
Journal of Energy Storage 43 (2021) 103185

Available online 13 September 2021
2352-152X/© 2021 Elsevier Ltd. All rights reserved.

Performance modeling of unmanaged hybrid battery/supercapacitor 
energy storage systems 

Mohammed Ahmed Zabara, Can Berk Uzundal 1, Burak Ülgüt * 

Department of Chemistry, Bilkent University, Ankara, Turkey   

A R T I C L E  I N F O   

Keywords: 
Hybrid Battery/Supercapacitor Systems 
Parallel Connection 
Current Distribution 
Current Profiles 
Electrochemical Impedance Spectroscopy 

A B S T R A C T   

Unmanaged hybrid battery/supercapacitor energy storage systems possess higher performance with lower cost 
and complexity compared to not only individual cells, but also electronically managed hybrid systems. Achieving 
full performance requires the understanding of the power distribution and predicting their best combinations. In 
this work, a semi-empirical modeling methodology is presented that can predict the current distribution and the 
voltage response of battery/supercapacitor hybrid systems under arbitrary charge/discharge profiles. Results are 
presented for the assessment of hybrid systems under real life scenarios. The key strength of the presented 
method is that it is free of any parametrization, fits or subjective inputs. The modeling methodology is validated 
with experimental measurements for two different Li-ion battery chemistries, namely Lithium Iron Phosphate 
and Lithium Vanadium Pentoxide, connected in parallel to wide range of supercapacitors. Finally, we outline 
several design rules for hybrid storage systems for different use cases.   

1. Introduction 

High-performance electrochemical energy storage systems which 
can store large amount of energy (high-energy-density) and charge/ 
discharge rapidly (high-power-density) are in great demand [1,2]. 
Lithium-ion (Li-ion) batteries are considered the state-of-the-art elec-
trochemical energy storage devices used widely in transportation, 
electronics and stationary applications. However, due to limitations of 
the underlying electrochemical properties, they suffer from capacity 
degradation and reduced cycle life if used under high power density 
conditions [2,3]. Supercapacitors on the other hand, possess high power 
density with 10-times larger cycle life than Li-ion batteries. However, 
their energy density is low and are much smaller than Li-ion batteries [4, 
5]. 

To obtain high energy together with high power densities, hybridi-
zation of Li-ion batteries with supercapacitor through parallel connec-
tion has been proposed in the literature [6,7]. Hybridization offers the 
advantages of both devices and mitigates the negative effects of quick 
changes or high levels of charge and/or discharge of the 
high-power-density applications [8–10]. The parallel connection of 
Li-ion battery to a supercapacitor allows the current to be distributed 

among both devices and the voltage on the terminals to be equal [6]. 
In the literature, aiming for an increase in battery/supercapacitor 

performance, various studies proposed the use of converters and control 
circuits to manage the current distribution among the components of the 
hybrid systems [11–14]. This severely limits the application for not only 
the reason of added cost, but also due to the reduction in reliability and 
durability [8]. Unmanaged hybrid systems are the better configuration 
of hybridization for maximized performance tailor-made for given use 
cases. Achieving their full performance requires understanding of the 
power distribution under various conditions and combinations. This 
requires an accurate performance modeling methodology which can 
assess their performance in realistic scenarios and predict the best 
combination of batteries and supercapacitor tailored to the application. 

Typically, energy storage systems are assessed through power and 
energy density comparisons measured under constant current2 which 
are good for standardization but not practical for realistic estimations 
[15–17]. Different applications require assessing the performance dur-
ing tailored charge and discharge sequences of varying depths and rates. 
Proper analysis involves much more than a capacity comparison for 
hybrid systems, since the details of cell resistance and capacitance play a 
huge role in how the system behaves under arbitrary charge/discharge 
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scenarios [18–20]. For example, in the automotive industry, a typical 
automobile performance has to be simulated for well above a couple 
hundred drive cycles in the design phase [21]. This undoubtedly in-
cludes the simulation of the energy storage system. 

