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Abstract: By combining the advantages of different energy storage technologies, the hybrid energy
storage system (HESS) can satisfy the multiple requirements of prosumer systems. However, the
required capacity of the HESS is larger than that of the single-battery energy storage system (ESS).
This paper investigates the energy exchange within the HESS caused by the phase shift of the low-
pass filter controller and its relevant impact on the HESS. The results show that unnecessary energy
exchange results in an oversized capacity and increased energy loss. In addition, the increase in
the time constant of the low-pass filter controller leads to a larger phase shift, further contributing
to the increases in the total capacity and energy loss. Furthermore, this paper compares the single-
battery ESS, the battery-supercapacitor HESS, and the battery-flywheel HESS implemented in a
household-prosumer system along with a renewable energy source (RES). The comparison of the
ESS combinations demonstrates the differences between their power flows, the required capacities of
their individual energy storage devices (ESDs), their energy losses, their battery lifetimes, and their
project costs. The results indicate that techno-economic analysis should be performed carefully to
select the appropriate ESS solution for specific household-prosumer systems.

Keywords: battery; energy exchange; household-prosumer system; hybrid energy storage system
(HESS); oversized capacity; phase shift; supercapacitor (SC)

1. Introduction

Distributed renewable energy sources (RESs), represented by photovoltaic (PV) and
wind power generation, have developed rapidly in recent decades. Prosumer systems
can utilize RESs generation locally (i.e., self-production and self-consumption), which
increases renewable energy penetration. However, the output power of RESs is easily
affected by the environment and features relatively poor stability, weak continuity, and low
reliability. In addition, there are spatial and temporal gaps between intermittent energy
and its consumption, which causes an imbalance between the available RESs and their end
users [1,2]. These problems challenge the stability and power quality of prosumer systems.
To overcome the intermittent aspect of RESs, introducing an energy storage system (ESS)
is an effective approach for suppressing power fluctuations, achieving load shifting, and
improving stability and reliability [3].

Currently, there is no single energy storage technology that fully satisfies the multiple
requirements of prosumer systems, such as high energy and high power density, short
response time, long lifetime, and low cost. Energy storage devices (ESDs) with a high
energy density usually have a relatively larger storage capacity but a slower response
time and a lower lifecycle [4]. For example, the capacity of Li-ion batteries fades when
the charging/discharging operation employs high frequencies [5]. In addition, redox
flow batteries are usually cost-effective, but they require long-term usage and large-scale
applications [6,7]. By contrast, supercapacitors (SCs) and flywheels can quickly respond
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to high power demands and feature long lifetimes, which are suitable for small-scale
applications with rapid charge and discharge requirements. Thus, the concept of hybrid
energy storage systems (HESSs), which combine the advantages of different energy storage
technologies, is a promising solution for research and applications. A HESS usually consists
of two individual ESDs: one ESD features high energy density for primary storage, e.g., fuel
cells or batteries, and the other ESD features a high power density for secondary storage,
e.g., SCs or flywheels. Synergies are achieved by combining the different advantages of the
two ESDs, i.e., by providing both high power and high energy density [4,8].

Due to the various frequency and amplitude fluctuations of the power demands in RES
prosumer applications, a control strategy of a HESS that adequately handles both low- and
high-frequency power responses is preferable. Consequently, the filtration-based controller
is one of the most widely used control strategies for distributing the power demand of
HESSs, since it is simple and easy to utilize and tune [9]. However, its disadvantage is
the unavoidable phase shift from its linear filter controllers [10]. As a result, the total
required capacity of the HESS is larger than that of the single-battery ESS [11,12]. Most
previous studies have emphasized the benefits of HESSs and the extension of the battery
lifetime [13-15]. However, the required capacity of a HESS, particularly due to its oversized
capacity and its relevant impact, has not been thoroughly investigated to date. Furthermore,
several published studies have developed and introduced different HESSs into prosumer
systems [16,17], among which battery-SC HESSs and battery-flywheel HESSs are often
utilized to achieve load shifting and energy management [15-17]. Nevertheless, SCs and
flywheels feature different working principles and charge/discharge characteristics. Recent
attempts to understand HESSs do not fully address these nuances. Specific analyses and
comparative studies of battery-SC HESSs and battery-flywheel HESSs are needed.

