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a b s t r a c t

Lithium-ion batteries are a candidate for the energy storage system onboard low-earth-orbit satellites.
Cycle life performance under both orbital and terrestrial conditions must be investigated in order to
evaluate any inadvertent effects due to the former and the validity of the latter, with a successful com-
parison allowing for the extension of terrestrial experimental matrices in order to identify the effects of
ageing. The orbital performance of LixMn2O4-based pouch cells onboard the microsatellite REIMEI was
monitored and compared with terrestrial experiments, with the cells found to be unaffected by orbital
conditions. A lifetime matrix of different cycling depths-of-discharge (DODs: 0, 20, 40%) and temperatures
(25, 45 ◦C) was undertaken with periodic reference performance tests. A decrease in both the cell end-
of-discharge cycling voltage and capacity was accelerated by both higher temperatures and larger DODs.
Impedance spectra measured for all ageing conditions indicated that the increase was small, manifested
in a state-of-charge dependent increase of the high-frequency semi-circle and a noticeable increase in

the high-frequency real axis intercept. An evaluation of the change of both the resistance and capacity of
3 Ah cells led to the development of a potential prognostic state-of-health indicator. The use of elevated
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. Introduction

Advanced battery technologies that have higher gravimetric
nd volumetric energy densities, longer cycle life and better rate
apability can result in either the increase of a satellite payload
1] or enable the use of microsatellites (i.e. piggy-back satellites).

icrosatellites (∼10–100 kg [2]) operate in a low-earth-orbit (LEO,
00–1000 km above the earth) and provide affordable and frequent
pportunities for short-term (typically less than 1 year) missions.
tate-of-the-art nickel-based (e.g. nickel metal hydride, nickel cad-

ium) systems that have typically been used for LEO satellites have
specific energy of 40–60 Wh kg−1and account for approximately

0% of the total satellite mass [2,3]. Lithium-ion batteries are an
ttractive candidate for LEO satellites due to the higher energy den-
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ageing was validated.
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ity, higher working voltage, lower self-discharge and potentially
reater configuration flexibility with laminated cell packaging [2].
satellite in LEO typically experiences 65 min of sunshine during
hich time the battery is recharged via the solar cells, followed by

5 min of eclipse where the battery meets the electrical demands
f the mission. In order to achieve a 5 year LEO mission life (30 000
ycles without interruption), lithium-ion cells must be operated
nder moderate conditions including a shallow depth of discharge
typically between 20 and 40%) and in a reasonable temperature
ange (10–25 ◦C) [1–10]. Of key interest to satellite power systems
ngineers is how to manage a particular lithium-ion battery chem-
stry, with a specific cell design, in order to maximise the cycle
ife.
One of the candidate lithium-ion technologies for LEO satel-
ites utilises a manganese spinel intercalation material as the active
omponent of the porous positive electrode. In comparison with
ther typical positive electrode materials, manganese spinel is one
f the most promising because it is inexpensive, has acceptable

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:shelleyb@kth.se
dx.doi.org/10.1016/j.jpowsour.2008.07.070
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Table 1
3 Ah pouch cell design

Electrode
Positive active material LixMn2O4-based
Positive current collector material Al
Negative active material graphite-based
Negative current collector material Cu

Electrolyte 1 M LiPF6EC/DEC(3:7 by wt%) + additives
Rated capacity 3 Ah
Weight 75 g
Dimension 145 mm × 80 mm × 4 mm

Energy density
Mass 158 Wh kg−1

C
L

t
c

2

2

p
in Fig. 1(a). The double-sided positive electrode, consisting of a
mixture of active LixMn2O4-based material, carbon additives and
binder coated onto an aluminium current collector, was encased
in a separator envelope and sandwiched between double-sided
S. Brown et al. / Journal of Pow

nvironmental characteristics and good safety [11]. Despite the
mprovement in the room temperature cycle life performance of
tate-of-the-art LixMn2O4-based lithium-ion batteries, this battery
hemistry has received little attention from the space industry
or missions, with only one published study on the lifetime per-
ormance of 14.6 Ah LixMn2O4battery for LEO satellites [8]. This
eluctance by the space industry could be due to the problem
f capacity fade at elevated temperatures [12]. Unlike electronic
evices and stationary vehicles where the temperature can typi-
ally rise to 50 ◦C, the temperature of a lithium-ion battery onboard
LEO satellite can be maintained between 20 and 25 ◦C, there-

ore a battery that has a low capacity fade at room temperature
ould be suitable. However, in order to accelerate the capacity

ade of a lithium-ion battery to gauge expected lifetime perfor-
ance under a specific LEO load, elevated temperatures must be

tudied and the resulting degradation investigated to ensure that
he effects of ageing are the same regardless of the accelerating
ondition.

