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Energy availability is a critical challenge for space missions, especially for those
missions designed to last many decades. Space satellites have depended on
various combinations of radioisotope thermoelectric generators (RGTs), solar
arrays, and batteries for power. For deep space missions lasting as long as 50 +
years, batteries will also be needed for applications when there is no sunlight and
RTGs cannot support peak power demand due to their insufficient specific
power. This paper addresses the potential use of lithium-ion batteries for
long-term space missions. Using data collected from the literature and
internal experiments, a calendar aging model is developed to assess the
capacity fade as a function of temperature, state-of-charge and time. The
results for various LIB chemistries are used to identify the best candidate
chemistries and determine the conditions, with a focus on low temperatures,
that can best enable deep space missions.
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1 Introduction

The National Aeronautics and Space Administration (NASA), China National Space
Administration (CNSA), and European Space Agency (ESA) have started to plan deep
space missions that may continue for 50 years or more (Forbes, 2021; Skyatnightmagazine,
2022; Spacenews, 2022; NSSC, 2030). To carry out such missions, various combinations of
radioisotope thermoelectric generators (RTGs) and batteries will be needed for power (Bushnell
et al., 2021; Baraskar et al., 2022), since solar arrays will provide negligible value in deep space.
Although the power systems inherent in these designs have varied and the design strategies have
evolved over the years, batteries will likely be needed for a long-term deep space mission (Hepp
et al., 2022; Jones et al., 2022).

NASA, the ESA, the CNSA, and the Russian Federal Space Agency (Roscosmos) rely on
RTGs for deep space missions when long-term power is needed and there is no access to
sunlight (Bairstow et al., 2018; ESA, 2022; Spacenews, 2022; World-nuclear, 2022). In addition,
the Indian Space Research Organization (ISRO) planned to build a 100 W RTG for its
upcoming space mission (nuclear-energy, 2022). In collaboration with the U.S. Department
of Energy (DoE), NASA developed the first flown RTG and launched it into earth’s orbit in 1961
(NASA, 2022a). RTGs were then used on the deep space exploration probes of Voyager 1 and 2
(NASA, 2022a; NASA, 2022b), showing that it was possible to produce continuous electrical
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energy from decaying radioactive material for long missions (NASA,
2022b). This success was followed by continued use of RTGs on New
Horizons (2006) and Cassini missions (2008) (NASA, 2022c; NASA,
2022d).

RTG systems have been found to be reliable, uninterruptable
energy sources; however, they have low specific power (~2.4 W/kg
to 8.1 W/kg) and many safety concerns (Hendricks et al., 2019; Durka
et al., 2022). RTGs generally utilize Plutonium-238 oxide as a fuel with
a half-life of 88 years to generate the residual heat and produce
electrical power (Gusev et al., 2011; Urban-Klaehn et al., 2021).
RTGs have historically experienced no known failure issues since
they have no moving parts that can fail or wear out, and they perform
well until the radioactive energy source decays (Ehrenfried, 2022;
Energy, 2022). However, Plutonium-238 is very expensive ($4 million/
pound (Frobes, 2015)), and in the event of a launch-related accident,
loading the space probe with a large amount of radioactive material
poses environmental concerns of radioactive fallout (Shmelev et al.,
2020; Zillmer et al., 2022).

The specific power of RTGs is being improved through the
development of enhanced multi-mission radioisotope
thermoelectric generators (MMRTGs) and Stirling radioisotope
generators (Houtmann, 2020). These new-generation RTGs have
better efficiency than the 4%–6% conversion efficiency of
conventional RTG systems (Matthes et al., 2018; Houtmann, 2020).
The MMRTG utilized in the 2020 Mars rover mission weighs 45 kg,
includes 4.8 kg of fuel, and is designed to provide 110 W of electrical
power to equipment (NASA, 2020; Energy, 2022). The MMRTG is
guaranteed to provide 110 W of output power for a minimum of
14 years, after which the output power may decrease to 100 W
(Energy, 2022). Table 1 details the RTGs used for several space
missions.

To operate all the electric components of a spacecraft, including
the computers, radio transmission, motors, and data storage
devices, 300 W–2500 W of electrical power are required (NASA,
2022e). Due to weight constraints in spacecraft, researchers build
RTGs that supply up to 300 W of power, as indicated in Table 1.
Hence, batteries are required to support the peak power
requirements of space missions. Furthermore, if the batteries are
rechargeable, excess energy from RTGs can be stored in the
batteries during off-peak power time and used subsequently
during peak power duration (Designnews, 2022; NASA, 2022f).
For instance, two lithium-ion batteries (LIBs) were incorporated
into the Mars rover mission in 2020 to meet peak power

requirements when demand temporarily exceeded the electrical
power generated by RTGs (NASA, 2020).