In the literature, the performance of unmanaged hybrid systems was 
simulated by means of equivalent circuit models where a combination of 
voltage source, resistors, and capacitors are used for the simulation [6,8, 
15]. In these studies, Ragone plots were implemented to evaluate their 
performance under pulse discharge current. As another approach, Sikha 
et al. presented a one-dimensional mathematical model for the simula-
tion of Li-ion and 10F system under pulse current profile [22]. The study 
also used Ragone plots for the comparison of the energy densities of the 
systems before and after the hybridization. However, the presented 
modeling studies did not provide a comparison for hybrid systems under 
real life scenarios with application oriented current profiles. Moreover, 
the equivalent circuit models are dependent on the subjective inputs in 
its parameter determination [23,24]. The strength of any modeling 
method relies on its good agreement with the experimental measure-
ment and in minimizing the number of free parameters. Therefore, there 
is a need for a modeling methodology that can accurately predict the 
performance of battery/supercapacitor hybrid systems under real life 
scenarios and employs objective approaches that don’t require human 
interpretation. 

In this work, we introduce a semi-empirical modeling methodology 
which can predict the current distribution and the voltage response of 
arbitrarily chosen hybrid systems under arbitrary charge/discharge 
profiles. We present the results of our method validated with experi-
mental measurements for assessment of two different Li-ion battery/ 
supercapacitor hybrid systems under real life scenarios. We further show 
optimization parameters for predicting the best combinations for the 
demanded attributes in given applications. The key strength of this 
method is that it is free of any parametrization, fits or subjective inputs. 
With two measured inputs, namely the impedance spectrum and equi-
librium charge/voltage lookup table employed directly, current distri-
bution and the voltage of the hybrid system are calculated under 
arbitrary current profiles. Lithium Iron Phosphate (LFP) and Lithium 
Vanadium Pentoxide (LVO) batteries were hybridized with different 
supercapacitors ranging from 10mF to 500F. The simulated results 
showed good agreement with the experimental measurements with 
proportional errors of less than 1% in most cases. 

2. Modeling algorithm 

To obtain the current distribution and the voltage response of a 
battery/supercapacitor hybrid system, we employed an extension of our 
previously published algorithm [18]. The algorithm was able to accu-
rately model the voltage response of single cells of primary and sec-
ondary batteries as well as supercapacitors [18,25,26]. In the current 
work, to accurately model current distributions across hybrid systems, a 
Differential Evolution (DE) algorithm is incorporated to iteratively 
optimize the current distribution for hybrid systems. DE is chosen 
because of its ability to solve non-differentiable functions by its sto-
chastic direct search and its convergence properties [27]. 

2.1. Differential evolution algorithm for current distribution optimization 

The DE routine finds the optimal current across each energy storage 
device under two constraints. The first is, as hybrid storage devices are 
connected in parallel, the sum of currents across the individual arms 
needs to be equal to the total current passing through the stack. The total 
current is the current applied to the hybrid system for the tailored 
application. The second is, the voltages of the individual arms are always 
required to be equal. The voltage here is calculated utilizing the elec-
trochemical impedance of the components which is explained in zero- 
free-parameter voltage calculation section. 

DE utilizes D-dimensional parameter vectors as a population of 

individuals for each generation. In our case, the components of the 
vectors are the currents passing through each component Ibattery and 
Isupercapacitor. 

The two constraints are implemented as follows: 
For the current restraint, the current through the supercapacitor is 

defined as the total current minus the current through the battery at 
every point. This decreases the number of parameters to be optimized, 
while also maintaining the constraint. 

Isupercapacitor[t] = Itotal[t] − Ibattery[t] (1)    

- The voltage constraint is used as the cost function to be minimized. 
That is: 

Cost Function =
∑

t

⃒
⃒ Ebattery[t] − Escapacitor[t]

⃒
⃒ (2)   

The details for the DE method are summarized in supplementary 
materials (SM1). 