The operation of a lithium-ion battery onboard a LEO satel-
ite provides a set of unique conditions, namely, that the battery
s subjected to a specific load cycle and temperature, with both
ariables monitored from a control room on earth. This differs
ignificantly from terrestrial applications where the lithium-ion
attery is both operated under unpredictable conditions, for exam-
le, hybrid electric vehicles, and is difficult to monitor in the field
or extended periods of time. These unique LEO satellite conditions
rovide an excellent opportunity for battery engineers to do the fol-

owing: (1) undertake terrestrial experimental simulations on the
attery (reflecting the conditions onboard the LEO satellite) and
ompare the performance with orbital data, (2) on the basis that the
errestrial and orbital performance data are similar, terrestrial sim-
lations can be undertaken with periodic reference performance
ests to monitor cell capacity fade and impedance increase, and
3) combine battery performance data with the results of electro-
hemical measurements of individual electrodes harvested from
ged batteries and discern the effects of ageing contributing to both
apacity fade and impedance increase. Understanding the perfor-
ance of a lithium-ion battery onboard a LEO satellite is envisaged

s being an important step in both improving the design of the bat-
ery chemistry and developing a state-of-health (SOH) indication
cheme.

In this study, the terrestrial and orbital lifetime perfor-
ance of commercial 3 Ah laminated pouch cells, based on

ixMn2O4technology (NEC-Tokin), has been studied as a part of a
apan Aerospace Exploration Agency (JAXA) program to demon-
trate the use of lithium-ion batteries onboard LEO microsatellites.
irstly, a battery pack was developed for the microsatellite REIMEI
∼70 kg, launched August 2005, formerly known as INDEX) and
oth the end-of-discharge-voltage (EODV) and temperature were
onitored from a control room on earth. Secondly, pre-launch

xperimental simulation of a battery cell and an identical copy
f the launched battery pack, under the forecasted cycling and
emperature conditions onboard REIMEI, was undertaken and
ontinued during the duration of the mission. Subsequently, the ter-
estrial and orbital EODV performance as a function of cycle number
as compared. Thirdly, cells were subjected to ageing according to
predefined lifetime matrix that included two accelerating fac-

ors: (1) temperature (25, 45 ◦C), and (2) cycling depth of discharge
20, 40%). The measurements were complemented with calendar
ife tests of fully charged cells under float conditions. Part one of

his two part series evaluates the performance of the lithium-ion
attery pack in orbit and examines the cell lifetime data in order
o identify: (1) the effect of both depth-of-discharge and temper-
ture on capacity fade and impedance increase with increasing
ycle number, and (2) probe possible SOH schemes. Part two details
Volume 340 Wh L−1

harge voltage 4.1 V (4.2 V)
ower voltage limit 3.0 V

he electrochemical examination of electrodes harvested from aged
ells that were taken off testing at specified points in time.

. Experimental

.1. Battery design and operation onboard REIMEI

The details of the 3 Ah commercial (supplied by NEC-Tokin)
ouch cells are given in Table 1 and a picture of a cell shown
Fig. 1. (a) 3 Ah pouch cell and (b) REIMEI battery.
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Table 2
REIMEI battery design

Configuration 7 Cells in series = 1 module, 2 modules
installed in the battery

Potting material Epoxy resin
Case material Al
Dimension 168 mm × 102 mm × 99 mm
Weight 2.42 kg

Energy density
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Weight 70 Wh kg−1

Volume 102.2 Wh L−1

egative electrodes, which consisted of a mixture of graphite and
inder coated onto a copper current collector (details of thick-
esses, loading densities and porosities are proprietary). The liquid
lectrolyte was 1 M LiPF6EC/DEC (3:7 by wt%) with a few weight
ercent additives. The cells were incorporated into a battery shown

n Fig. 1(b), with the details given in Table 2. One module in the bat-
ery consisted of seven cells connected in series, with two modules
onnected in parallel. The cells were assembled in an aluminium
asing filled with epoxy resin to ensure no solvent leakage during
he low pressure orbital conditions. An electrical control circuit,
ith bypass circuits for each cell, was incorporated into the battery

asing. The resulting battery was installed into the microsatellite
EIMEI. Self-heating of the battery was used to bring the pack up
o a temperature of 15 ◦C, with an onboard heater used to increase
he temperature a further 5 ◦ to 20 ◦C. The voltage and the temper-
ture of the battery were measured on a regular basis and logged
n the control room at JAXA. The cycling conditions for the battery
re shown in Table 3. The satellite experienced 33 min of eclipse
uring which time the battery met the electrical demands of the

ission, resulting in 14 and 16% of the capacity discharged dur-

ng measurements of the Auroral structures above the North and
outh Poles, respectively. The battery was recharged during the 63
in of sunshine with a constant current/constant voltage scheme

able 3
errestrial experimental simulation and orbital REIMEI battery conditions
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1.5 A/4.1 V). The operating voltage window for the battery was
aintained between approximately 100 and 80% state-of-charge

SOC) in order to provide a backup energy supply in the case of
mergency, and software and hardware undervoltage controls were
sed as safety measures in the case of battery over-discharge or

ailure.