From 1983 to 2014, nickel-hydrogen (Ni-H2) batteries were
primarily used on missions due to their energy density and
capacity. From 1993 to 2015, nickel-cadmium (NiCd) batteries
were used, and from 2003 to the present, LIBs have been used in
space missions (NASA, 2016; NASA, 2022f). Ni-H2 batteries have
been used in AQUA (Brewer, 2000), CloudSat (Witkowski et al.,
2018), and TIMED (Yee et al., 1999). Similarly, DSCOVR (Dudac,
2022), INTEGRAL (Spaceref, 2022), and DSCS-3s (Thierfelder, 1982)
relied on NiCd batteries. Ni-H2 has replaced NiCd because of its
longer projected lifespan and fewer discharge voltage issues (Smithrick
and O’Donnell, 1996; Deroy et al., 2019). The discharge voltage
problem pertains to the decrease in the discharge curve voltage
with operational life (NASA, 1997). In addition, some space
missions have employed Ag/Zn and LiSO2 rechargeable batteries
(Surampudi et al., 2006; Bugga and Brandon, 2020).

Recent trends suggest that LIBs are preferred in space missions
because of their lower operating temperature tolerance, two to
three times greater specific energy (265 Wh/kg), and higher energy
density (670 Wh/L) compared to other types of rechargeable
batteries (NASA, 2010; Institute, 2022). In addition, the specific
power density of LIBs is around 1000 W/kg, allowing them to meet
the peak power requirements of a space mission when the demand
exceeds the RTG’s steady electrical power levels (Zheng et al.,
2017).

LIBs have been used in the 2020 Mars rover, where the battery’s
operational temperature was controlled to range within −40°C–40 °C
(NASA, 2010; NASA, 2016). LIBs have also been used in the OSIRIS-
Rex (Bierhaus et al., 2018), the Parker Solar Probe (Kinnison et al.,
2020), and THEMIS satellites (Harvey et al., 2008), as well as the
Eutelsat W3A satellite (S. Agency, 2022).

In spite of the advances in battery technology, malfunctions in
spacecraft owing to battery failure have occurred. On 2 November
2006, the Mars Global Surveyor lost contact with earth (NASA, 1742)
when the spacecraft’s batteries were exposed to direct sunlight, which
caused overheating and ultimately depleted the batteries (NASA,
1742).

Another battery (Ni-H2) anomaly occurred on the CloudSat
spacecraft. Late in 2009, CloudSat’s battery began exhibiting early
indications of aging. Despite being deteriorated, the battery’s
capacity was adequate to maintain the satellite’s power
requirements. However, in April 2011, the first of a series of

TABLE 1 RTGs used in spacecraft (Bennett, 2006; Bennett, 2018; Woerner, 2018; Clarke et al., 2022).

RTG model Spacecraft Power W) Fuel material RTG Mass Specific power (W/kg)

MMRTG MSL/Curiosity rover and Perseverance/Mars 2020 rover 110 Pu-238 <45 2.4

GPHS-RTG Cassini, New Horizons, Galileo, Ulysses 300 55.9–57.8 5.2–5.4

MHW-RTG LES-8/9, Voyager 1, Voyager 2 160 37.7 4.2

SNAP-3B Transit-4A 2.7 2.1 1.3

SNAP-9A Transit 5BN1/2 25 12.3 2

SNAP-19 Nimbus-3, Pioneer 10, Pioneer 11 40.3 13.6 2.9

Modified SNAP-19 Viking 1, Viking 2 42.7 15.2 2.8

SNAP-27 Apollo 12–17 ALSEP 73 20 3.65
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under-voltage faults occurred, resulting in the activation of an
emergency mode that disabled scientific operations and posed a
collision threat to nearby orbiters in the A-Train constellation
(Nayak, 20122012; Gravseth and Pieper, 2013).

Based on the space missions that used rechargeable batteries, the
observed reliability to date is around 14 years for Ni-H2 (bitstream,
2014), 20 years for Ni-Cd (NASA, 1998; Saftbatteries, 2023),
and 10 years for Li-ion (NASA, 2023), although LIBs implemented
in the latest missions, are still under operation, and are expected
to have much greater lifetimes (Halpert et al., 1999; Zaghib et al.,
2011).

A combination of RTGs and batteries will be required for 50 years
space missions, where the RTG powers the spacecraft to its destination
and batteries conduct the high-power-demanding tasks
(300W–2500 W (NASA, 2022e)) when the spacecraft arrives at its
destination. RTGs can then be used to recharge the batteries. This
requires that the batteries be able to spend the majority of their
lifespan in storage mode while maintaining enough capacity to carry
out the mission upon arrival to its destination. This paper develops a
calendar aging (loss of capacity in storage) model based on existing
experimental data from the literature and experiments that we
conducted. The model is used to determine storage conditions that
could be implemented in deep space missions, Section 2 of this paper
overviews the storage-related aging mechanisms that occur in various
LIBs; Section 3 presents calendar aging data including experimental
data from the authors. In Section 4, a calendar aging modeling is
developed using the experimental data. The results for various LIB
chemistries are used to identify the best candidate chemistries and
determine the temperature, state of charge (SOC) and other conditions
that can lessen capacity fade when subjected to long term storage.
Section 5 presents the conclusions and the environmental
management conditions for long-term space missions.