2.2. Zero-free-parameter voltage calculation 

To obtain the voltage response of the hybrid components, zero-free- 
parameter method is used which provided accurate results for single 
cells [18]. The main computation is in obtaining the voltage of each 
hybrid device at the frequency domain based on Ohm’s law using the 
Electrochemical Impedance Spectroscopy (EIS) data: 

E
′

i(f ) = Ii(f ) × Zi(f ) (3) 

Where Zi(f) is the impedance of the device (i), which can be a battery 
or a supercapacitor, obtained from the EIS measurement at the corre-
sponding frequencies and Ii(f) is the current values of the applied cur-
rent profile in the frequency domain obtained from the Fourier 
transform of the chosen current profile for specific application: 

I(t) ⇒FFT I(f ) (4) 

The calculated voltage response is then converted from the frequency 
domain to the time domain using inverse Fourier transform: 

E′

i(f )⇒iFFT E′

i(t) (5) 

The final step is to add the equilibrium charge/voltage values Ei(Q)

which are obtained from look up tables collected for each system. The 
final result is the voltage at the State-of-Charge of the component: 

E′

i(t) + Ei(Q) = Ei(t) (6) 

This method is used to calculate the total voltage of the hybrid sys-
tem which is used for predicting the current distribution among the 
hybrid components. There exists a difference between the total 
measured voltage of the measurement set-up and the terminal voltage of 
the components. This difference is related to the stray resistance which is 
the resistance of the current at paths of the measurement set-up. To 
compensate for this voltage difference, we have measured the EIS of 
each component at the terminals and while connected to the measure-
ment set-up which included the stray resistance. For calculation of the 
total voltage of the hybrid system, the EIS data of the component with 
the stray resistances were used. 

2.3. Current profiles 

Three current profiles were chosen to test the modeling method with 
three distinct charge/discharge scenarios. The first scenario is a slow 
charge/discharge which is named as profile-1. The profile demonstrates 
the slow response to current depths of fixed time periods. The slow 
profile is specifically picked to test our methodology since long plateaus 
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are the toughest for our algorithm [25]. The second scenario is a 
fast-fluctuating profile demonstrating the fast response of the system at 
various current depths which is named as profile-2. This profile was 
obtained from Worldwide Harmonized Light Vehicle duty cycle pub-
lished by United Nations Economic Commission for Europe [28]. The 
third scenario is a charge/discharge square wave which was used to 
study the symmetric response of the hybrid systems while further 
straining our algorithm. The three profiles are shown inFig. 2. For 
LFP/Supercapacitor systems the current amplitude was adjusted to 
range between 0.5C to 2C for profile-1 and maximum of 1C for profile-2. 
For LVO/Capacitor systems the maximum current was adjusted not to 
exceed 1.5C for both profiles. 

3. Experimental 

3.1. Batteries and supercapacitors 

Modeling methodology was tested for two hybrid systems with two 
Li-ion chemistries and wide range of supercapacitors. The systems and 
their parameters are as follow: 

LFP/Supercapacitor - Lithium Iron Phosphate (LFP) 18650 size bat-
tery with 1500mAh capacity and 3.2 V nominal voltage was used at 
100% State-of-Charge. The cell was connected to supercapacitor with 1, 
10, 25, 100 and 400F. The maximum voltage of the supercapacitor was 
2.7V which is lower than the voltage of the LFP. To increase the voltage 
of the supercapacitor, we connected two identical supercapacitors in 
series which resulted in increasing the maximum voltage to 5.2V. 
However, the series connection resulted in decreasing the capacitance of 
the identical supercapacitor to half. As a result, LFP/0.5, 5, 12, 50, 200F 
systems were studied. 

LVO/Capacitor - Lithium Vanadium Pentoxide (LVO) coin battery 
with 20mAh capacity and 3.0 V nominal voltage at 100% State-of- 
Charge. LVO cell was connected to capacitors with 10mF and 20mF 
capacitance. The maximum voltage of these capacitors was 6.3V. 