Although different HESSs have been researched, most studies are restricted to the
adjustment of the SOC and dynamic response performance. However, previous studies
ignore the oversized capacity problem that stems from the primary filter circuit. No
systematic analysis of the association between the required capacity of HESSs and the
time constant of the low-pass filter controller has been performed. Clearly, further work is
needed to address the oversized capacity problem and to indicate an appropriate approach
to the optimization of smart control strategies. Therefore, this paper aims to investigate the
energy exchange caused by the phase shift and the relevant impact on the required capacity
and energy loss of a HESS. This study will help to address the aforementioned gaps in
previous research and provide a reference for selecting the appropriate ESS combinations
in RES household-prosumer systems.

In this study, the analysis of the power flows in a HESS explores the time delay that
stems from the phase shift of the low-pass filter. The time delay causes an unnecessary
energy exchange between the primary ESD and the secondary ESD within the HESS. It
leads to increases in the required capacity and energy losses. A scaled-down experimental
setup was built to validate the simulation results. In addition, this paper compares the
single-battery ESS, the battery-SC HESS, and the battery-flywheel HESS. The comparison
discusses these ESS combinations in a stand-alone prosumer application that contains a
RES (wind-powered or PV-powered) and a residential load. The lifetimes of the batteries
and the project costs for the HESSs are evaluated. The lifetimes of the batteries in the ESS
combinations are compared using nickel manganese cobalt oxide (NMC) batteries and
lithium iron phosphate (LFP) batteries. The total costs of the ESS combinations that consist
of NMC/LFP batteries and SCs/flywheels with a 30 year project lifetime are compared.

This paper is organized as follows. After the introduction in Section 1, Section 2
describes the HESS topology and the control strategy. Section 3 analyses the energy
exchange in a simulated HESS, which results in the oversized capacity and increased
energy loss of the HESS. In addition, an experimental setup was built to validate the
simulations. Section 4 compares the single-battery ESS with the battery-SC HESS and
the battery-flywheel HESS in the RES household-prosumer system. Furthermore, the
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lifetimes of the batteries and the project costs of the ESS combinations are estimated.
Finally, Section 5 provides the conclusions of the study.

2. HESS Topology and Control Strategy

This section presents the details of the HESS topology and the applied controller. A
parallel active topology was used. In addition, as the main objective is to investigate the
energy exchange between the individual ESDs, a filtration-based controller was applied to
control the HESS.

2.1. HESS Topology

HESS topologies can be classified into passive, semi-active, and active topologies [18].
Passive topologies are simple, low-cost, and highly efficient, but cannot be controlled. Semi-
active topologies feature a converter at the terminals of one ESD, whereas the other ESD is
directly connected to the DC bus. This allows some degree of controllability with a low
cost, but cannot utilize all of the capacities of both the ESDs. However, active topologies
are capable of flexibly and independently controlling the power flows of both the ESDs. In
this study, as shown in Figure 1, a parallel active HESS topology was applied. The primary
ESD and the secondary ESD were connected to the DC bus in parallel by the bi-directional
DC/DC converters.
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Figure 1. Parallel active HESS configuration in a RES household-prosumer system.

2.2. HESS Control Strategy

Control strategies of HESSs play a vital role in system power balance and voltage
regulation. The low-pass filter is the core component in many controllers because it splits
the power demand into low- and high-frequency parts [19]. However, linear filtering
controllers are often incapable of achieving an optimal power distribution. This can be
improved by adding more intelligent control strategies so that the parameter values of the
controller can be adjusted. In addition, intelligent algorithms that are even more complex
can be implemented to realize multi-parameter and multi-objective optimization, such as
neural networks, fuzzy logic controllers, and evolutionary algorithms [20]. Therefore, a
conventional low-pass filter controller was used in this study to explore the impact of the
energy exchange in the HESSs.