2 Li-ion batteries and calendar aging

LIBs are electrochemical systems comprised of two intercalation
electrodes with their corresponding current collectors, an electrolyte,
and a separator used to prevent an internal short between the anode
and cathode (Winter et al., 2018; Shodiev et al., 2021). Commercial
LIB chemistries integrate graphite or Li2TiO3 (LTO) as anode material
and transition metal oxides such as LiCoO2 (LCO), LiNiMnCoO2

(NCM), LiNiCoAlO2 (NCA), LiMn2O4 (LMO), or LiFePO4 (LFP) as
cathodes (Chayambuka et al., 2020; Ali et al., 2021). The successful
combinations of components currently available in the marketplace
correspond to those that grant high energy density (80–260 Wh/kg),
and electrochemical stability within the operation range without
posing safety risks (Diaz et al., 2020; Ali et al., 2022). Since cost is
not a major issue for satellite applications analyzed in this paper, the
main parameters to be considered when comparing the available LIB
technologies pertain to energy density (a higher specific energy leads
to a lighter battery pack for a given energy capacity) and the lifespan.
When coupled with graphite anodes, NCA cells currently present the
highest specific energy (200–260 Wh/kg), followed by NMC
(150–250 Wh/kg), LCO (120–210 Wh/kg), LMO (100–130 Wh/kg)
and LFP (80–150 Wh/kg) (Ogumi, 2020; Walvekar et al., 2022). On
the other hand, LFP cells can deliver more than 4,000 charge-discharge
cycles compared to NMC (2000 cycles) or NCA cells (1,500 cycles)
(Preger et al., 2020; Tran et al., 2021).

Calendar aging occurs when a battery is not operating (e.g. no
current passes through it) (Redondo-Iglesias et al., 2018; El Ghossein
et al., 2021). Due to the type of use envisioned for LIBs in space
missions (most of their time in storage mode and only operated when
high-power equipment ranging from 300 W to 2500 W is in use
(NASA, 2022e)), this study focuses on the calendar aging of these
batteries, and not degradation due to charge-discharge cycles.

Figure 1 illustrates that temperature, SOC and time are key factors
related to calendar aging in LIBs via three main mechanisms: loss of
lithium inventory (Mao et al., 2017), loss of active material in the
electrodes (Lu et al., 2017), and a rise in cell internal impedance (Birkl
et al., 2017; Li et al., 2019). The primary cause of loss of lithium
inventory is the consumption of Li-ions by side reactions, including
the creation of solid electrolyte interface (SEI) on the surface of
graphite negative electrodes, the electrolyte breakdown processes
and binder decomposition (Barré et al., 2013; Kabir and
Demirocak, 2017). Such side reactions permanently devour Li-ions,
rendering them inaccessible for further charge/discharge (Raj et al.,
2020). Loss of active material is often caused by electrolyte
decomposition, and electrode particle cracking during storage
(Stiaszny et al., 2014; Kabir and Demirocak, 2017). Internal
impedance in LIB increases owing to SEI growth, electrolyte
degradation, and binder decomposition during storage (Kabir and
Demirocak, 2017; Liu et al., 2022).

Temperature and SOC are the two key factors that accelerate the
processes that induce calendar aging in LIBs (Birkl et al., 2017; Li et al.,
2019). In particular, SEI growth increases with as SOC, temperature
and storage duration increases (Edge et al., 2021). Continuous
expansion of the SEI layer leads to loss of lithium inventory and
increase in internal impedance (Keil et al., 2016; Li et al., 2019).
Furthermore, as the SEI layer thickens, some active material such as
electrolyte become less electrochemically active, eventually resulting in
negative electrode active material loss, which accelerates calendar
aging (Keil et al., 2016; Li et al., 2019). In addition, SOC (above
90%) and high temperature (above 45°C) may accelerate binder
degradation, which ultimately leads to calendar aging, as illustrated
in Figure 1 (Kabir and Demirocak, 2017).

For some chemistries, storage temperatures of −27 °C and lower,
degrade the performance of the LIBs (Dubarry and Devie, 2018; Li
et al., 2021) and cause compressive strain and the deformation of the
lattice on an atomic scale, leading to electrode particle cracking (Li
et al., 2021). On the other hand, many LIB datasheets suggest that
storage even at temperatures as low as −30 °C are acceptable
(Samsung, 1865a; Samsung, 1865b).

Most researchers have concluded that the aging process slows
down at low SOCs (Hahn et al., 2018; Naumann et al., 2018). However,
discharging the battery below 0% SOC can cause the terminal voltage
to decrease, resulting in performance and safety issues (Chen et al.,
2021; Zhang et al., 2022). For instance, Yao et al. (Yao et al., 2019) and
Guo et al. (Guo et al., 2016) indicate that dropping the terminal voltage
of the battery well below the 0% SOC defined operation range (to
values such as 0.2 V) may result in loss of electric contact, transition
metal dissolution, and current collector corrosion, all of which lead to
calendar aging.

