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ABSTRACT This work provides an event-oriented method to model and predict the lifetime of lead-
acid and lithium-iron phosphate batteries. An ampere-hour integration method is proposed to be used in
conjunction with the event-oriented method to achieve higher accuracy. The methods are applied to lead
acid and lithium-iron phosphate batteries on a commercial 1 kW single-office/home-office uninterruptible
power supply (UPS). Additional circuits for measurements, or microprocessors are avoided to not increase
the UPS cost, reducing its market competitiveness. The usefulness of the proposed approach is demonstrated
by an upkeep analysis based on the cost of the battery and the service time for each battery technology.
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I. INTRODUCTION

Lead-acid batteries are the most common rechargeable bat-
tery type in the world [[1], with some of its main applications
being related to energy storage in emergency supply systems,
photovoltaic applications and uninterruptible power supplies
(UPS) [2]-[4]. On the other hand, lithium-ion batteries
have been increasingly used in these systems, due to its
superior characteristics of gravimetric and volumetric energy
density [5].

Other battery technologies have been studied as alter-
natives to lead-acid and lithium-ion on battery storage
systems: sodium-sulfur, nickel-cadmium, zinc-bromide and
redox flow (vanadium). However, each of these has at least
one disadvantage that prevents wide commercial use [0].
Sodium-sulfur batteries have typical operating temperatures
above 300 °C, in order for sodium and sulfur to become
liquid, thus not being viable for many applications. Nickel-
cadmium batteries are prone to self discharge, suffer from
memory effect, and its components are highly toxic for the
environment when improperly discarded/not recycled. Zinc-
bromide batteries have lower energy density, efficiency and
slower charging and discharging speeds when compared to
lithium-ion technology. Lastly, redox flow batteries have self
discharge issues, caused by the low ion selectivity of its
electrode separation membrane, leading to low efficiency and
fast decay.

Consequently, lead-acid batteries are predominantly uti-
lized in a wide range of power capacities in commercial UPS
systems [7]-[13]]. However, more recent UPS products are
versatile, enabling them to employ lithium-ion or lead-acid
batteries [[14]—[16]. Among lithium-ion battery technologies,

lithium-iron phosphate (LFP), despite its relatively lower en-
ergy density, is the go-to technology for UPS manufacturers,
due to its improved safety and lifetime [[17]].

Although UPSs rely on battery-supplied operation exclu-
sively during grid anomalies or failures, batteries remain
susceptible to degradation even in standby mode, with lead-
acid (LA) batteries being particularly affected. Generally,
the degradation of all battery technologies is influenced
by factors such as temperature, frequency and depth of
discharge cycles, and the adopted charging process [18]],
[19]I.

The primary internal mechanisms responsible for the
aging of LA batteries are electrode corrosion, active mass
degradation, loss of adhesion of the active mass paste to
the lead grid, internal short circuits, loss of water, and
irreversible sulfation of the active mass [20]]. In contrast, the
main internal mechanisms that damage lithium ion batteries
include lithium plating [21]-[24] and the growth of the solid-
electrolyte interphase [22]], [25], [26]. Lithium-ion batteries
exhibit a less pronounced self-discharge phenomenon, with
a rate of 1% per month at 30 °C [27], [28], compared to
lead-acid batteries, which have a self-discharge rate of 5%
per month [29], [30] at the same temperature. Consequently,
certain LFP battery manufacturers list float charging as
optional [31]].

Due to the various internal mechanisms that contribute to
battery degradation, the aging process is uniquely manifested
in different applications. Consequently, for an accurate pre-
diction of battery lifetime, it is essential to verify the state-
of-health (SoH) to determine current battery conditions and
prevent potential problems related to battery failure.
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The state-of-health of a battery is defined as:
Cn

ey
where C, is the present maximum capacity of a battery
(at full charge) and C, the rated capacity of a new battery,
specified by the manufacturer. The instantaneous capacity
(C) can be used to determine the C,, of a battery through
discharge:

SoH =

Ct) = /0 S i)t @

where 74 is the discharge current and t; is the discharge
duration.

When the SoH of a battery reaches 80%, by definition,
the lifetime has expired. In the literature, there are several
approaches to lifetime modeling, which can be grouped into
two categories: post-processing and performance degradation
models [32].