Figure 2 presents the block diagram of the low-pass filter controller. The primary ESD
(battery) releases and absorbs the low-frequency power flow, whereas the secondary ESD
(SC or flywheel) responds to high-frequency power fluctuations.
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Figure 2. Block diagram of the low-pass filter controller.

The power flows of the two ESDs are given by:

)

1
Ppsp1 = PHE5571+5Tf
Pesp2 = Phess — Pesp1

This power distribution reduces the stress on the primary ESD and thus extends its
lifetime. However, the energy stored in the secondary ESD decays with time due to the high
self-discharge rate of the SC/flywheel and needs to be compensated. The self-discharge
loss of the primary ESD is ignored here due to the relatively low self-discharge rate of
the battery.

3. Analysis of Oversized Capacity of HESS

This section discusses and analyzes an example to explore the energy exchange
between the individual ESDs and the relevant impact on the required capacity and the
energy loss of the HESS.

3.1. Analysis Based on a Simulated Model

A simulated example is presented and analyzed to illustrate the cause of the oversized
HESS capacity. The simulation was built in the SimPowerSystem toolbox on the MATLAB-
Simulink platform [21]. Figure 3 shows the simulation of the battery-SC HESS in a wind-
powered household-prosumer system.
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Figure 3. Simulation of the HESS in a household-prosumer system (battery-SC HESS with wind power).

When the output power generated by the RES surpasses the load power, the HESS
absorbs the excess power. By contrast, the HESS discharges when the RES output power
fails to meet the power demand. The wind speed data used in the simulation were
obtained from the Sotavento wind farm [22] in Spain. A 600 W wind turbine was built in
the simulation. The PV-powered generation data were obtained from a 2.4 kW PV array
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located in southern Sweden [23]. The residential load data profiles were obtained from the
Reference Energy Disaggregation Data Set (REDD) [24]. The HESS consists of a 7.2 kWh
battery bank and a 1.8 kWh secondary ESD pack (SC or flywheel). The low-pass filter
controller introduced in Section 2.2 is used to build the energy management strategy in
the simulation.

Figure 4 shows the wind output power, the consumed load power, and the power
handled by the HESS.
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Figure 4. Power flows between the RES, the load, and the HESS. (a) Wind-powered household-
prosumer system. (b) PV-powered household-prosumer system.

The total power flow that needs to be handled by the HESS, AP, can be written as:
AP = Pres — Pioad — Ploss 2

In the system, the power losses originate from the converters and the ESDs:

1—m
Plosses = (1 - UI)PRES + ( 17217 >Ploud + PDC/DC_loss + PESD_loss (3)

To calculate the losses from the converters, the efficiency parameters 7, 172, and 73 are
assumed as fixed values. Both the converter efficiencies 771 and 7, are set to 97% [25] and
the bi-directional DC/DC converter efficiency #3 is set to 95% [26].

In addition, the losses of the bi-directional DC/DC converters are calculated as:

(1 —=mn3) - |Pesp|, for Ppsp <0

PDC/DC_loss = { (1;3773> . ‘PESDll for Ppsp >0 @

where Pgsp represents the power flows of the ESD. The ESD releases power into the system
when Prsp < 0 and is charged when Pggp > 0.

In HESSs, the losses of the ESDs mainly stem from cycle losses and self-discharge
losses. The series internal resistance causes the cycle losses of the ESDs during charging
and discharging. In addition, the equivalent parallel resistance represents self-discharge
losses and affects the long-term performance of the ESDs. Most ESDs with high power
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density, such as SCs and flywheels, suffer from high leakage rates, which produce a high
self-discharge rate.
PESD_loss = Leycle_loss + Pself—dis_loss (5)