.2. Terrestrial experimental simulations of the REIMEI battery

Terrestrial experimental simulations of a pouch cell and an iden-
ical copy of the REIMEI battery pack were undertaken with the
orecasted satellite cycling and temperature conditions. The pouch
ell and battery pack were cycled at 25 ◦C at atmospheric pressure
nside a specially designed testing chamber where the temperature
as controlled with a water cooling circuit (Advantec: TBG120AA
ooling Circulator). The cell/cells in the pack were discharged from
fully charged state with 1.0 A for 35 min, corresponding to a �SOC
f 20%, followed by a constant current/constant voltage recharging
cheme (1.5 A/4.1 V) for 65 min. The cell/cells in the pack were con-
inuously cycled with no open circuit potential periods. The cycling
onditions are shown in Table 3. The cycling was undertaken with
TOSCAT 5000 multichannel potentiostat controlled with TOSCAT
000 software. The cell and pack were to be cycled until the end-of-
ischarge voltage was < 3.75 V, which corresponded to the 26.25 V
ardware undervoltage control onboard REIMEI. The cycling was
tarted prior to launching the satellite and continued during the
uration of the mission. Subsequently, the terrestrial and orbital
ODV performance as a function of cycle number was compared,
nd a calibration of the data undertaken to allow for slightly dif-
erent discharge loads. The details of the calibration technique are
eported elsewhere [13].

.3. Accelerated ageing matrix

.3.1. Beginning-of-life procedure
Pouch cells were received from the manufacturer and stored in

fully discharged state at 7 ◦C prior to lifetime measurements. The
ells were slowly acclimatised to 25 ◦C and subjected to a series
f reference performance tests, including capacity, DC resistance
nd impedance measurements, in order to characterise beginning-
f-life (BOL) performance and to screen cells for selection into
urther lifetime testing. Cycling measurements were conducted
sing either a TOSCAT 5000 (6 channel) or TOSCAT 3000 (10 chan-
el) multichannel potentiostat controlled with either TOSCAT 5000
r TOSCAT 3000 software, respectively. Impedance measurements
ere conducted with a PARSTAT 2263 Advanced Electrochemical

ystem controlled with Electrochemistry Powersuite software. DC
esistance measurements were conducted with an electronic load
Model PLZ 152 WA), a digital oscilloscope [Tektronix: TDS 2012
wo channel(100 MHz, 1 GS s−1)], an amplifier (Tektronix: TCPA300,
C/DC current probe) and a multimeter (Agilent 34401A 6.5 Digit).
he results from the DC resistance measurements were recorded
ith Excel Intuilink (Agilent Toolbar Utility) and Openchoice Desk-

op (Tektronix) Oscilloscope PC communications, 2500 data points
n time (4 �s sampling rate). The details of the four reference per-
ormance tests are as follows:

C/10 (0.3 A) charge and discharge capacity determination. From
a fully charged condition (4.1 V), the cells were discharged with a
constant current until the lower voltage limit (3 V) was reached,

followed by 1 h at OCP condition. The cells were then recharged
with a constant current/constant voltage scheme with a 4.1 V
upper voltage limit and a total recharge time of 11 h, followed by
1 h at OCP condition. The cells were cycled twice with the same
protocol.
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Fig. 2. Current interrupt measurement at four target SOCs (100, 75, 50, 25%) with a
C/3 (1.0 A) discharge current between the cell voltage limits (4.1–3.0 V); inset show-
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was due to the use of the onboard camera in different modes to
observe Aurora above either the North or South Pole. In particu-
lar, observations above the South Pole (between ∼ 4000 and 6000
completed cycles) included a 1.6 A load towards the end of dis-
ng the different �V measurements: �V1—potential drop when the discharge load
as applied, �V2—potential relaxation when the current load was removed, and
V3—total potential relaxation after a 20 min resting period.

C/3 (1.0 A) discharge and C/2 (1.5 A) charge capacity determina-
tion using the same cycling protocol as the C/10 capacity check,
with the total recharge time reduced to 4 h.
Combined current interrupt/potential relaxation test at multiple
SOCs (refer to Fig. 2). From a fully charged condition (4.1 V), the
cells were discharged with a C/3 current (1.0 A) for the period of
time necessary to remove 25% of the capacity (based on the C/3
discharge capacity test), followed by 20 min at OCP condition. The
potential drop when the discharge load was applied, �V1, and
the potential relaxation when the load was removed, �V2, were
measured with an oscilloscope. Furthermore, the total potential
relaxation after a 20 min relaxation period, �V3, was measured
with a multimeter. The measurement was repeated at four SOCs:
100, 75, 50 and 25%.
Impedance was measured at four target SOCs (100, 75, 50 and
25%) as a part of the combined current interrupt/potential relax-
ation measurement given above (refer to Fig. 2). After discharging
25% of the capacity and measuring �V1, �V2 and �V3, the cell
was left at an open circuit condition for a further 40 min, resulting
in a total of 1 h relaxation time prior to the impedance measure-
ment. The impedance was measured potentiostatically around
this final OCP condition with a 5 mV amplitude either for the
frequencies 100 kHz to 0.5 mHz (50 points, logarithmic spacing,
quality 2) or 100 kHz to 10 mHz (65 points, logarithmic spacing,
quality 2).