Other factors, including mechanical stressors (externally imposed
stack pressure), gamma radiation, and rapid gravitational fluctuations,
have been found to influence calendar aging (NASA, 2009; Li et al.,
2019; Logan et al., 2022). For instance, when stress exceeds a specific
threshold, the electrode fails due to cracking or fracture (Li et al.,
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2019). Consequently, cell performance and capacity degrade
significantly. Gamma radiation is another factor that may reduce
the life of LIBs (NASA, 2022g). This kind of radiation can have an
impact on the electrodes, electrolytes and separator, which will
eventually lead to a decline in cell capacity (NASA, 2022g). Qiu
et al. (Qiu et al., 2015) reported that irradiation caused a 36%–45%
increase in particle size of the cathode material as well as crystal
structure disordering. All of these factors contributed to an 8.4% loss
in battery capacity after receiving the radiation dose of 2.744 Mrad.
Additional effects, such as abrupt changes in gravity, are also observed,
particularly in low earth orbit. It may also lead to mass and volume
changes, which may have an impact on the lifespan of LIBs (Bagnardi
et al., 2014). However, additional investigation is required to
determine the actual contribution of gravity on the calendar ageing
of LIBs.

To reduce the impact of stress factors, the battery storage in the space
mission is carefully maintained in a regulated environment. For instance,
tomaintain environmental conditions, some battery packs are enclosed in
an Inconel (oxidation-corrosion-resistant materials) pressure vessel
(NASA, 2014; NASA, 2022g) or placed in an aluminum structure
(Zaragoza-Asensio et al., 2021). These battery packs are further placed
in an insulated bulkhead alongside power electronics and communication
devices in a controlled environment (Zaragoza-Asensio et al., 2021;
NASA, 2022h). In deep space missions, these factors are absent or
their influence on calendar aging is minimal compared to the impacts
of temperature and SOC (NASA, 2009). For example, NASA Johnson
Space Center released a document (Calendar Life Aging of TwoModels of
18650 Lithium Ion Cells (NASA, 1865)) in 2018 that only identifies
temperature and SOC as the driving factors of lithium-ion calendar aging
(deployed in human space flight applications).

To assess calendar aging, the experimental studies available in the
literature usually focus on the LIB chemistry. Non-etheless, there are
design decisions and components that may significantly influence the
LIBs’ storage life (Geisbauer et al., 2020). For instance, the selection of
an appropriate electrolyte as a crucial component to limit the capacity
degradation during storage (Klein et al., 2022). Electrolytes are created
by dissolving lithium salts in solvents and operate as ionic charge
carriers (Xu and Angell, 2002). As one of the fundamental factors that
determine the performance of LIBs, it is desirable for electrolytes to
present a large potential window, great thermal and chemical stability,
high ionic conductivity, a high Li + transference number, and a low
barrier to desolvation of solvated Li+ (Wang and Zhong, 2015; Fan
et al., 2021). Moreover, the thickness of the SEI layer varies depending

on the kind of electrolyte. Kim et al. (Kim et al., 2011) evaluated the
SEI growth in ethylene carbonate (EC), dimethyl carbonate (DMC),
and combinations of these electrolytes. Results indicated that the
growth of the SEI layer was reduced by 25% in the DMC
electrolyte and by 13% in the DMC + EC combination as
compared to the EC electrolyte. In addition, lithium plating is also
significantly affected by the electrolyte composition (Lin et al., 2021).
Nevertheless, the characteristics of the electrolytes change with time as
well as with temperature and SOC. These phenomena must be
considered in LIB chemistry research during calendar aging
evaluations.

The electrolyte/electrode interphase layer is another
component that might influence on calendar aging (Uitz et al.,
2017). To ensure the improved electrochemical performance of the
electrodes, it is essential to have an electrolyte/electrode interphase
layer that is thin and stable with high ionic conductivity due to a
side chemical reaction between the electrolyte and the electrode
(Uitz et al., 2017; Pang et al., 2021). Appropriate electrolyte/
electrode interphase is achieved by tuning electrolyte
components, electrode material surface structures, and binders
(Guo and Han, 2022). Additional additives, such as lithium
difluoro borate (LiDFOB) (Xu et al., 2011), lithium
difluorophosphate (LiPO2F2) (Yang et al., 2017) and flouro-o-
phenylenedimaleimaide (F-MI) (Hamidah et al., 2019) are also
added to LIB to improve its thermal stability and electrolyte/
electrode interphase layer.