A comparison of the single-battery ESS and the HESS is presented to illustrate the
HESS'’s behavior. As shown in Figures 5a and 6a, in both the wind-powered and PV-
powered household-prosumer systems, when Ty of the low-pass filter is 0 s (single-battery
ESS), there is only the battery to handle the entire power demand and the high power
peaks. These power peaks correspond to large discharge current rates, which reduce the
battery’s lifespan. When the time constant Ty is 1800 s, the power flow of the battery in the
HESS is smooth. The battery handles fewer power peaks and experiences fewer current
polarity reversals. Meanwhile, the SC (or the flywheel) responds to high-frequency power
fluctuations, as shown in Figures 5b and 6b. In addition, due to the different power losses
in the HESSs, there are slight differences between the power flows in the battery-SC HESS
and the battery-flywheel HESS, even though their Ty are the same.
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Figure 5. Power flows of the ESDs in the single-battery ESS and the HESSs applied to a wind-powered
household-prosumer system. (a) Battery power. (b) SC/flywheel power.
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Figure 6. Power flows of the ESDs in the single-battery ESS and the HESSs applied to a PV-powered
household-prosumer system. (a) Battery power. (b) SC/flywheel power.

In addition, the phase shift of the low-pass filter leads to a time delay in the battery
power compared with the original power demand (since the primary ESD is set to respond
slowly to the power demand). For example, the time delay, At; and At;, can be observed
at the zero crossing points of the battery power. One ESD charges while the other ESD
discharges during these time intervals:

Ppat > 0, Psc frywheer < 0, OF Ppay < 0, Psc frywheer > 0,
Pyat + Psc/ frywheet = AP (6)
‘Pbatl + )PSC/flywheel’ > |AP|

The sum of the absolute values of the ESDs is larger than the absolute value of the
original power demand AP. It is concluded that there is an energy exchange between the
two ESDs. Instead of serving the DC bus, the ESDs deliver energy to each other. Thus, it is
unnecessary and not beneficial to the HESS.

The energy states of the individual ESDs in the HESS are plotted in Figures 7 and 8.
The deviation between the maximum point and the minimum point of the curve is:

AE = Emax — Emin (7)

where AE is thus the maximum deviation of the energy states over the testing interval, i.e.,
the available capacity of the ESD to meet the power demand. The AE of the ESD determines
the required installed capacity and thus the cost of the HESS, which are discussed in
Section 4. In addition, it should be noted that, due to the comparison between various
energy storage technologies, the unit representing the capacities of the different ESDs is
uniformly converted to represent energy (Wh).

Figures 7a and 8a present the battery energy states for the batteries in the ESS combina-
tions in the wind-powered and PV-powered household-prosumer systems, respectively. As
can be seen, the required available capacities, AE, of the batteries are reduced when Tf in-
creases. In addition, the required AE of the secondary ESDs are plotted in Figures 7b and 8b.
The required available capacity AE of the battery is reduced by the SC/flywheel, since
the secondary ESD responds to the high-frequency power demand. If there is no energy
exchange between the primary and secondary ESDs, the total AE of the HESS should
preferably be the same as that of the single-battery ESS (assuming other losses to be equal).
Nevertheless, due to the unavoidable time delay in the power flow, the total AE of the
HESS is larger than that of the single-battery ESS, which implies that the HESS is oversized.
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Figure 7. Energy states of the ESDs in the single-battery ESS and the HESSs applied to a wind-

powered household-prosumer system. (a) Battery energy state. (b) SC/flywheel energy state.
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Figure 8. Energy states of the ESDs in the single-battery ESS and the HESSs applied to a PV-powered

household-prosumer system. (a) Battery energy state. (b) SC/flywheel energy state.

Furthermore, the loss originates in the DC/DC converters and the ESDs. The ampli-
tudes of the battery power and the SC/flywheel power (1 Py | and | Psc/pyepneer |) determine
the losses of the converters and the cycle losses of the ESDs. The increased power flow
caused by the unnecessary energy exchange leads to increased losses in the DC/DC con-
verters. In addition, the cycle losses of the ESDs increase due to the increased throughput
power of the ESDs. Additionally, the self-discharge loss of the SC/flywheel affects the
loss of the HESS. The energy loss of the HESS is calculated from the components and is
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reflected in the initial points and the end points of the energy curves (see Figures 7 and 8).
The losses in different ESS combinations are listed in Table 1.