.3.2. General set-up
The pouch cells that successfully completed the initial refer-

nce performance tests were placed into a temperature chamber
Advantec: TBG120AA Cooling Circulator for 25 ◦C measurements,
SPEC: Model PU-2KT for 45 ◦C measurements) with the positive
nd negative terminals contacted by cables reinforced with mask-
ng tape. The pouch cells were connected to either a TOSCAT 5000
6 channel) or TOSCAT 3000 (10 channel) multichannel potentio-
tat controlled with either TOSCAT 5000 or TOSCAT 3000 software,
espectively. Accelerated cycling tests were undertaken at two
ODs (20, 40%) and two temperatures (25, 45 ◦C) at atmospheric
ressure. Details of the lifetime matrix are given in Table 4. Refer-

nce performance tests, identical to the tests at beginning-of-life,
ere undertaken every 400 cycles at 25 ◦C, which corresponded

o approximately 28 days. In addition to the cycling tests, two
ells were placed under calendar conditions at SOC 100% and
5 ◦C.

F
i
t
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.3.3. Cycling cells
The cells were continuously cycled with a LEO regime in an

pper SOC-window (i.e. between either 100–80% SOC or 100–60%
OC), including a 35 min constant current discharge (1.0 A for
DOD 20% and 2.0 A for �DOD 40%) and a 65min constant cur-

ent/constant voltage recharging scheme with 1.5 A and a 4.1 V
pper voltage limit. The different components of the lifetime matrix
ere started at different times, resulting in 4800 completed cycles

t 25 ◦C DOD 20%, 3400 completed cycles at 25 ◦C DOD 40%, and
600 completed cycles for both discharge current loads at 45 ◦C.
wo cells were tested at all conditions except for 25 ◦C DOD 40%,
here six cells were used to allow for frequent removal of cells from

esting for disassembly. During the 1 year of lifetime testing at JAXA,
wo cells were removed from the 25 ◦C DOD 40% tests (after 1200
nd 2200 completed cycles) and one cell was removed after 1200
ompleted cycles from 45 ◦C DOD 20% and 45 ◦C DOD 40% tests.

.3.4. Calendar cells
Two pouch cells were charged to 4.1 V and allowed to float at this

ondition at 25 ◦C for 1 year. The calendar life test was started at the
ame time as the 25 ◦C DOD 40% tests, and a series of reference per-
ormance tests were undertaken at the corresponding completion
f 2800 and 3400 cycles. In addition to the four normal reference
erformance tests, the self-discharge (i.e. difference between the

nitial and remaining capacity) of the battery was measured by dis-
harging the battery to the lower voltage limit of 3.0 V with a C/3
1.0 A) constant current.

. Results

.1. Comparison of terrestrial and orbital battery performance

A comparison between the performance of the REIMEI battery
n orbit and of both a pouch cell and an identical copy of the REIMEI
attery pack experimentally simulated with the forecasted satellite
ycling and temperature conditions is shown in Fig. 3. A compari-
on between the terrestrial and orbital cycling conditions is shown
n Table 3. The charge conditions were similar for both cases, how-
ver, the discharge conditions were quite different with respect to
oth duration and current load. The difference in the current loads
ig. 3. Calibrated terrestrial cycling data comparison with REIMEI orbital data. (For
nterpretation of the references to colour in this figure legend, the reader is referred
o the web version of the article.)
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Table 4
3 Ah battery lifetime test matrix

Temperature (◦C) Pressure (kPa) No. of cells Frequency of performance tests End of life criterion

Cycling Calendar
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Comparison of the cycling curves for the fresh cell with the calen-
dar cell revealed very little difference in the shape of the curves
at each current load, with a disappearance of the characteristic
spinel inflections at the higher current whilst maintaining the same

Fig. 4. Capacity measured at 25 ◦C with a C/3 (1.0 A) discharge current (4.1–3.0 V):
(a) full cell (3 Ah) capacity fade, (b) percentage of original C/3 capacity plotted versus
DOD 20% DOD 40% floatin

5 101.325 2 6 2
5 101.325 2 2 –

harge, resulting in the significant decrease in EODV shown in Fig. 3.
n order to compare the terrestrial and orbital results, a detailed
alibration of the data was undertaken and reported elsewhere [13].
comparison of the results indicated that the lithium-ion cells in

he REIMEI pack were not inadvertently affected by the conditions
f space. In addition, the good agreement of the data allowed terres-
rial experimental results to be used to both predict battery lifetime
nboard the satellite and provide feedback on cell state-of-health
y conducting lifetime investigations incorporating reference per-
ormance tests. In addition to the electrochemical performance, the
emperature of the battery pack was monitored and found to be
uccessfully maintained at ∼20 ◦C despite the fact that the surface
emperature of the solar panels was between −70 and 140 ◦C during
eriods of eclipse and sunlight, respectively. The successful man-
gement of the battery temperature was primarily attributed to
he engineering design of the satellite, which included segments of
ither conductive (SSM) or insulating (MLI) panels.