Post-processing models predominantly utilize
manufacturer-supplied data, making them the most
accessible. These models encompass Ah-throughput

counting [33] and event-oriented approaches [34]f], [|35[]. The
Ah-throughput counting model is predicated on quantifying
the charge passing through the battery, applying certain
weights or stress factors. In contrast, the event-oriented
model cumulatively accounts for the degradation in battery
lifetime attributable to discrete events. Thus, the event-
oriented methodology presupposes that each event affecting
battery lifetime contributes linearly to its degradation. This
approach assumes that incidents of abnormal or improper
battery operation, which would significantly impair battery
health, do not occur. Examples of such detrimental practices
include discharges below the cut-off voltage, prolonged
periods of low state-of-charge, or incomplete battery
charging.

Performance degradation models are intended to represent
battery degradation more accurately and comprehensively,
using information on voltage, current, temperature, and
capacity. Mainly, two methods are employed: equivalent
circuit models or physico-chemical models [32]]. The former
approach uses circuit parameters (voltage sources, capaci-
tances, resistances) to characterize the voltage behavior at
the battery terminals [36]—[38]], being continuously adjusted
depending on the operating conditions of the battery [39].
Physico-chemical models, on the other hand, describe the
internal state of the battery at a microscopic level, exhibiting
higher complexity and necessitating a detailed understanding
of the battery construction [34], [40], [41]. The intrinsic
complexity of both equivalent circuit and physico-chemical
models, compounded by the limited availability of man-
ufacturer data, often impedes their application in lifetime
modeling.

Considering these factors, this work proposes the employ-
ment of event-oriented and Ah-throughput counting post-
processing techniques to predict battery lifetime and state-
of-health, respectively, and integrates both methodologies.

Taking into account these factors, this work proposes
the use of event-oriented and Ah-throughput counting post-
processing techniques to predict battery lifetime and state-of-
health, respectively, and integrates both methodologies. The
methods are applied to an 1 kW uninterruptible power sup-
ply for single-office/home-office applications. These UPSs
employ a single-phase inverter, typically powered by 12
V or 24 V battery banks, and are characterized by low
power ratings (up to 1.5 kVA) [42], [43]. Since these UPS
are competitive for their simplicity, small size, and cost-
benefit, the use of new circuits, additional measurements,
and advanced microprocessors is avoided [44].

To demonstrate the usefulness and relevance of the pro-
posed method for practicing engineers, the estimated lifetime
values are associated to the costs of lead-acid and lithium-
iron phosphate batteries to perform an upkeep analysis.
Examples are presented for different locations, correlating
the operational conditions of the UPS product (including the
temperature and the frequency of grid interruptions) with the
optimal battery choice.

The manuscript is organized as follows. Section [[I] pro-
vides a concise overview of the UPS system. Section [[I|
elucidates the procedure for SoH verification utilizing Ah-
throughput. Section [IV] details the methods employed to
estimate the lifetime of lead-acid and lithium-iron-phosphate
batteries. Section [V] presents the results of the lifetime
estimations for different locations in Brazil. Section [VI]
concludes the manuscript.

Il. SMALL-OFFICE/HOME-OFFICE (SOHO) UPS

The described application is a line-interactive UPS of 1 kW
and an output voltage of 120 V RMS, designed for SOHO
applications. In backup mode, it operates utilizing a battery
voltage of 24 V and a single conversion stage. The volt-
age at the inverter output is increased by a low-frequency
transformer [42]], [45].

Figure [I] illustrates the operation and circuit of the UPS
system. The low-frequency transformer provides galvanic
isolation for the load from both the grid and the converter.
In the event of significant surges or drops in grid voltage,
the grid is disconnected and the load is powered by a pair
of 12 V /7 Ah VRLA batteries connected in series, through
the full-bridge inverter. When the voltage of the grid remains
within 120 + 20 % V RMS, the load is powered by the
grid through the transformer, while the full-bridge converter
operates as a rectifier, charging the batteries and maintaining
a floating charge.

The battery current measured during discharge (i4(t)), for
a 600 W load at the UPS output, is depicted in Figure 2]
There is a significant current ripple at 120 Hz caused by
the inverter operation. This i4(t) makes C, levels of the
UPS different than those provided by the manufacturer’s data
sheets, because they are obtained under different conditions.