The active materials, conductive agent, and current collector in
electrodes are linked together by binders (Kim et al., 2014). Although
just a little amount of binder is used in the electrodes, it is critical to
preserve electrode integrity and, hence, improve the electrochemical
performance of LIBs. The electrochemical performance of LIBs may be
enhanced by using binders with sufficient flexibility, electrolyte
adsorption, and ionic conductivity (Mong et al., 2021).
Polyvinylidene fluoride (PVDF) has been employed extensively as a
binder for cathode/anode electrodes (Wang et al., 2019). Other binders
like styrene-butadiene rubber/carboxymethylcellulose (SBR/CMC)
are gaining popularity because of their improved cycle performance
compared to PVDF (Wang et al., 2017; Jung et al., 2022). In addition,
the features of each binder also alter with time as well as in response to
temperature and SOC. Consequently, while designing LIBs for long-
term storage, the selection of binder must also be considered. In
addition to these factors, doping, surface coating, particle size
selection, and the design of electrode material structures should be

FIGURE 1
Overview of the factors accelerating the overall calendar aging rate (Birkl et al., 2017; Kabir and Demirocak, 2017; Li et al., 2019; Li et al., 2021).
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considered in calendar aging evaluations (Tang et al., 2015; Wang
et al., 2015).

3 Empirical measurement of calendar
aging

Table 2 presents a summary of works with experimental calendar
aging data registered for the different chemistries and storage
conditions that are found in the literature. Together with our own
experiments and results, these are detailed in the following.

Geisbauer et al. (Geisbauer et al., 2021) conducted a calendar aging
design of experiments of six LIB chemistries (NCA, NMC, LFP, LCO,
LMO, and LTO-LCO) subject to three SOC settings (2%, 38%, and
100%) and three ambient temperature conditions (18.5°C, 50°C, and
60°C). The experimental measurements of the LIB chemistries were
conducted from 120 days to 150 days Figure 2 depicts the capacity
degradation over 120 days of the six chemistries under different
storage conditions. The results demonstrated that various LIB
chemistries degrade differently owing to calendar aging. Extreme
circumstances, such as 100% SOC and higher temperatures (such
as 60°C), cause increased capacity degradation and a rise in internal

TABLE 2 Overview of calendar aging measurements as reported in the literature.

Researchers Chemistry Types Storage duration
(Days)

Storage condition

Temperature (°C) SOC (%)

Geisbauer et al. (2021) NCA, NMC, LFP, LCO, LMO,
and LTO

Cylindrical 120–150 18.5, 50, and 60 2, 38, and 100

Keil et al. (2016) NCA, NMC, and LFP Cylindrical 270–300 25, 40, and 50 0 to 100

Eddahech et al. (2015) NMC, LMO, NCA, and LFP Prismatic 75–1,100 45 and 60 65 and 100

Liu et al. (2020) NCA Cylindrical 435 10, 25, and 45 20, 50, and 90

Uddin et al. (2017) NCA Cylindrical 385 10, 25, and 45 20, 50, and 90

Beltran et al. (2022) NMC Pouch 400 25, 37.5, and 50 20, 45, 70, and 95

Hahn et al. (2018) NMC Pouch 270 40, 45, 50, 55, and 50 0, 20, 40, 60, 80, 85, and 100

Schmitt et al. (2017) NMC Cylindrical 470 0, 20, and 45 25, 50, 75, and 100

Matadi et al. (2017) NMC Pouch 120–645 5, 25, 45, and 60 50, 90, and 100

Schmalstieg et al. (2014) NMC Cylindrical 160–520 50 0, 10, 20, 30, 50, 60, 70, 80, 85,
90, and 95

Sui et al. (2021) LFP Cylindrical 189–301 40, 47.5, and 55 10, 50, and 90

Naumann et al. (2018) LFP Cylindrical 885 0, 10, 25, 40, and 60 0, 50, and 100

Redondo-Iglesias et al. (2017) LFP Cylindrical 240–800 30, 45, and 60 30, 65, and 100

Grolleau et al. (2014) LFP Cylindrical 420–480 30, 45, and 60 30, 65, and 100

Sarasketa-Zabala et al. (2014) LFP Cylindrical 290–640 30, 40, and 50 30, 70, and 90

Center for advanced life cycle
engineering (2022)

LCO Pouch 180 −40, −5, 25, and 50 0, 50, and 100

Dubarry and Devie (2018) LTO Pouch 427 −27, 25, 45, and 55 5, 20, 50, 70, 81.5, 99, and 100

FIGURE 2
Capacity degradation of six chemistries over 120 days at storage temperature (A) 18.5°C, (B) 50°C, and (C) 60°C.
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resistance in the majority of instances. Overall, the effects of calendar
aging are more severe at 60°C storage than at 50°C storage.

Keil et al. (Keil et al., 2016) conducted calendar aging experiments
of NCA, NMC, and LFP at 25°C, 45°C, and 50°C with SOC values of
0%–100% (with an increment step of roughly 10%) over 300 days.
After 9–10 months of storage, the LIBs’ capacity was measured at
room temperature. It was observed that calendar aging did not
increase linearly with SOC for any of the chemistry types Instead,
there were stable areas where the capacity fade was almost constant,
covering SOC ranges of more than 20%–30% of the cell capacity.
Furthermore, it was also noted that the NMC cells had accelerated
capacity fading at 100% SOC. For NCA cells, a storage SOC exceeding
90% produced a modest acceleration in battery aging. Overall, it was
indicated that in order to improve battery life, LIB should not be stored
at high SOC levels.