.2. Lifetime matrix: 3 Ah pouch cell performance

.2.1. Capacity fade
The impact of temperature (25, 45 ◦C), depth-of-discharge (20,

0%) and cycling on the C/3 (1.0 A) discharge capacity (4.1–3.0 V)
s a function of cycle number is shown in Fig. 4(a). A comparison
f the results at 25 ◦C revealed that the depth-of-discharge had a
mall impact on the capacity fade. In addition, increasing the tem-
erature to 45 ◦C whilst maintaining the depth-of-discharge at 20%
ad a similar impact on the capacity fade as increasing the depth-
f-discharge to 40% at 25 ◦C. The most significant impact on the
apacity fade was observed when an increase in the temperature
o 45 ◦C was coupled with an increase in the depth-of-discharge
o 40%. After remaining at float conditions for approximately nine

onths (2800 completed cycles for 25 ◦C DOD 40%), the calen-
ar cells had self-discharged approximately 28% of the original
/3 capacity, with approximately 5% representing an irreversible

oss. The average capacity fade of the calendar, 25 ◦C DOD 20% and
5 ◦C DOD 40% cells after approximately nine months of ageing was
.48, 17.13 and 18.83%, respectively. These data indicate that cycling
ccelerated cell capacity fade.

Prediction of cell life based on the C/3 discharge capacity was
ndertaken on the two ageing cases reflecting realistic conditions
nboard a satellite (i.e. 25 ◦C DOD 20% and 25 ◦C DOD 40%). The
apacity fade results, shown in Fig. 4(a), were plotted as a function
f the square root of the cycle number, with the resulting curves
hown in Fig. 4(b). A linear relationship was fitted to both sets of
ata and extrapolated (assuming the linear relationship was valid
or the duration of cell life) to the target cycle lifetime of 30 000
ontinuous LEO cycles. The results were similar for both depths-
f-discharge, with an approximately 60% decrease in capacity. This
pproach to predicting cell life is common in the battery commu-

ity and implicitly assumes that the main source of capacity fade is
he irreversible consumption of lithium ions at the negative elec-
rode. However, as discussed in Part two [14], the capacity fade

echanism of LixMn2O4-based batteries is complicated and diffi-
ult to attribute to one source alone. Therefore, these results serve

t
t
2
c
s
r

Every 400 cycles (28 days) End of cycling discharge voltage < 3.75 V
Every 400 cycles As above

oth as a rough guide and a base of comparison with other battery
echnologies for LEO satellite application.

The cycling curves for the two cases [25 ◦C calendar life (equiv-
lent of 3400 completed LEO cycles) and 45 ◦C DOD 40% 1600
ompleted cycles] representing the two extremes of capacity fade
sing both a low (C/10) and high (C/3) current are shown in Fig. 5(a)
nd (b), respectively. The hysteresis observed with a low current
as exaggerated with a higher current for all cases due to the

ell impedance, with an increase in the degree of the hysteresis
ffect for the cell cycled with a 40% depth-of-discharge at 45 ◦C.
he square root of the cycle number, with a linear relationship fitted and extrapolated
o 30 000 LEO cycles; (green) 25 ◦C DOD 20%, (black) 25 ◦C DOD 40%, (blue) 45 ◦C DOD
0%, (red) 45 ◦C DOD 40%, (magenta) 25 ◦C calendar life (fully charged under float
onditions) [note: the different cells tested at each condition are indicated with a
ymbol]. (For interpretation of the references to colour in this figure legend, the
eader is referred to the web version of the article.)
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Fig. 5. Cycling (3.0–4.1 V) of fresh and aged 3 Ah pouch cells: (a) C/10 (0.3 A) cycling,
(b) C/3 (1.0 A) discharge, C/2 (1.5 A) charge; (black) fresh, (green) 25 ◦C calendar life
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the cells exhibiting an increase in the width of the high-frequency
semi-circle and the appearance of a second bump at 25% SOC. In
addition to observing changes in the magnitude of the impedance
as a function of cycle number under different testing temperatures
equivalent of 3400 completed LEO cycles), (red) 45 ◦C DOD 40% 1600 completed
ycles. Direction of charge/discharge illustrated with black arrows in (a). (For inter-
retation of the references to colour in this figure legend, the reader is referred to
he web version of the article.)

apacity. The largest difference was observed when the cell was
ycled with a large depth-of-discharge at a higher temperature,
esulting in a significant decrease in the capacity at both current
oads. However, the same capacity was obtained regardless of the
urrent with similar cycling profiles to the other two cells.

.2.2. End-of-Discharge-Voltage versus cycle number
The impact of temperature (25, 45 ◦C) and depth-of-discharge

20, 40%) on both the EODV and average discharge energy as a
unction of cycle number is shown in Fig. 6(a) and (b), respec-
ively. As expected, the EODV at a particular depth-of-discharge
as generally higher at 45 ◦C due to a lower cell resistance at a
igher testing temperature. A comparison of the effect of depth-
f-discharge at 25 ◦C revealed similar behaviour, with the rate of
ecrease in the EODV during the first ∼ 1500 cycles reducing dur-

ng subsequent cycles. In addition, the average discharge energy
as almost twice as large for 40% depth-of-discharge. An examina-

ion of the effect of temperature revealed that there was almost no
ifference at 20% depth-of-discharge but a significant difference at
0% depth-of-discharge. The combination of both a higher depth-
f-discharge (40%) and a higher temperature (45 ◦C) accelerated the

erformance degradation of the cell.

.2.3. Impedance
The impedance of the cells aged in the lifetime matrix was mea-

ured regularly at four SOCs (100, 75, 50 and 25%) at 25 ◦C. For
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larity, the results at a high (100%) and a low (25%) SOC are exam-
ned and shown in Figs. 7 and 8, with the results for frequencies
reater than 1000 Hz removed due to an experimental artefact.