Fig. 1. An overview of the performance modeling methodology of battery/supercapacitor hybrid system under arbitrary load/charge profile. First the current 
distribution and the voltage response are predicted from Electrochemical Impedance spectrum and equilibrium charge/voltage lookup tables then performance 
parameters are obtained to determine the best combination of battery/supercapacitor hybrid system 

Fig. 2. Current profiles applied to study the performance of the hybrid systems 
(a) Slow charge/discharge (Profile-1), (b) Fast-fluctuating (Profile-2), (c) 
Charge/discharge square wave 
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3.2. Electrochemical measurements 

3.2.1. Electrochemical impedance spectroscopy 
EIS data of the batteries and the supercapacitors were obtained in 

potentiostatic mode using Gamry Interface 5000. The measurement 
script was adjusted to obtain the linearly spaced EIS spectra with the 
user defined parameters. In a typical measurement, excitation ampli-
tudes of 5mV were applied between 50 and 0.2 Hz with 0.2 Hz sampling. 
EIS data are shown in supplementary materials (SM2). 

3.2.2. EIS simulations 
EIS data was simulated for supercapacitors with capacitance ranging 

from 1F to 500F using a transmission line model (Bisquert Open) [29]. 
For a given intended capacitance, the transmission line model had two 
input parameters which are, the solution resistance Ru, and the series 
pore resistance Rm. The EIS data of 1, 10, 25, 100 and 400F super-
capacitors were used to parametrize the transmission line model. This 
parametrized model was used to determine the appropriate values of Ru 
and Rm for the EIS simulations. The Transmission Line model and the 
fitted parameters are shown in supplementary materials (SM3). 

3.2.3. Charge/voltage maps 
The voltage behavior vs. charge maps were obtained by charging 

each device at low currents. LFP was charged with 1mA from 2.8 to 
3.8V. LVO was charged with 500µA from 2.4 to 3.4V. Supercapacitors 
with capacitance from 0.5 to 200F were charged with 1mA and with 
capacitances between 10mF to 100mF by 100µA. 

The charge/voltage map for simulated supercapacitors was calcu-
lated using: 

V =
Q
C

(7) 

Where V is the supercapacitor’s potential in Volts, Q is the charge in 
Coulomb and C is the capacitance in Farads. The voltage of the super-
capacitor at Q = 0 was assigned to the Open Circuit Potential of the 
hybrid system which correspond to the zero current in the applied 
current profiles. 

3.3. Measurement set-up 

To validate the predicted current distribution and voltage response 
obtained by the modeling method, we constructed a measurement set- 
up. The setup can simultaneously measure the individual currents 
passing over the hybrid devices and the voltage at their terminals. The 
current measurements were done using Hall effect transducers to 
circumvent the added impedance of shunt resistors. Given the resistance 
of an energy storage device (~mΩ), the added shunt resistance in series 
to an energy storage device would dominate the measured response. 
Further, as the current levels investigated approaches greater than 1 A, 
the resistance of the shunt resistor is liable to thermal drifts. The circuit 
for the current measurement is provided in supplementary materials 
(SM4). The voltages from the current sensors and the voltages at the 
terminals of the hybrid components were measured using a DAC (NI 
USB-6229). The DAC was controlled with Python 3.5 using the NI- 
DAQmx package under Scientific Python Developing Environment 
(Spyder 2.3.5.2) [30,31]. The current profiles were applied to the hybrid 
systems connected to the measurement set-up by Gamry Interface 5000. 
An in-house written script was used to apply the current values of the 
intended profiles at the specifies sampling rate. The details regarding the 
data acquisition system are provided in supplementary materials (SM4). 

4. Results and discussion 

The developed method was first validated with experimental mea-
surements for two Li-ion battery/Supercapacitor systems under profile-1 
and profile-2. For these systems the EIS and charge/voltage 

measurement inputs were obtained experimentally. Here, we will first 
show the accuracy of the modeling method compared to experimental 
measurements. Then results from simulated supercapacitor systems are 
shown followed by our suggestions for optimal performance under 
various use-cases for the hybrid devices. 

