Direct Comparison of State-of-Charge and State-of-
Energy Metrics for Li-lon Battery Energy Storage

Abstract—This paper presents a direct experimental evaluation of differences between state-of-charge
(SOC) and state-of-energy (SOE) metrics for lithium-ion storage batteries. This paper first investigates the
SOC-SOE metric differences for single constant-current-constant-voltage (CCCV) cycles under room
temperature (25°C) conditions to understand the significance of incorporating voltage into the SOE metric.
Experimental results show that the SOC-SOE difference values are a function of C-Rate, where larger C-Rates
result in larger metric differences. This investigation has also shown that lower ambient temperatures increase
the SOC-SOE difference values, mirroring the effects of temperature on battery voltage. Finally, tests
investigating the effects of battery aging on these metrics indicate that the SOC-SOE difference values increase
as the batteries age, suggesting that the SOC-SOE difference variable holds potential for use in state-of-health
estimation.

Keywords—State-of-charge, state-of-energy, Lithium-lon battery, operating temperature, battery aging,
degradation

I. INTRODUCTION

All applications ranging from consumer electronics to electric vehicles that operate using lithium-ion
battery energy storage need a means to track and report the current state of the battery to maximize the
application performance. State-of-Charge (SOC) is the dominant metric used in EVs as an equivalent fuel
gauge for range prediction, as well as for insuring safe operation of the batteries [1], [2]. In its simplest form,
SOC is the integral of the battery current normalized by the battery system’s rated charge capacity that
represents the battery system’s remaining capacity as a percentage value. SOC has been a popular research
topic for many years as the demand for longer battery system operation and higher reliability has become
increasingly important. In its simplest form, SOC can be tracked by calculating the current integral in real-
time, but alternative methods for SOC estimation have been proposed and evaluated as well [3]-[5].

The most common method for SOC estimation is Coulomb Counting (or Ah Counting) based on accurate
current integration. However, basic coulomb counting lacks adaptability for battery aging (e.g., State-of-
Health), ambient temperature, or the discharging rate efficiency [3]. Due to these issues, academia and
industry have focused significant efforts to develop enhanced SOC estimation methods that take one or more
of these factors into account. Equivalent circuit modeling for SOC estimation has been heavily investigated
as a means of error reduction by taking temperature effects into account [4], [6], [7]. Until recently, research
has focused on methods to reduce the SOC metric error rather than finding new metrics/methods that
fundamentally take these factors into account. State-of-Energy (SOE) was introduced as a metric that could
potentially rival SOC as a means to estimate battery states in applications [8]. SOE is a metric that bears
some similarities to SOC, but instead of integrating the current alone, the SOE metric uses a power integral
that incorporates the battery voltage into the integrand. Since temperature, aging, and discharge rate are
reflected in the battery voltage behavior, incorporating the voltage into the SOE metric suggests that it could
be employed to better monitor and manage the battery system’s energy than SOC [9], [10].

Although SOE has not been investigated as extensively as SOC, research has been conducted during the
past few years to better understand how this metric behaves. Established methods for SOC tracking were
adapted for use with the new SOE metric, such as online estimation methods with equivalent circuit
modeling, as well as understanding how the SOE metric behaves with varying discharge rates [11], [12].
While research has been conducted to understand how the online estimation of SOE can be performed, little
effort has been devoted to explaining where the differences between the SOC and SOE metrics lie. The
purpose of this research is to conduct controlled experiments that directly compare the SOC and SOE metrics
for lithium-ion batteries in order to improve our understanding of how these metrics perform. Very
importantly, effort has been devoted to understanding how the SOE metric is influenced by combinations of
factors including discharge rate, ambient temperature, and battery aging. Revealing how SOC and SOE differ
is crucial to understanding whether SOE is viable and appealing as a replacement method for SOC.
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Fig. 1. Experimental results for the room temperature (25°) Fig. 2. Experimental values for the
study, where: (a) shows the voltage and current profiles vs. time,  ASOCSOE difference metric derived from the

and (b) shows the SOC and SOE metric results for these tests. room temperature test results in Fig. 1. Error

Average values for 5 cells are plotted, with error bands included bars are included as black horizontal lines.
as black horizontal lines.