Eddahech et al. (Eddahech et al., 2015) conducted periodic calendar
aging of four LIB technologies (NMC, LMO, NCA, and LFP) from 75 to
920 days at 45°C and 60 C with SOC values of 30%, 65%, and 100%.
After extracting each cell for testing from the storage chamber, it was
allowed to rest for 6 hours at room temperature to guarantee thermal
stability prior to capacity testing. Then, two complete charge and
discharge cycles at 1C were carried out to assess the cell’s capacity.
The authors mainly concluded that the capacity fade is larger for LIBs
containingmanganese (such as LMOandNMC) than for NCA and LFP
types under high-temperature (60 °C) environments. The reason is the
manganese dissolution due to electrolyte reactions that occurred in
LMO and NMC.

Sui et al. (Sui et al., 2021) conducted calendar again tests of LFP
cells subject to five combinations of temperature and SOC over a
period ranging from 189 to 301 days. The capacity of the cells was

tested periodically at room temperature under a 1C constant current
procedure during charging/discharging. It was observed that, during
long-term storage, the battery deterioration followed a fairly regular
trend and that the rate of capacity fading and rise in internal resistance
got reduced as the aging progressed. Low storage temperatures (25 C)
helped to minimize the rate of change in capacity and resistance. As
storage temperatures rose from 25 C to 55°C, capacity and resistance
increased exponentially. However, the SOC level had a piecewise
influence on capacity fading. Before capacity fade reached 20%,
which may be considered the cutoff point of LIB lifespan, a higher
SOC (90%) was associated with relatively higher capacity fade. After
the cutoff point, the impact of mid-SOC (50%) increased, resulting in a
substantial loss of capacity.

Liu et al. (Liu et al., 2020) conducted calendar aging of NCA under
nine different combinations of SOC levels (20%, 50% and 90%) and
ambient temperature conditions (10°C, 25°C and 45°C) for 435 days.
Periodic inspections were undertaken to determine the cell capacity
throughout the experiment. For each test, all thermal chambers were
warmed up to 25°C. LIBs were charged using a constant current-
constant voltage profile, with 0.3 C in the constant current stage until
the terminal voltage reached 4.2 V, followed by a constant voltage
stage until the charging current dropped below 0.1 C. After 3 hours of
rest, each cell was discharged with a continuous current profile of 0.3 C
to the lower cutoff voltage of 2.5 V, from which the corresponding
capacity value was determined. They showed that calendar aging
accelerated with increasing SOC and temperature. The rate of
capacity fading slowed down as the aging process continued. In
addition, performance comparisons of several modelling strategies
such as electrochemical models, semi-empirical models, and data-
driven models were presented (Liu et al., 2020).

FIGURE 3
Empirical measurements of calendar aging reported in the literature.(A), (B), (C), (D), (E), (F).
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Our team at the University of Maryland’s Center for Advanced
Life Cycle Engineering (CALCE) conducted a 6-month calendar aging
assessment of 144 LCO batteries at four temperature settings
(−40°C, −5°C, 25°C, and 50 C) and three SOC values (0%, 50%, and
100%) (Center for advanced life cycle engineering, 2022). The capacity
of the batteries was determined using constant current constant
voltage (CCCV) charging at a rate of 0.5 C (Center for advanced
life cycle engineering, 2022). After 6-month, the results revealed that
the capacity fade was almost negligible for all SOC situations when the
temperature was below zero (−5°C and −40°C). On the contrary,
substantial capacity deterioration was detected at 25°C and 50°C,
increasing it with higher SOCs.

Hahn et al. (Hahn et al., 2018) determined the calendar aging of
NMC, and Naumann et al. (Naumann et al., 2018) determined the
calendar aging of LFP at various temperature and SOC combinations.
Both showed that calendar aging increased with SOC and temperature.

In general, reducing the SOC and temperature during storage
reduces calendar aging. However, for the case of the SOC influence,
Dubarry et al. (Dubarry and Devie, 2018) demonstrated that reducing
SOC accelerates the calendar aging of LTO (NMC + LCO). In
addition, they demonstrated that as the temperature drops below
zero (−27°C), there is an increase in capacity degradation. Li et al. (Li
et al., 2021) suggest that compressive strain and atomic-scale lattice
deformation leading to electrode particle cracking might be the root
cause of the capacity degradation at subzero temperatures.

Uddin et al. (Uddin et al., 2017) found that capacity
degradation for NCA is 2%–3% lower at 25°C than at 10°C. But
Liu et al. (Liu et al., 2020) found the opposite; that capacity
deterioration for NCA is greater at 25°C than at 10°C. Liu et al.
(Liu et al., 2020) is more in line with Geisbauer et al. (Geisbauer
et al., 2021). Keil et al. (Keil et al., 2016) conducted experiments at
25°C, 40°C, and 50°C, while Eddahech et al. (Eddahech et al., 2015)
conducted at 45°C and 60°C. Because there is no calendar aging data
at 10°C in these investigations, it is not possible to compare the
capacity fading trend between 25°C and 10°C.