4.1. Hybrid LFP-supercapacitor systems 

In Fig. 3, the overlay of simulated and experimentally measured 
current distribution and voltage responses of hybrid LFP/supercapacitor 
with 0.5F and 200F systems are shown. The proportional error plots are 
provided in supplementary materials (Fig. SM7). Simulations for 
different systems are also shown in supplementary materials (Fig. SM6). 
As can be seen, the simulations and the experimentally measured data 
agree within 2% in all cases and 1% in majority of the cases. The 
agreement between the experimentally measured and the simulated 
results in both profiles demonstrates the high accuracy of the method to 
predict the current distribution and to determine the voltage response of 
the LFP/supercapacitor systems. 

4.2. Hybrid LVO-capacitor systems 

The method was also successful in predicting the current distribution 
and the voltage response of small capacity hybrid systems but with 
higher proportional percent error. In Fig. 4. the overlay of simulated and 
experimentally measured results of parallel-connected Lithium Vana-
dium Pentoxide (LVO) battery and two capacitors (10mF, 20mF) are 
shown. The percent proportional errors are shown in Fig. SM8 in sup-
plementary material. The raise in the percent error is due to the decrease 
in the device’s capacity and the amplitudes of the current applied [32]. 

4.3. Hybrid battery/supercapacitor systems with simulated EIS for 
supercapacitors 

Having demonstrated the high accuracy of the developed method-
ology, we set out to investigate simulated hybrid systems. In Fig. 5(a) 
simulations for square wave profile for LFP and simulated super-
capacitors hybrid systems are shown. The simple square wave profile 
helps in visualizing the effect of capacitance on the current distribution 
and the voltage response of LFP/supercapacitor hybrid systems. For the 
charging pulse, the current is passing heavily through the LFP when 
hybridized with 5 and 10 F. The charging pulse is almost shared equally 
at 50F and then is mostly passing through 100 and 500F. In all systems 
the take-off current is shared by both LFP and the supercapacitors. 
Progressing through the pulse, the current passing through the super-
capacitor arm decreases at 5 and 10F while the current passing through 
the LFP increases. This is due to the low capacity of 5 and 10F super-
capacitors at this current level. When hybridized with higher capaci-
tances (50, 100 and 500F), the take-off current favors the 
supercapacitor. The current over the supercapacitor arm also remains 
higher than the LFP arm. The current over the supercapacitors decrease 
over time for 50 and 100F but is almost constant for 500F. The above 
observations are consistent with the increase in the capacitance of the 
supercapacitors. It is important to note that although there is a large 
increase in the capacitance going from 100 to 500F there is no big in-
crease in the current passing through the supercapacitor. In this case the 
current is limited by the impedance of the supercapacitors and the stray 
resistance. 

The discharge pulse is applied directly after the charging pulse. At 
the current jump, from 2A to -2A, the current is mostly drawn from the 
supercapacitors. The current over the supercapacitors then decreases for 
5 and 10F and is overtaken by the LFP while the current over the 
supercapacitor remains higher for 50, 100 and 500F at all times. After 
the pulse, although the total current is zero, the LFP charges the 5 and 
10F supercapacitors to reach equilibrium which is not observed for 
higher capacitances 100 and 500F. 
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The voltage response of the system displays a decrease in the pulse 
amplitudes as the capacitance increases. This is related to the decrease in 
impedance as the capacitance increases. The shape of the voltage 
response to the current pulse also varies where it shows an increase in 
voltage at charge and a decrease at discharge for 5, 10 and 50F and 
almost stays at constant voltage for higher capacitances. 

4.4. Performance parameters 

The performance of the hybrid system varies with changing the 
capacitance. To facilitate the assessment of their performance, we 
assigned performance parameters which provide information to best 
combine and optimize the hybrid systems. We define the metrics to be 
used to evaluate the hybrid systems as follows:  

• Peak Current is the maximum current that passes through the battery 
and the supercapacitor.  

• Average Power Distribution defined as the sum of the power through 
the applied current profile divided by the number of sampling points. 