Section II defines the methods for calculating both SOC and SOE that are used during the experiments
presented in Section III. In Section III, experimental results are presented for a Constant-Current-Constant-
Voltage (CCCV) discharge test protocol carried out at room temperature (25°C) to understand how the metric
results differ over a complete discharge range extending up to full (100%) Depth-of-Discharge (DOD).
Results are next presented for experiments that were conducted to understand how the SOC-SOE metric
differences are influenced by important factors such as ambient temperature, discharge current-rate (C-Rate),
and battery aging. Section IV summarizes the key results and conclusions derived from this investigation.

II. DERIVATION OF SOC AND SOE METRICS

The SOC metric is calculated using (1) by integrating the battery terminal current and normalizing by the
rated capacity C, to form a dimensionless percentage value. The SOE metric is evaluated in a similar fashion
as the SOC using (2), where SOE integrates the battery power by forming the product of the instantaneous
battery current and voltage, and then converting this integral into a percentage by normalizing using the rated
battery energy E.,.
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In both (1) and (2), 1., in the integrand represents the battery’s coulombic efficiency, and it has been neglected
in this investigation (i.e., 7, = 1) in order to focus attention more directly on the difference between the SOC and
SOE metrics caused by incorporating the battery voltage into the SOE integration. Since the battery voltage reacts
to the discharge rate, ambient temperature, this project was designed to investigate whether the SOE metric is
better adapted to capturing the impact of these factors than the SOC which is insensitive to these factors without
adopting a more complicated version of the SOC metric.
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III. EXPERIMENTAL EVALUATION OF METRIC DIFFERENCES

All experiments in this project were performed using the same type of nominally-rated 5.8Ah prismatic
lithium-ion cell. A Digatron battery testing system was used to charge/discharge the batteries that were placed in
thermal chambers to control their ambient temperatures during the experiments [13].

A. Single Discharge Event Comparison

The first experiment conducted was a constant-current-constant-voltage (CCCV) discharge event at room
temperature. This experiment used 5 cells, with 3 CCCV cycles performed for each cell, yielding average and
standard deviation values that provide the basis for test results presented in this digest. The error bands are
included in Fig. 1 and Fig. 2, indicating that the standard deviation is small. The error bands are comparably
narrow for all of the remaining tests conducted during this study, so they are not included in the remaining figures
in this digest.



Fig. 1 shows the results for the room temperature CCCV test protocol, where (a) shows the voltage and
current profiles for each of the four C-Rate values tested, and (b) shows the SOC and SOE metric results for
the experiment when utilizing (1) and (2), respectively. Since the difference between the SOC and SOE
values are difficult to determine from these waveforms, a new variable ASOCSOE was defined (3) to form
the difference between the SOC and SOE values at each time instant. The resulting values of ASOCSOE for
each of the four C-Rates are plotted in Fig. 2 to highlight the SOC-SOE metric differences during the CCCV
tests at room temperature.

ASOCSOE[k] = SOC[k] — SOE[k] (3)

Examining the results in Fig. 2, three significant observations can be made. First, it is interesting to note
that the peak value of the SOC-SOE difference variable always occurs at approximately the midway point
of each CCCV test. Second, the peak value of SOC-SOE differences increases with higher C-Rates. Third,
the metric differences are always positive, meaning that the SOE value is always less than or equal to the
SOC throughout each test. This third point implies that if any application sets the same lower limit on the
SOC and SOE values (i.e., a maximum limit on the depth-of-discharge (DOD)), the SOE will reach the lower
limit before the SOC. Since the SOE metric takes the battery voltage into account while SOC does not, this
raises questions about whether the SOC-SOE difference variable might provide useful information about
battery aging. This topic is addressed later in this digest in Section C.

B. Discharge Event Metric Differences at Various Ambient Temperatures

A series of experiments was carried out to evaluate the impact of the ambient temperature on the SOC-
SOE metric differences. This experiment used 5 cells, with 3 CCCV cycles performed on each cell at the

three ambient temperatures that were tested (10°C, 25°C, 45°C). The average values for each cell are plotted
in Fig. 3. As noted earlier, no error bands are included because they are so narrow.
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Fig. 3 Experimental results for the ambient temperature study, where (a) shows the voltage and current profiles
vs. time and temperature, and (b) shows the ASOCSOE discharge profile as a function of time and temperature.