Table 1. Losses in different ESS combinations.

_ Loss in Cycle Loss of Self-Discharge Total Loss in
ESS/HESS (T = 1800 ) Converters ESDs Loss of ESDs ESS/HESS

Single-battery ESS 514 Wh 68 Wh 47Wh 629 Wh
Wind-powered Battery-SC HESS 671 Wh 107 Wh 116 Wh 894 Wh
Battery-flywheel HESS 717 Wh 142 Wh 727 Wh 1586 Wh
Single-battery ESS 538 Wh 72 Wh 49 Wh 659 Wh
PV-powered Battery-SC HESS 793 Wh 158 Wh 97 Wh 1048 Wh
Battery-flywheel HESS 765 Wh 152 Wh 823 Wh 1740 Wh

Therefore, the unnecessary energy exchange between the primary and the secondary
ESDs mainly results in two consequences:

1. The required capacity of the HESS is increased. Some of the capacity is wasted on the
energy exchange within the HESS, and thus the HESS needs to be oversized.
2. Thereis a larger energy loss due to the increased power flows in the HESS.

In this paper, a low-pass filter controller was applied to explore the impact of the
energy exchange between the ESDs on HESSs. Nevertheless, the phase shift is unavoidable
in other liner filters.

Another important factor that affects HESSs is the time constant of the low-pass filter
controller. It determines the power distribution of the HESS and the time delay of the
power flow. Here, the battery-SC HESS in the wind-powered household-prosumer system
is shown as an example to analyze the impact of the time constant. Figure 9 shows the
power flows of the ESDs corresponding to different T in the low-pass filter. It can be seen
that the time delay increases when Ty. increases. The larger time intervals At'y and At',
indicate that the power handled by the primary ESD is lower and smoother. Meanwhile,
the secondary ESD handles more of the power peaks. The corresponding energy states of
the ESDs are shown in Figure 10.
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Figure 9. Power flows of the ESDs in the battery-SC HESS with different time constants in a wind-
powered household-prosumer system. (a) Battery power. (b) SC power.
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Figure 10. Energy states of the ESDs in the battery-SC HESS with different time constants in a
wind-powered household-prosumer system.

Although the required AE of the battery decreases with a larger T, the total required
AE of the HESS increases since the increased time delay increases the energy exchange
between the ESDs. Here, in the single-battery ESS, a battery with 3214 Wh of available
capacity meets the power demand. However, with Ty set to 1800 s and 3600 s in the battery-
SC HESS, the required total AE increases to 3487 Wh and 3655 Wh, respectively. Thus,
the required capacity of the HESS increases with the increasing Ty. In addition, due to the
increased energy exchange within the HESS, the throughput powers of the ESDs increase.

Thus, the energy loss of the HESS increases with increased Ty. The results are listed in
Table 2.

Table 2. Comparison of the AE and the losses of the ESDs with different time constants.

ESS/HESS

SC AE Total AE Increase Loss in ESD Cycle  ESD Self-Discharge

Battery AE Converters Loss Loss Total Loss
Single-battery 3214 Wh - 3214 Wh - 514 Wh 68 Wh 47 Wh 629 Wh
HESS (Ty = 1800 s) 2822 Wh 665 Wh 3487 Wh 9% 671 Wh 107 Wh 116 Wh 894 Wh
HESS (Ty = 3600 s) 2638 Wh 1017 Wh 3655 Wh 14% 783 Wh 139 Wh 125 Wh 1047 Wh

3.2. Experimental Setup

A battery-SC HESS experimental setup was utilized to verify the simulation results.
The scaled-down prototype (see Figure 11) used a 20 volts DC bus. A power supply was
used to emulate the RES power and a DC electronic load was implemented to emulate
the load profiles of the user demand. The HESS consisted of a Li-ion battery pack and a
SC pack with a total capacity of 216 Wh. The bi-directional DC/DC converter was made
up of two MOSFETSs, two capacitors, and an inductor. The nominal parameters of the
experimental devices are given in Table 3.