P̂ =

∑n
i=1Pi

n
(8)  

where Pi = Ei × Ii (9)  
• Total Charge Distribution defined as the sum of the charges obtained 

from the integration of the current distribution through time. 

QT =

∫ t

0
I(t)dt (10)    

• Total Energy obtained from the integration of the total power through 
the time of the current profile applied. 

ET =

∫ t

0
P(t)dt (11)   

The trends in these metrics vs. the capacitance can be used to un-
derstand the systems performance. These trends can also be used to find 
tailored hybrid systems for various use cases (as demonstrated by their 
unique current profiles). Fig. 5 (b) shows the extracted performance 
metrics for LFP/Supercapacitor (5,10, 50, 100 and 500F) hybrid systems 
under the square wave profile shown in Fig. 6(a). The trends are as 
follows: 

Peak Current _ Although the pulse was applied for 2.5 seconds, we can 
assign the peak current as the maximum point reached by the current of 
each system. Taking this into consideration, we can see that the peak 
current decreases for the LFP and increases for the supercapacitor from 5 
to 50F. It then remains constant with increasing the capacitance. This is 
related to the stray impedance of the hybrid system. 

Average Power Distribution and Total Charge Distribution _ Evaluating 
the total charge and the average power provides clearer trends as the 
capacitance increases. The charge and the average power distribution 
increase for the supercapacitor matched with a decrease in the LFP by 
increasing the capacitance. However, the increase is non-linear in which 
it flattens after 50F. 

Total Energy _ The total energy distribution shows the sum of the 
energy from the two pulses. It shows positive values when any compo-
nent charges and negative if it discharges. The total energy shows pos-
itive values for the LFP with a decreasing value as the capacitance 

Fig. 3. Overlays of simulated and experimentally measured current distributions and voltage responses for parallel-connected Lithium Iron Phosphate (LFP) battery 
and supercapacitors of 0.5F and 200F under profile-1 (top) and profile-2 (bottom). In the current response, black lines represent the total applied current, blue lines 
are the current passing through the LFP and the red lines are for the supercapacitor. Voltage response shows the measured voltage in green lines and the simulated 
voltage in red and blue lines resulting from the applied current profile. 
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Fig. 4. Overlays of simulated and experimentally measured current distribution and voltage response of Lithium Vanadium Pentoxide (LVO) battery and 10mF and 
20mF capacitors under current profile-1(top) and profile-2(bottom). 

Fig. 5. (a) Simulated current distribution and the voltage response of LFP and simulated supercapacitor (5F, 10F, 50F, 100F and 500F) hybrid system under a square 
wave profile of 2A followed by -2A current pulses. Performance parameters: Peak Current, Total Charge, Average Power, and Total Energy for the simulated systems 
under (b) Total square wave profile, (c) Charging pulse, (d) Discharge pulse. 
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increases. In the case of the supercapacitors, it discharges at 5, 10 and 
50F with decrease in the total energy and charges at 500F with zero total 
energy at 100F. 

Performance parameters are also analyzed separately for the charge 
and the discharge pulse shown in Fig. 5(c and d). Benefits of unmanaged 
hybridization in providing rapid response and protecting the battery at 
such fast changes is observed at the discharged pulse where the current 
jump from 2A to -2A is taking place. Supercapacitor is clearly acting as a 
buffer and protects the battery from the fast change in the current. In the 
charging pulse both the battery and the supercapacitor almost share the 
charge, power and energy equally at around 50F but at the discharge 

pulse, due to the fast change, supercapacitor is more effective even at 
lower capacitances. 

The analysis is done for the other profiles which represent real life 
scenario applications with the profiles shown previously for profile-1 
and 2. In Fig. 6 and 7. we show examples of parameter analyses for 
the entire profiles and from specific regions. Parameters calculated using 
the entire profile show complex trends due to the summation over 
various current depths and rates. However, analysis of sub-regions 
provides intuitive trends to understand the behavior of the systems. 