Fig. 3 shows the experimental results from these tests, where Fig. 3(a) shows the voltage and current
profiles for all three temperatures. Fig. 3(b) shows the SOC-SOE difference variable ASOCSOE for the
three ambient temperatures. Consistent with the 25°C results, the SOC-SOE differences increase as the C-
Rate increases for both the higher and lower temperatures as well. However, these tests also show that the
amplitude of ASOCSOE for each of the C-Rates increases as the ambient temperature is reduced. Closer
examination of the SOC and SOE results from these tests reveals that changes in the SOE are predominantly
responsible for these ASOCSOE difference trends because of the well-known sensitivity of the battery
voltage to temperature which directly affects the difference between the calculated SOE and SOC values in
(1) and (2). In fact, the increase in the ASOCSOE amplitude as the temperature decreases mirrors the
increasing drop in the battery terminal voltage at a given C-Rate as the temperature is reduced.
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Fig. 4. Experimental results for the battery aging study carried out at 25°C where: (a) shows the battery
capacity as a function of cycle for each of the two studied C-Rates in the upper plot, and the voltage profile as a
function of time and cycle number in the lower plot, and (b) shows the ASOCSOE difference discharge profile as
a function of time and cycle number for the two C-Rates.

C. Impact of Battery Aging on SOC-SOE Difference

Extending the analysis beyond temperature and C-Rate dependence, the next step in the investigation was
to study how the SOC-SOE differences behave as a battery ages. For this experiment, 3 fresh batteries of the
same type used in the preceding tests were subjected to controlled aging tests at two C-Rates (2C, and 5C),
conducted at room temperature (25°C). The aging tests consist of continuous cycling through the CCCV
protocol. The capacity was tracked via the Digatron testing system, which uses a current integral evaluating
at every sampling time within the system. Extraction of the individual capacity discharged in each cycle
provided the capacity tracking used to monitor the battery aging.

Fig. 4(a) shows both the measured battery capacity vs. test cycle number, and the measured voltage
profile vs. time as a function of the cycle number for both C-Rates. The measured capacity values provide a
convenient means of tracking the battery aging process and detecting when they each reached their failure
thresholds, defined to be 80% of their initial measured Amp-hour capacities (= 0.8*%5.8 = 4.6 Ah). The
voltage profile as a function of cycle can be used to observe the transition times between constant-current
and constant-voltage operation for each CCCV cycle. Fig. 4(b) plots ASOCSOE variable as a function of
cycle for both C-Rates. As observed previously, the peak value of this difference variable increases with the
C-Rate. However, this test also shows that that the peak value of ASOCSOE increases vs. the cycle number
as the battery is aged for both C-Rates. It is important to note that the peak value of ASOCSOE changes more
significantly during the first 100 cycles than during the remainder of the experiment. This can be attributed
to the initial formation of the battery which is a well-known phenomenon for these batteries [14].

Understanding how the SOC-SOE metric difference behaves as the battery ages is critical to determining
whether SOE shows any potential as a tracking method for Li-ion battery aging in battery system
applications. Fig 4(b) exhibits a gradual and near-linear increase in the peak ASOCSOE value for a given
C-Rate and temperature. This suggests that, rather than depending on the SOC metric alone, a battery
management system (BMS) could benefit from tracking both SOC and SOE and the difference between
them. By tracking the ASOCSOE, the peak value of this difference variable could be calculated during
discharge events to aid in determining the state-of-health (SOH) of the battery cells. An attractive feature of
this proposed technique is that all of the sensors needed to calculate the SOE and ASOCSOE (i.e., individual
battery cell voltage, battery current, battery temperature) are already available in commercial Li-ion battery
systems.



IV. CONCLUSIONS

The results of this study provide clear evidence that the SOC and SOE metrics for lithium-ion batteries
behave differently during simple charge/discharge tests because of the presence of the battery voltage in the
integrand of the SOE metric. Attention has been focused specifically on the differences between the SOC
and SOE metrics by forming the ASOCSOE difference variable, revealing features and trends that have not
been previously discussed in the literature. Summarizing, the experimental tests have shown that the peak
value of the ASOCSOE difference variable during CCCV discharge increases as the C-Rate is increased or
the battery ambient temperature is reduced.

The results of these tests raise the possibility that monitoring the SOE during battery operation in
depletion-mode applications and using a lower-limit SOE threshold value for shutdown might be a more
accurate way of evaluating the battery’s true discharge state since, unlike SOC, the SOE variable incorporates
the effects of voltage changes directly into its instantaneous value. In addition, aging tests revealed that the
peak ASOCSOE difference for a given C-Rate and ambient temperature increases almost linearly as the
battery ages, suggesting possibilities for its use in SOH monitors.

More detailed test results and discussion about the differences between SOC and SOE metrics will be
included in the final paper.
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