Due to the natural behavior of battery discharge, the
voltage at the battery terminals (vs..) Wwill decrease its
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FIGURE 1. Case study ferroresonant SOHO UPS operation. (a) Grid-mode
operation. (b) Backup-mode operation.
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FIGURE 2. Waveform of i; measured on the case study UPS, with a 600 W
load at the output.

average value (Vi.,) over time (Figure |3| (a)). Consequently,
the average current (/;) will increase over time (Figure E]
(b)). FigureE] shows the behavior of V;., and I; for different
loads on the UPS output. I; is normalized by its initial value
(t = 0), which corresponds to 14.8 A for 300 W, 25.8 A for
500 W and 36.9 A for 700 W.

Instantaneous waveforms are measured using a Tektronix
DPO3034 oscilloscope. The Yokogawa WTI1803E power
analyzer is used to measure average and RMS voltages
and currents. Temperature measurements are conducted with
a Keysight DAQ970A datalogger equipped with type K
thermocouples. Figure [ presents the UPS case study with
an open cabinet, illustrating its circuits.

lll. STATE-OF-HEALTH VERIFICATION METHOD

Ampere-hour integration constitutes a fundamental method
for analyzing the battery capacity. For real time SoH estima-
tion under different load conditions, the value of C,. will vary
according to different discharge currents [39]. Consequently,
different C' measurements obtained under varying ¢, condi-
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FIGURE 3. Average values measured on battery terminals during
discharge. (a) Average voltage. (b) Average current (normalized).
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FIGURE 4. Case study UPS.

tions require a set of C,. for an accurate application (T)). By
discharging a battery at different currents, a straightforward
reference table can be developed. Table [I] details the values
C, obtained from the discharge of the case study battery
(when with SoH = 1) connected to the UPS circuit.

The applicability of the reference values in Table [I] is
illustrated by the discharge profiles depicted in Figure [5]
where the case study battery is compared with an aged
battery under identical load conditions at the UPS output.
Using these reference values, the SoH of the aged battery is:

SoH = 03916 = 0.309. 3)
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TABLE 1. Values of C,. obtained by discharge

UPS output load | Iz (A) | C; (Ah)
200 W 10.36 3.7
300 W 15.49 3.1
400 W 20.81 2.8
500 W 26.86 2.4
600 W 33.43 2.0
700 W 40.29 1.8
125 .
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FIGURE 5. Discharge of two batteries with different SoH with a 300 W
load at UPS output. Battery temperature is at 26 °C.

For comparison, a constant current test is conducted, and
the measured C' is compared to the value of C. shown in the
manufacturer’s tables for constant current. The SoH obtained
for the same battery was 0.319 with [ = 12 A, indicating a
discrepancy of 3.2%.

IV. LIFETIME ESTIMATION METHOD

The event-oriented methodology is used to model and pre-
dict battery lifetime. The temperature-sensitive degradation
resulting from discharge cycles (D) and float time (D ;)
is integrated into an overall degradation metric Dy,

DT = Dcyc + Dflt (4)
where D, D, and Dy are percentages of lost SoH,

SoH =1 — Dr. )

A. Temperature adjustment

Temperature is a critical determinant of battery aging. With
each 10 °C increase above the reference temperature, the
degradation of the battery approximately doubles, leading
to a roughly 50% decrease in the battery lifetime [46].
Manufacturers often present these data through graphs that
correlate useful life (in years) with temperature [[19], [47].
From these graphs, a temperature-stress factor 7 can be
derived:

7= qe®” (©)

where T is the battery temperature and ¢; and ¢y are
coefficients obtained by curve fitting the manufacturer curve.
This stress factor is applied to both Dy, and Dyy;.

B. Damage by cycles

The methodology used to estimate the SoH damage incurred
by each battery cycle is based on the assumption that the
tolerance of a battery to cyclical usage is a function of
the depth of discharge (DoD). Manufacturers present these
data in graphs that correlate different cycle counts with
specified DoD values [19], [48]]. Using these curves, the
number of remaining cycles (Rcy.) according to the DoD
can be modeled, and then translated into a specific amount
of degradation per cycle (dy.) in percentage:

Rcyc _ ae—alDoD + be_leOD (7)
20
dcyc = Rf (8)
cyc

where a, b, a; and b, are obtained by curve fitting the
manufacturer provided curve. A factor of 20 appears in the
numerator because 20% is the amount of damage to SoH
that indicates the end of the useful life.