In general, the impedance spectra measured for all ageing con-
itions indicated that the increase in the impedance was small
nd mainly concentrated in the high-frequency region. The lack
f change of the low-frequency impedance for cells aged with
40% depth-of-discharge at either 25 or 45 ◦C is demonstrated

n Figs. 9(a) and (b), respectively. Figs. 7(a) and 8(a) for cells
ged at 25 ◦C with a 20% depth-of-discharge revealed very little
hange in the width of the high-frequency semi-circle at 100%
OC and both a noticeable increase in the width of and develop-
ent of a second bump in the high-frequency semi-circle at 25%

OC. Similar behaviour was observed when the temperature was
ncreased to 45 ◦C after a smaller number of cycles (1600 vs. 4800
t 25 ◦C), see Figs. 7(c) and 8(c), but an additional change was
bserved in the high-frequency real axis intercept which increased
oticeably for both 100 and 25% SOC. Increasing the cycling depth-
f-discharge to 40% generally resulted, see Figs. 7(b) and (d) and
(b) and (d), in a slightly larger high-frequency semi-circle and an
bserved shift in the high-frequency real axis intercept regardless
f the testing temperature. The SOC-dependence of the measured
mpedance observed for cells cycled with a 20% depth-of-discharge
as observed for cells cycled with a 40% depth-of-discharge, with
ig. 6. Full cell (3 Ah) performance: (a) end-of-discharge-voltage (EODV), (b) aver-
ge discharged energy; (green) 25 ◦C DOD 20%, (black) 25 ◦C DOD 40%, (blue) 45 ◦C
OD 20%, (red) 45 ◦C DOD 40%. (For interpretation of the references to colour in this
gure legend, the reader is referred to the web version of the article.)
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ig. 7. Impedance of cells aged with various conditions; measurement point: SOC 1
) 4800: (a) 25 ◦C DOD 20%, (b) 25 ◦C DOD 40%, (c) 45 ◦C DOD 20%, (d) 45 ◦C DOD

olour in this figure legend, the reader is referred to the web version of the article.)
nd depths-of-discharge, it was important to investigate any shifts
n the frequency at which different characteristic features of the
yquist plot were observed. In particular, a possible change in the

requency at which the intersection between the high-frequency

s
o
o
o

ig. 8. Impedance of cells aged with various conditions; measurement point: SOC 25%; i
) 4800: (a) 25 ◦C DOD 20%, (b) 25 ◦C DOD 40%, (c) 45 ◦C DOD 20%, (d) 45 ◦C DOD 40%. E

olour in this figure legend, the reader is referred to the web version of the article.)
impedance from 1000 Hz to 10 mHz; (•) BOL, ( ) 800, ( ) 1600 cycles, ( ) 3400,
ach decade in frequency indicated with �. (For interpretation of the references to
emi-circle and the low-frequency diffusion tail, defined as fmin in
ther work [15], was examined. Approximately each decade change
f frequency is indicated in Figs. 7 and 8, with the frequency of fmin
bserved to remain the same regardless of the testing condition or

mpedance from 1000 Hz to 10 mHz; (•) BOL, ( ) 800, ( ) 1600 cycles, ( ) 3400,
ach decade in frequency indicated with �. (For interpretation of the references to
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ycle number. This result differed in comparison with the lifetime
bservations for nickelate-based chemistry [15].

.2.4. Direct resistance
Current interrupt measurements were regularly undertaken on

he cells aged in the lifetime matrix in order to obtain �V1 (100, 75
nd 50% SOC), �V2 (75, 50 and 25% SOC) and �V3 (75, 50 and 25%
OC), as defined in Fig. 2. The purpose of the measurements was
o investigate if any of these quantities could potentially be used
s an on-board SOH indicator. The change in the cell potential after
ither the application (�V1) or removal (�V2) of a 1.0 A (C/3) load
as measured with an oscilloscope, with an example of the data

hown in Fig. 10. The data obtained both before and after the cur-
ent interrupt was fitted with a linear relationship (equal amount
f data points) and the expression prior to the interrupt extrapo-
ated to a point in time corresponding to the first fitted point after
he interrupt (see Fig. 10). The difference in the cell potential was
ivided by the current load in order to obtain the resistance. For
larity, the results obtained for the cells aged with a 40% depth-
f-discharge cycle at both 25 and 45 ◦C are examined since these
ells had the most noticeable change in the full cell impedance.
he increase in the resistance as a function of cycle number after

ither the application or removal of the current load are shown in
ig. 11(a) and (b), respectively. Although the measurements for the
wo cells aged at 45 ◦C revealed that there was some scatter in the
ata, in general there was no clear dependence of either resistance

ig. 9. Impedance of cells aged with a DOD 40% LEO satellite cycle: (a) 25 ◦C, (b)
5 ◦C; measurement point: SOC 100%; impedance from 1000 Hz to 0.5 mHz; (•) BOL,

