Third, not all the
cells used the same SOC range and so, information was missing for some cells. Finally,
as shown above, the capacity cannot be estimated with accuracy and thus LAMNE is
not quantifiable directly which hampers the derivation of LLI even if the LAMPE was
accurate. For interested readers, the obtained IC curves for the MRT test after smoothing
are presented in Figure A1 in Appendix A. No sign of LAMPE induced capacity loss was
found. LLI does not seems to be a factor in capacity loss either, but it is impossible to
be sure because most cells did not reach their end of charge cutoff before 100% SOCB.
From what is observable, it appears that none of the modules have started any accelerated
degradation stage at the time of this writing.

One solution to estimate the remaining useful life for the deployed BESS is to extrap-
olate from the diagnosis that was performed on the replaced modules in the laboratory.
If the observed degradation is considered normal, these trends can be extended and they
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should be representative. Our analysis showed an increasing spread in between cells and
to take that into account, the extent of each degradation will be varied in the simulations to
accommodate inhomogeneous aging pace. Simulations were performed from the average
values for lower and higher temperature modules as well as with variations corresponding
to one- and two-times the observed standard deviation, σ. All combinations of standard
deviations (on the three LAMs and LLI) were simulated and only the worst-case scenario
was plotted. Results from these simulations are presented in Figure 15. From the degrada-
tion mode quantification, and if the BESS usage remained consistent, an acceleration of
the aging could start around day 2500 (~seven years) for the higher temperature modules
only if the cell-to-cell variations are in the 2σ range and in the worst-case scenario (lower
than average LLI and LAMLCO, higher than average LAMLTO and LAMNCA). If within σ,
accelerated aging only stars after 14 years of usage under the same conditions. For the
modules at lower temperatures, no significant acceleration is expected within 20 years of
usage. Since our observations at Day 1939 (Figure A1) show no sign of accelerated aging,
the BESS is believed to be in the middle to upper portion of the spread and thus be able to
last up more than 15 years with capacity loss on the modules below 30%.

Figure 15. Forecast of capacity loss based on degradation modes extrapolation with ±3% of the estimation performed
around day 1000 on 3 modules believed to be representative of the BESS.

5. Conclusions

This study spans more than seven years of usage of a grid-tied BESS system on the
Island of Hawai‘i in the Hawaiian archipelago. The BESS has been well used and is
continuing to provide significant storage capability for the grid. Its performance is still
within specifications and the only maintenance performed was the replacement of two
modules that appeared to suffer from the disconnection of one of the seven cells in parallel.
Despite some temperature inhomogeneities, with some modules running consistently 5 ◦C
or more hotter than others, the capacity of the BESS was not affected much with a difference
of around 1% between the hottest and the coolest modules. However, the temperature
induced a slightly different degradation pattern that might induce accelerated degradation
for the hotter modules later in life. The overall capacity loss on the modules was estimated
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to be between 5 and 10% after 7 years of usage compared to 15% at the BESS level. This
calculation was only obtainable from swapped modules after 2500 days of usage. The
internal module capacity estimation was vastly overestimated by between 10 and 25%
despite our best efforts. We believe that inaccuracies in the capacity measurement, and
the lack of information on the balancing, prevented the correct estimation. This could
prove problematic for future deployments and better solutions need to be enacted to ensure
accurate estimation. This could include better safeguards for capacity estimation and the
option to stop balancing, or monitor it better, while performing reference tests. Nonetheless,
the BESS is performing well and, according to the forecast, its useful lifespan should exceed
15 years on the grid with a capacity loss below 30%.
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Abbreviations and Nomenclature
The following abbreviations was used in this manuscript:
BESS Battery Energy Storage System
FOI Feature of Interest
HNEI Hawaii Natural Energy Institute
HRT HNEI Reference Test
IC Incremental Capacity
LAM Loss of Active Material
LCO Lithium Cobalt Oxide
LLI Loss of Lithium Inventory
LRU Line Replacement Unit
LTO Lithium Titanium Oxide
MRT Manufacturer Reference Test
NCA Nickel Aluminum Cobalt Oxide
NE Negative Electrode
OCV Open Circuit Voltage
PE Positive Electrode
PCC Point of Common Coupling
RCV Rest Cell Voltage
SOH State of Health
SOC State of Charge
The following nomenclature was used in this manuscript:

- P/x refers to rated power usage, P/1 being a full charge or discharge in 1 h.
- Black circled numbers refer to the RCV measured during the HRT test.
- White circled numbers refer to the RCV measured during the MRT test.
- Letters A to F refer to electrochemical peaks on Figure 8.
- Q refers to capacity, V to voltage, and I to current.
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Appendix A

Figure A1 presents the IC curves (dQ/dV = f(V)) for the 384 modules gathered from
the MRT test at days 0, 302, 585, 713, 861, 1050, and 1939. The voltage curves were smoothed
before derivation. The modules electrochemical behavior is homogeneous in the early days
then some imbalance starts to be visible from day 585. Because of the growing imbalance,
the lowest voltage peak and the high voltage shoulder starts to be inaccessible for some
cells which affected the overall BESS capacity retention. This explain why the capacity
loss of the BESS seems to be higher than the one of the modules. At day 1939, the voltage
response of the modules shows no sign of accelerated aging.

Figure A1. IC signatures for the charges during the energy test. Different colors correspond to the BESS 384 modules.
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