The total battery damage caused by cycles over a period
of time is then:

Dcyc = (Z dcyc)T (9)
i=1

where 7 is the number of cycles that occurred in the evaluated
time interval, up to n. The effect of temperature on the
damage caused by cycles is included by multiplying the
degradation by 7.

C. Calendar aging

1) Lead-acid batteries

The calendar aging of LA batteries is modeled using the float
degradation curves provided in the manufacturer catalogs.
There is a relationship between the fluctuation time and
the maximum battery charge retention capacity (or SoH).
Through this relationship, it is possible to obtain an expres-
sion to estimate the remaining SoH of a lead-acid battery
(SoHR) as a function of the elapsed time (years):

SoHp = A e MY + B ¢ Bvr (10)

where y is the time passed in years. A, B, A; and B; are
curve fitting coefficients. The influence of temperature (7) on
the float life is included in the exponent A; and Bj. Then,
the damage caused by float time is:

Deat,pa =1 SoHp. (11)

2) Lithium-iron phosphate batteries

In the context of lithium-ion batteries, the remaining useful
life is typically characterized as a function of the remaining
number of cycles. Consequently, this characterization often
neglects the degradation that occurs during periods of inac-
tivity or standby (standby) [49], [S0]. This phenomenon can
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be attributed partly to the low self-discharge rate of lithium-
ion batteries, and partly to the nature of their predominant
applications, such as electric vehicles, portable electronics,
and power tools, which typically involve continuous battery
cycling. Moreover, it is uncommon for lithium-ion battery
manufacturers to disclose degradation during standby peri-
ods [27]], [28], [51]-[54], in contrast to lead-acid manufac-
turers who routinely report useful life reductions during float
charging [29], [55].

However, even without manufacturer-provided data, such
information is critical for UPS applications, where batteries
predominantly remain in standby mode, passing through
few cycles. Therefore, in this work, the storage aging data
presented in [[50] are used to predict the calendar aging of
LFP batteries, according to the expression,

Dcal,LFP — 3.087 - 107760.05146(T+273)t&5 (12)

where t,, is the operating time in months. Since this ex-
pression already considers the impact of temperature, the
application of 7 from (6) is not made.

Table [2] presents the coefficients for the application of
equations (6), (8), and (I0). These are obtained from the
manufacturer curves.

TABLE 2. Coefficients for lifetime estimation, obtained from manufacturer
data for LA |29] and LFP [27].

Coefficient Value Corresponding Equation
q1 0.1768 (@)
q2 0.06931 (@)

a (LA) 1225.9 @)
a1 (LA) 0.874 @)
b (LA) 1528.8
b1 (LA) 0.025 @)
a (LFP) 9558 @)
a1 (LFP) 129.7 @)
b (LFP) 0.003 @)
b1 (LFP) 0.0001
A (LA) 99.815 (1)
Aq (LA) 1.380 (1)
B (LA) -0.009 (1)
B (LA) -1.527 (M)
V. RESULTS

The proposed method for estimating the lifetime is demon-
strated using five example cases. As an indicator of the con-
tinuity of energy supply, the Brazilian Electricity Regulatory
Agency (ANEEL) provides data on the number of Equivalent
Frequency of Interruptions by Consumer Unit (FEC) for each
electricity supplier.

The moving average of the annual FEC by 2023 is used
to estimate the number of battery discharges per year in
different Brazilian states. These values are displayed in
Table 3] The acronym of the electricity supply company
from which the data is included. Since the employed method

assumes that each event affects lifetime linearly, the average
annual temperature of the capital of each state is used as the
temperature reference. To emulate the inside of the UPS,
an offset of 10°C is added to the ambient temperature,
as measured in experiments. An average DoD of 80% is
considered for the cycles.

TABLE 3. Moving average FEC values in different Brazilian cities and

states.
. . Average Tem-
City, State, Supplier Annual FEC
perature

Salvador, Bahia, COELBA 13.14, round to 14 | 26.4°C
Manaus, Amazonas, AME 48.7, round to 49 27°C
Belo Horizonte, Minas Gerais,

9.59, round to 10 21.5°C
CEMIG
Sédo Paulo, Sao Paulo, CPFL 6.41, round to 7 20.4°C
Porto Alegre, Rio Grande do

10.54, round to 11 19.9°C
Sul, RGE

The lifetime estimation is translated into an expected
amount of battery replacements over a certain period. Based
on this result, an upkeep analysis is performed considering
the following costs for each pair of 12 V / 7 Ah batteries:
2 x 73.50 BRL (Brazilian Real) for LA, and 2 x 433.80 BRL
for LFP. These values are used illustratively and are derived
from quotations provided by a Brazilian manufacturer.