) 800 cycles, ( ) 1600 cycles, ( ) 3400 cycles [note: BOL cell impedance (•) in (a)
easured from 1000 Hz to 10 mHz]. (For interpretation of the references to colour

n this figure legend, the reader is referred to the web version of the article.)
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ig. 10. Diagram of the analysis of the current interrupt data: (a) estimated decrease
n the cell potential (�V1) after the application of a constant C/3 (1.0 A) discharge
urrent, and (b) estimated increase in the cell potential (�V2) after removing 25%
f the capacity with a constant C/3 (1.0 A) discharge current.

n the SOC. In addition, the relationship between the resistance and
he cycle number could be approximated with a linear equation for
oth cases, with the slope for the cells aged at 45 ◦C larger than for
he cells aged at 25 ◦C. Measuring the change in the cell potential
ith the accuracy of an oscilloscope onboard the satellite could be

mpractical, therefore the change in the cell potential at the end
f a 20 min OCP period after the removal of the current load was
easured and shown in Fig. 11(c). Unfortunately, both the scatter

n the data and a total lack of a linear relationship between �V3
nd cycle number made this measured quantity a poor candidate
or SOH indication.

There are no clear guidelines as to how a prognostic SOH
ndication scheme should be designed. For LEO satellites, where

oderately low currents are used with high-energy designed cells,
he SOH indicator could be based on an estimation of the remaining
/3 discharge capacity between the cell potential limits (4.1–3.0 V).
his approach to SOH indication required establishment of a rela-
ionship between a measurable quantity onboard the satellite, for
xample, �V1, and the discharge capacity. When the capacity fade
esults, shown in Fig. 4, were plotted as a function of the square
oot of the cycle number the resulting curves were linear. Com-
ining this knowledge with the linear relationship between the
ischarge resistance from a fully charged condition (i.e. SOC 100%)
nd the cycle number, it was possible to plot the resistance versus
he inverse of the discharge capacity squared and obtain a linear
elationship that is shown Fig. 12. Although not shown, the same
inear relationship existed independent of the testing SOC (i.e. 100,
5 and 50%) with a focus on 100% SOC in this work due to practi-
al considerations onboard a satellite. The fact that the measured
oints for both 25 and 45 ◦C result in the same slope of the linear
elationship provided both confidence in using the higher temper-
ture as an accelerating factor and a relationship that was valid in
his temperature range. An extension of the current lifetime matrix
o lower temperatures and a longer testing period would provide
he data necessary to both further improve the confidence in the
inear relationship and increase the feasibility of this approach for
OH indication.
. Discussion

The analysis of performance data for 3 Ah pouch cells aged
ith a LEO cycling regime in a lifetime matrix of three depths-

f-discharge (0, 20 and 40%) and two temperatures (25 and 45 ◦C)
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Fig. 11. Current interruption measurements (constant C/3 (1.0 A) discharge current
at 25 ◦C) of cells aged with a LEO DOD 40% cycle at two temperatures: (black) one cell
at 25 ◦C and (red) two cells at 45 ◦C: (a) resistance upon application of the current
load (�V1) at three SOCs: (•) 100%, (∗) 75%, and (×) 50%, (b) resistance upon removal
of the current load (�V2) at three SOCs: (•) 75%, (∗) 50%, and (×) 25%, (c) increase in
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tions, such as a 1 or 2 year piggy-back mission, at the higher load.
Although the average C/3 discharge energy was twice as high for
the higher depth-of-discharge, see Fig. 6(b), the EODV was notice-
ably lower, see Fig. 6(a). Therefore, in order for this current load

Fig. 12. Relationship between the resistance of the cell (discharged with a C/3 (1.0 A)
he potential (�V3) 20 min after removal of the current load at three SOCs: (•) 75%,
∗) 50%, and (×) 25%. (For interpretation of the references to colour in this figure
egend, the reader is referred to the web version of the article.)

ed to several important observations. Firstly, increasing both the
epth-of-discharge by 20% and the temperature by 20 ◦C from
he REIMEI base case (25 ◦C DOD 20%) had a clear impact on the
egradation of the C/3 discharge capacity and EODV, as shown

n Figs. 4 and 6, respectively. In general, higher temperatures
nd larger depths-of-discharge are associated with an accelerated

apacity fade for this electrode chemistry [16,11,17]. The only other
ublished lifetime investigation of a LixMn2O4-based battery for
EO satellites focussed on a 20% depth-of-discharge at 15 ◦C and
eported the EODV as a function of cycle number [8], with the cells
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urces 185 (2008) 1444–1453

ested in this study having comparable performance. Comparison
f both the capacity fade and EODV results for cells (25 ◦C DOD 40%)
n this study with different cell chemistries aged with similar con-
itions revealed comparable results [18,19]. However, an improved
erformance was observed for cells based on iron phosphate chem-

stry [19].
Secondly, impedance measured for all ageing conditions indi-

ated that the increase was small, manifested in a SOC-dependent
ncrease of the high-frequency semi-circle and a noticeable increase
n the high-frequency real axis intercept at both higher depths-of-
ischarge and temperatures. A change in the shape and magnitude
f the high-frequency semi-circle could be attributable to changes
n the surface properties of the active material, conductive fillers
r current collectors in either/both composite porous electrodes.
n addition, an increase in the high-frequency real axis inter-
ept could indicate a degradation of electrode tabbing, contact
roblems between either conductive particles and/or the conduc-
ive particles and the current collector in either/both composite
orous electrodes, a degradation of the electrolyte properties or a
ecrease of the separator porosity. The very small change in the

mpedance, even at higher temperatures, was impressive in com-
arison with similar measurements of LiCoO2-based lithium-ion
atteries aged with a 40% depth-of-discharge LEO cycling pro-
le [7,2,10]. These impedance results indicated that as long as the
apacity fade of the 3 Ah cells is minimised, the battery chemistry
hould provide a stable EODV for the mission duration onboard the
atellite.