There are also some rare instances in which capacity initially rises
during storage (Naumann et al., 2018; Geisbauer et al., 2021). In
commercial LIBs, lithium atoms are retained during storage in the
anode overhang area, which is the portion of the anode that extends
beyond the cathode electrode. By performing multiple full cycles, the

lithium atoms stored in the anode overhang areas may be retrieved
(Naumann et al., 2018; Geisbauer et al., 2021). Naumann et al.
(Naumann et al., 2018) suggested initial capacity increases due to
the influence of this overhang effect, but capacity fading ultimately
takes over resulting in an overall capacity loss over time.

The cited researchers have reported varying levels of deterioration
under identical experimental conditions. For instance, Liu et al. (Liu
et al., 2020) reported a residual capacity of 94% after 435 days at 10°C
ambient temperature and 20% SOC for NCA. Under the same
experimental conditions, Uddin et al. (Uddin et al., 2017) reported
85% remaining capacity over a shorter time of 385 days. Eddahech
et al. (Eddahech et al., 2015) demonstrated a remaining capacity of
95% after 800 days at an ambient temperature of 60°C and SOC of
100%, while Geisbauer et al. (Geisbauer et al., 2021) indicated only
70% after 120 days for NCA. The variations are likely attributable to
differences in the tested cells’ materials, including the electrolytes.

In order to facilitate the comparison of the multiple results in the
literature, the published data for each type of chemistry has been
normalized to percentage of degradation per year and represented in
Figure 3. This figure shows this normalized degradation capacity for
the different tested storage conditions.

Similar results are presented in Figure 4 which labels the degree of
normalized degradation within certain storage ranges registered in
average for each LIB chemistry.

FIGURE 4
Summary of calendar aging for all LIB chemistry.

TABLE 3 Fitting parameter values for all six LIB chemistries.

Fitting parameters

a1 a2 b1 b2 c1

NMC 0.03304 0.5036 385.3 −2708 0.51

LFP 0.00157 1.317 142300 −3492 0.48

LMO 0.3737 1.066 1,410 −4,421 0.8

NCA 0.0132 0.3442 10571 −2900 0.4

LCO 0.01329 0.9 4,550 −3290 0.7

LTO 0.6129 0.5274 2191 −3970 0.5988
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As shown in Figure 4, the degradation of NCA is more than 3%
per year at 20°C and 10% SOC, based on the results published by the
majority of researchers (Liu et al., 2020; Geisbauer et al., 2021).
Increases in temperature and SOC further enhance the normalized
degradation. For instance, at 45°C or 70% SOC, the normalized
degradation rate will grow around 10% per year.

NMC exhibits less than 1% deterioration at 20°C and 10% SOC. At
20°C and SOC between 0% and 100%, NMC chemistry exhibits superior
performance over NCA with a degradation rate lower than 3% per year.
By raising the temperature, the rate of degradation increases, although the
impact is relatively less severe as compared to NCA chemistry.

For LFP, degradation is less than 1% per year at 20°C and 10%
SOC. Even for temperatures ranging from 20°C to 45°C, LFP show less
than 10% capacity degradation per year, which is relatively low as
compared to NCA.

In the case of LCO, evaluation of its calendar aging has received
relatively little attention in recent literature, as appreciated in Figure 3.
According to the most recent data available, LCO shows less than 1%
degradation at 20°C, but the capacity decreases by more than 10% on an
annual basis when temperatures are higher than 45°C.

Like for the LCO chemistry, investigation into the calendar aging
of LMO chemistry is limited. However, calendar aging data at
temperatures higher than 20°C are available, and they show
degradation of more than 10% each year.

In the case of LTO technology, research on the calendar aging of
LTO-LCO and LTO-(NMC + LCO) shows that degradation is
about 1%–3% per year at 20°C and 10% SOC. As the temperature
drops from 20 °C to −27°C, the degradation rate increases (Dubarry
and Devie, 2018).

In summary, it can be concluded from the published results that
for temperatures in the range from 0°C to 60°C, regardless of the SOC,
a unit increase in SOC implies an approximately doubled increase in
the rate of degradation than that registered with a unit increase in
temperature. Also, according to most researchers, decreasing SOC and
temperature reduces calendar aging (Keil et al., 2016; Redondo-
Iglesias et al., 2017; Naumann et al., 2018).

Finally, note that although just a few works have characterized
the calendar aging of LIB at temperatures below 0°C, they can be
stored at temperature as low as −20°C in the majority of cases
(Samsung, 1865c; Samsung, 2170) and even −30°C in certain
instances (Samsung, 1865a), based on the datasheet provided by
manufacturers for different types of LIBs. It is therefore likely that
the optimal temperature for calendar aging will depend on the LIB
chemistry.