Peak Current _ Peak current passing through the LFP decreased by 
increasing capacitance of the parallel connected supercapacitor. The 

Fig. 6. (a) Current profile-1, Performance parameters: Peak Current, Total Charge, Average Power, and Total Energy for different LFP-0.5, 5, 12, 50 and 200F 
systems for (b) All the profile, (c) First region, (d) Second region 

Fig. 7. (a) current profile-2, Performance parameters: Peak Current, Total Charge, Average Power, and Total Energy for different LFP-0.5, 5, 12, 50 and 200F systems 
for (b) All the profile, (c) First region, (d) Second region 
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lower peak current is preferred for batteries. A hybrid system with a 
large enough supercapacitor is expected to result in a longer cycle life for 
the battery by avoiding Li plating [33,34]. For instance, in applications 
where batteries encounter bursts of current for short durations, a 10F or 
higher supercapacitor in parallel to the LFP is predicted to be beneficial 
for cycle life. The extended cycle life would serve to benefit applications 
such as GSM and other portable electronics. However, the rate of peak 
current decrease is not linear. The decrease is high moving from 0.5F to 
10F which is around 600mA, but the effect is lowered moving to higher 
capacitances. It only decreases by 300mA moving from 10F to 200F. 

Average Power Distribution _ The power distribution is almost 
following a linear trend with increasing the capacitance in which the 
power is heavily supplied by the battery for the low capacitances and 
heavily by the supercapacitor in the high capacitances. The power is 
equally shared for the capacitance value between 12F and 50F in both 
profiles. 

Total Energy and Charge Distribution _ Comparing the energy and 
charge distribution, more charge and energy is shared by the super-
capacitor by increasing the capacitance. It is observed that almost equal 
distribution is obtained for LFP-50F hybrid system. In the case of LFP- 
0.5F system, although the applied current pulse results in negative 
total energy for the region shown in Fig. 7 (c), the 0.5F capacitor shows 
positive energy distribution. This shows that the capacitor is causing 
extra load on the LFP resulting in faster discharge of the LFP which 
should be avoided. 

Evaluation of performance under the employed current profiles ex-
hibits the advantages of the battery/supercapacitor hybrid system. 
However, in choosing the capacitance of the supercapacitor, other lim-
itations such as cost and size of the supercapacitor should be considered. 
A comparison of the gained performance and these limitations is made 
to find the optimal combination for any tailored application. For such 
comparison a summary of the percent reduction of the metrics for the 
LFP and the cost of the hybrid systems are provided in supplementary 
materials table SM2,3,4. 

In applications where size is very crucial such as, cell phones and 
portable electronics, choosing the smallest supercapacitor that can 
deliver desired level of performance is chosen. In this case, the targeted 
supercapacitors are the ones with low capacitances. For example, LFP 
\Supercapacitor hybrid systems under profile-1 have 20%, 43% and 
51% reduction in positive peak currents for 0.5F, 5F and 12F respec-
tively. If 40% decrease in the peak current is enough, a supercapacitor 
with 5F is the best combination for the LFP under profile-1. Neverthe-
less, this is also dependent on the applied profile. For instance, in the 
case of the same LFP\Supercapacitor system but under profile-2 the 
reduction of the positive peak current is 17%, 50% and 50% for 0.5F, 5F 
and 12F. As can be seen there is large increase between 0.5F and 5F and 
no increase at 12F which indicate that supercapacitors with less than 5F 
are the better choice for hybridization with LFP used under profile-2. 

The other limiting factor is the cost of the hybrid system which has 
great importance while designing any hybrid system. Mass trans-
portation and stationary applications may not have limits in the size of 
the supercapacitor but the cost is certainly important. If we assume that 
the cost per kWh of Li-ion battery is 400$/kWh and supercapacitor is 
2500$/kWh [35,36]; hybridization of LFP with 0.5F will have an in-
crease in the cost by 0.26% while for 200F the increase is 105%. 
Comparing the increase in the cost percentages with the increase in the 
performance for each combination in the hybrid systems, we find a 
linear increase in the cost since it is related to the capacity of the 
supercapacitors but a nonlinear increase in the performance metrics. For 
example, under profile-1 the reduction in the positive peak current of 
the LFP hybridized with 50F is 54% while it is 63% for 200F. However, 
the increase in the percent cost is 26.4% for the 50F and 105.5% for the 
200F. This large increase in the cost is not matched by an increase in the 
performance which indicates the importance of such analysis in deter-
mining the best combination of the battery/supercapacitor hybrid 
systems. 