Thirdly, the impact of increasing the depth-of-discharge to 40%
t the temperature condition onboard REIMEI (25 ◦C) was investi-
ated in order to evaluate this load for future piggy-back missions.
ncreasing the depth-of-discharge to 40% could potentially decrease
he battery weight and represent the opportunity to increase satel-
ite payload. Capacity fade and performance degradation were not
een to increase significantly by increasing the depth-of-discharge.
ut, the extrapolated C/3 discharge capacity at 30 000 completed
EO cycles equalled the capacity required during a 40% load, i.e.
ischarging by DOD 40% at 30 000 cycles would completely drain
he battery. However, the battery could be used for shorter dura-
urrent) and the discharge capacity (C/3; 4.1–3.0 V) at 25 ◦C; decrease in the poten-
ial (�V1) measured with an oscilloscope at SOC 100%; cells aged with a LEO DOD
0% cycle at two temperatures: (black) three cells at 25 ◦C and (red) two cells at
5 ◦C. (For interpretation of the references to colour in this figure legend, the reader

s referred to the web version of the article.)
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o be used onboard REIMEI, both the undervoltage controls and
nd-of-life criteria would need to be revised.

The overall objectives of this study were to provide a better
nderstanding of the lifetime performance of commercial lami-
ated LixMn2O4-based lithium-ion batteries for LEO applications
nd demonstrate the value of taking a two-tiered approach to
attery lifetime studies. The use of electrochemical impedance
pectroscopy to probe the effects of ageing at different SOCs proved
o be an invaluable tool at the full cell (3 Ah) level. However, in
rder to interpret both the full cell capacity and impedance results,
he two-tiered approach must be extended to include two- and
hree-electrode electrochemical examination of both positive and
egative electrodes harvested in a controlled environment (e.g. dry
oom or glove box) at different points of ageing. The current gen-
ration of 3 Ah cells used in this study were observed to perform
ell onboard REIMEI, with a comparison of the terrestrial reference
erformance test results with other battery chemistries indicating
hat this battery chemistry should be considered for future satellite

issions.

. Conclusions

The low-earth-orbit cycle life performance of commercial 3 Ah
aminated LixMn2O4-based lithium-ion batteries has been inves-
igated under both orbital and terrestrial conditions. A terrestrial
ifetime matrix of different cycling DODs (0, 20, 40%) and tem-
eratures (25, 45 ◦C) was undertaken with periodic reference
erformance tests. The following points summarise the main con-
lusions of this study:

1) The battery pack onboard REIMEI was not inadvertently
affected by the conditions of space. Furthermore, the good
agreement of the orbital and terrestrial data allowed terres-
trial experimental results to be used to both predict battery
lifetime onboard the satellite and provide feedback on cell state-
of-health by conducting lifetime investigations incorporating
electrochemical reference performance tests.

2) Lifetime studies of 3 Ah cells revealed that increasing either the
depth-of-discharge by 20% or the temperature by 20 ◦C from
the REIMEI base case (DOD 20%, 25 ◦C) had little impact on the
degradation of the C/3 discharge capacity and EODV. However,
a simultaneous increase of temperature (to 45 ◦C) and depth-
of-discharge (to 40%) significantly increased cell capacity fade.
Furthermore, impedance spectra measured for all ageing con-
ditions indicated that the increase was small, manifested in a
SOC-dependent increase of the high-frequency semi-circle and
a noticeable increase in the high-frequency real axis intercept
at both higher depths-of-discharge and temperatures.
3) Comparison of the lifetime performance of 3 Ah cells aged with
either cycling or calendar (SOC 100%, float conditions at 25 ◦C)
conditions indicated that cycling had a significant impact on
the capacity fade. Furthermore, calendar cells left to continu-
ously float for a nine month period were found to self-discharge

[

[

[

urces 185 (2008) 1444–1453 1453

approximately 28% of their initial C/3 capacity, with approx-
imately 23% of this effective capacity loss recoverable upon
recharging.

4) Using the current interrupt technique, a linear relationship was
observed between a resistance based on the immediate poten-
tial drop upon an application of a current load (25 ◦C) and cycle
number, which led to the formulation of a relationship between
resistance and capacity fade valid for cells aged at both 25
and 45 ◦C. This observed linear relationship possibly indicated
that the ageing mechanism was the same at both room and
elevated temperatures, validating temperature as a useful tool
when accelerating the degradation of this particular chemistry.
In addition, the linear relationship potentially provided a basis
for a prognostic SOH indicator.
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