To evaluate the calendar aging evolution of all the LIB
chemistries when subject to subzero temperatures in space, the
following storage conditions are chosen: 0% SOC and 0°C, 0%
SOC and −10°C, 0% SOC and −20°C, and 0% SOC and −30 °C.

FIGURE 5
Capacity degradation of various LIB chemistries at various storage conditions (A) 0% SOC and 0 C (B) 0% SOC and –10 °C (C) 0% SOC and –20 C and (D)
0% SOC and –30 C.
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4 Capacity degradation modeling

To estimate capacity loss during storage, different approaches
such as electrochemical models (Ashwin et al., 2018; Liu et al., 2020),
semi-empirical models (Sarasketa-Zabala et al., 2014; Redondo-
Iglesias et al., 2017), and data-driven models (Lucu et al., 2018; Li
et al., 2019) are used in the literature. In this work, a semi-empirical
mathematical model is utilized to estimate the capacity deterioration
of LIB chemistries. This is defined as:

Capacity Degradation� a1e
a2SOC.b1e

b2/T.tc1 (1)
where a1, a2, b1, b2, and c1 are the fitting parameters, SOC is state of
charge ranges 0 to 1, T is temperature in Kelvin and t is time in days.
The fitting parameters for each chemistry are obtained using
MATLAB’s curve fitting tool and are based on the data sets shown
in Table 2. Table 3 displays the values of the fitting parameters for each
chemistry obtained during the analysis.

Figure 5 represents the capacity degradation evolution with time
obtained for each type of LIB using Eq. 1 and the parameters in Table 3
at four different temperatures. Even with identical storage conditions,
different references report varying trends and deterioration values for
the same chemistry. This divergence is shown in Figure 5 and is
represented by the deviation range (also referred to as the confidence
interval).

For 0% SOC and 0 C storage condition, the results demonstrate that
LFP presents a 7% capacity degradation, whereas NMC has a 9% after
50 years, as shown in Figure 5 a). In addition, the confidence interval is
less than 3%, indicating that the majority of researchers working with
LFP and NMC present a similar pattern and capacity degradation. After
50 years, LMO capacity degrades by 13%with confidence interval of less
than 2%. In addition, NCA has a capacity degradation of around 18%,
with confidence interval of 16%, indicating that different research
centers report significantly different degradation rates for this
chemistry. LTO capacity degrade by 24% and LCO by 35%, with
confidence interval of around 10% for both chemistries.

When the storage temperature is reduced to −10°C, all chemistries
exhibit a lower capacity degradation. For instance, both NMC and LFP
exhibit a capacity decline of just 6% over a period of 50 years, as shown
in Figure 5B. In addition, LTO capacity degrades by around 14%,
whereas LCO capacity degrades by approximately 22%.

As noted, somemanufacturers have low temperature storage limits as
low as −20 C or −30 C (Samsung, 1865a; Samsung, 1865c; Samsung,
2170). By lowering the storage temperature of LIBs to −20 C or −30°C,
capacity loss after 50 years can be reduced to less than 8% for nearly all
chemistries, as shown in Figures 5C,D.

5 Conclusion

Current deep-spacemission energy sources are based onRTGs, which
have low specific power and cannot be employed alone to meet spacecraft
peak power requirements. Rechargeable batteries can provide energy for
additional power requirements but there have been concerns about their
long-term degradation in storage conditions. LIBs are good candidates for
deep space missions because of their technical benefits (specific energy,
specific power, and cycle life) over Ni-H2 and Ni-Cd batteries. This study
investigated the capacity degradation of LIBs during storage as a function
of time, temperature and SOC conditions.

Significant effort has been devoted in the literature to determine the
calendar aging of different battery chemistries under varying experimental
conditions. Published results demonstrate that NMC and LFP degrade by
less than 1% per year at low temperatures (less than 20°C) and low SOC
(less than 10%). In comparison to NMC and LFP batteries, all other
chemistries exhibit greater calendar aging.

Results from the semi-empirical model developed to fit the
calendar aging published experimental datasets show that,
depending on the specific chemistry, LIBs degrade between 7% and
35% at 0°C and 0% SOC during a 50-year period. The capacity
degradation is 7% for LFP and 9% for NMC at 0% SOC and 0°C
with a confidence interval of around 3%, indicating similar patterns
among published results when subjected to identical temperature and
SOC conditions. Results at −10°C and 0% SOC show that both LFP
and NMC capacity degrade by about 6%. In addition, if LIBs are stored
at −20°C or −30°C and 0% SOC, the capacity loss could be less than 8%
for nearly all the chemistries.

For the chemistries (LTO and LCO) which have the highest capacity
degradation when subject to calendar aging, at 0% SOC and 0°C, the
capacity fade of 24% for LTO and 35% for LCO, with confidence intervals
of 10% in the predicted value, could be acceptable for a deep space
mission. For the LFP and NMC chemistries, there is the potential to
maintain over 90% capacity for a 50-year deep space mission.
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