Figure [6] presents battery health damage for the city of
Salvador considering (a) LA batteries, (b) LFP batteries. It
is shown that, using the event-oriented method, cycle damage
accumulates linearly, and calendar aging exponentially. The
expected lifetime of an LA battery (from new) is 2.14 years,
and of an LFP battery is 5 years. Taking these values as
an estimate for the frequency of battery replacements, the
annual upkeep may be calculated as,

Battery pair cost

Upkeep =

" Estimated lifetime (3)

which for LA batteries is of 68.70 BRL per year, and for
LFP batteries it is 173.50 BRL per year. This result shows
that, based on the quoted costs, while LFP batteries are
technologically superior, they still lose economically to LA
for Salvador.

A similar analysis is conducted for Manaus, as illustrated
in Figure [/l For this locality, the estimated operational life-
time is 1.5 years for LA and 4.25 years for LFP. Although the
average temperature in Manaus is similar to that in Salvador,
the number of battery cycles is significantly higher. Under
these conditions, LFP batteries exhibit superior resilience as
a result of their superior cycle performance. However, the
annual maintenance cost for LA remains 98.00 BRL, which
is lower than the 204.60 BRL required for LFP.

An analysis including all cities listed in Table [3] is pre-
sented in Figure [§] The annual upkeep costs for each battery
technology are compared, along with the ratio among them.
Although the cost of LFP batteries is 5.9 times higher than
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FIGURE 6. Lifetime prediction for the city of Salvador. (a) LA batteries. (b)
LFP batteries.

LA, when considering the upkeep, the difference reduces to
a value between 2 and 2.5, depending on the location.

The previous analysis was conducted assuming fresh (SoH
= 100%) batteries. For a battery with an unknown SoH, its
current degradation can be mapped to the calendar aging
curve using the equation (3). The SoH required can be deter-
mined by measuring SoH through ampere-hour integration,
as detailed in Section [T} Subsequently, the current Dy is
located in the curves derived from equations (8)) through (12)),
based on the expected temperature and discharge profile.

For example, based on the degradation predictions illus-
trated in Figure [f] the remaining lifetime can be easily
determined through a SOH measurement. Assuming a SoH
identification rate of 90% for both batteries, the projected
remaining lifetime is approximately 4 months for LA bat-
teries and approximately 3 years and 9 months for LFP
batteries. The comparative analysis of the results underscores

20

15 +

10

Health damage (%)

0 0.5 1 1.5 2 25

Time (years)

(a)

Health damage (%)

Time (years)

(b)

FIGURE 7. Lifetime prediction for the city of Manaus. (a) LA batteries. (b)
LFP batteries.

the technological superiority of LFP batteries in terms of
lifetime.

VL. CONCLUSION

In this work, an event-oriented method for predicting battery
lifetime was presented. Its accuracy is supported by the veri-
fication of the state-of-health of the battery, which is feasible
after each discharge with constant load. In addition, the post-
processing attributes of the event-oriented method have been
improved. Furthermore, the methods are compatible with
the SOHO UPS application, which demonstrates particular
discharge characteristics.

The proposed methods offer significant utility for pro-
fessional designers and engineers due to their simplicity
and exclusive dependence on manufacturer-provided data,
thereby eliminating the need for comprehensive laboratory
testing and characterization of batteries. In addition, its cost
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effectiveness, stemming from the absence of requirements
for advanced microprocessors, supplementary circuits, or ad-
ditional measurements, enhances the market competitiveness
of the case study UPS product.

An analysis of upkeep costs was conducted to compare the
two prevailing battery technologies utilized in UPS products,
lead-acid and lithium-iron phosphate. The findings indicate
that although the latter exhibits superior performance, current
pricing allows lead-acid batteries to maintain an economic
advantage in terms of replacement costs. For batteries with
equivalent voltage and ampere-hour ratings, the cost disparity
between the two technologies is a factor of 5.9. However,
when considering annual upkeep expenses, this disparity
decreases to a range of 2 to 2.5, depending on the location.
This difference is expected to decrease further as the market
for lithium-iron phosphate batteries in UPS applications
continues to grow.
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