5. Conclusion 

The need to tailor the hybrid systems for high-power-density and 
high-energy-density applications, with the endless stream of energy 
storage devices being developed, makes the process of finding the 
optimal combination by experimental means intractable. The process 
cannot be guided by a simple investigation of capacities obtained under 
constant current. A detailed understanding of the current distribution 
across the hybrid system under widely varying charge/discharge sce-
narios is needed. This is especially important since the burden-sharing 
for the battery and the supercapacitor depend on many parameters 
including the load profile, the history of the devices and the character-
istics of the devices itself. For any specific goal regarding how the 
maximum current, energy, power or charge is going through a specific 
device, the profile and the devices have to be planned via a thorough 
investigation of the details. Our simulations are an invaluable tool in 
order to study different scenarios regarding not only existing but also 
potential devices that can be hybridized in an unmanaged setting. 

Based on the Electrochemical Impedance Spectroscopy of the devices 
and utilizing Differential Evolution optimization algorithm, current 
distribution and voltage response of the parallelly connected hybrid 
battery/supercapacitor systems was predicted with high accuracy. The 
major advantage of the utilized method is that it is free of any param-
etrization, fits or subjective inputs. The method was tested for two 
different Li-ion battery chemistries under three distinct charge/ 
discharge regimes. The modeled results were validated with experi-
mental measurements which showed high accuracy for all systems with 
less than 2% proportional errors and 1% for most systems. The extension 
to include simulations of potential combinations with any intended 
supercapacitor was achieved through the simulation of its Electro-
chemical Impedance response through equivalent circuit models. 

Therefore, the modeling methodology we introduced and verified for 
hybrid systems can bridge the gap between real life applications of the 
hybrid systems and the experimental complexities, especially if paired 
with a data driven approach. In this study we outline the first devel-
opment of such a method and demonstrate its predictive potential. We 
envision further studies that focus on the predictive nature of the model 
to extract exhaustive design rules for applications such as grid scale 
storage, EVs and consumer electronics. 
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[25] B. Ulgut, C.B. Uzundal, E. Özdemir, Analysis of Errors in Zero-Free-Parameter 
Modeling Approach to Predict the Voltage of Electrochemical Energy Storage 
Systems under Arbitrary Load, ECS Transactions 77 (11) (2017) 99–104. 

[26] M.A. Zabara, B. Ulgut, Electrochemical Impedance Spectroscopy based voltage 
modeling of lithium Thionyl Chloride (Li\SOCl2) primary battery at arbitrary 
discharge, Electrochimica Acta 334 (2020), 135584. 

[27] R. Storn, K. Price, Differential Evolution - A Simple and Efficient Heuristic for 
Global Optimization over Continuous Spaces, Journal of Global Optimization 11 
(4) (1997) 341–359. 

[28] M. Weiss, P. Bonnel, R. Hummel, A. Provenza, U. Manfredi, On-road emissions of 
light-duty vehicles in Europe, Environmental Science and Technology 45 (19) 
(2011) 8575–8581. 

[29] J. Bisquert, Influence of the boundaries in the impedance of porous film electrodes, 
Physical Chemistry Chemical Physics 2 (18) (2000) 4185–4192. 

[30] P. Virtanen, et al., SciPy 1.0: fundamental algorithms for scientific computing in 
Python, Nature Methods 17 (3) (2020) 261–272. 

[31] “nidaqmx • PyPI.” [Online]. Available: https://pypi.org/project/nidaqmx/. 
[Accessed: 27-Dec-2020]. 
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