Figure 11. HESS experimental setup.
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Table 3. Nominal parameters of the experimental devices.

Devices Specifications

Programmable power supply:
RND 320-KD3305P [27]
Programmable DC electronic load:
RND 320-KEL102 [28]
12.8 V/7.5 Ah x2 cells, 192 Wh,
RS PRO Lithium Iron Phosphate Battery [29]
2400 F/2.7 V x12 cells, 24 Wh,
RND Radial Super Capacitor [30]
Switching frequency: 62.5 kHz,
DC/DC converter C=1000 uF, L =174 uH,
MOSFET: IRL2505PBF-MOSFET N [31]

RES power emulator
Load power emulator
Battery cell

Supercapacitor cell

The measured currents of the batteries and the SCs in the single-battery ESS and the
battery-SC HESSs are shown in Figures 12 and 13. The low-pass filter controller splits the
demand current into low- and high-frequency parts. The SC responds to the high-frequency
peaks in the demand and the battery is protected from large current fluctuations. There is
a time delay between the battery current and the original demand current. In some time
intervals, the battery charges and the SC discharges; this can be interpreted as the ESDs
delivering energy to each other, which is unnecessary. In addition, when Ty increases from
1800 s to 3600 s, the battery current is smoother while the SC handles more power peaks.
The time delay of the battery current is larger with the larger T;.
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Figure 12. Measured currents through the ESDs in the experimental setup in the wind-powered
system. (a) Single-battery ESS (b) Battery-SC HESS when Tris 1800 s. (c) Battery-SC HESS when Tyis
3600 s.
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Figure 13. Measured currents through the ESDs in the experimental setup in the PV-powered system.
(a) Single-battery ESS. (b) Battery-SC HESS when Ty is 1800 s. (c) Battery-SC HESS when Ty is 3600 s.

Figure 14 shows the corresponding SOC of the batteries and SCs in the single-battery
ESS and the battery-SC HESSs in the wind-powered household-prosumer system. For the
battery in the single-battery ESS, the minimum SOC was 0.41 and the maximum SOC was
0.73. The required AE of the battery in the setup is 61.4 Wh. In the HESSs, the SOC of the
batteries changed less compared with the single-battery ESS. When Ty is 1800 s, the required
AE of the battery and the SC in the HESS are 53.5 Wh and 12.7 Wh, respectively. Thus, the
total required AE of the HESS (66.2 Wh) is about 8% larger than that of the single-battery
ESS (61.4 Wh). In addition, when Ty increases to 3600 s, the required capacities of the
battery and the SC are 51.1 Wh and 18.3 Wh, respectively. Thus, the total AE of the HESS
increased from about 66 Wh to 69 Wh, which demonstrated an additional 5% increase and
was approximately 12% larger than that of the single-battery ESS. In addition, Figure 15
shows the SOC of the batteries and SCs in the single-battery ESS and the battery-SC HESSs
in the PV-powered household-prosumer system. The required AE of the battery in the
single-battery ESS is 87.6 Wh. In the HESSs, the SOC of the batteries changed less compared
with the single-battery ESS. When T is 1800 s, the required AE of the battery and the SC in
the HESS are 78.3 Wh and 15.2 Wh, respectively. Thus, the total required AE of the HESS
(93.5 Wh) is about 7% larger than that of the single-battery ESS (87.6 Wh). In addition,
when Ty increases to 3600 s, the required capacities of the battery and the SC are 75.4 Wh
and 20.8 Wh, respectively. Thus, the total AE of the HESS increased to about 96 Wh, which
was 10% larger than that of the single-battery ESS. The measured results agreed with the
simulation results.
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Figure 14. SOC of ESDs in the experimental setup in the wind-powered system. (a) Single-battery
ESS. (b) Battery-SC HESS when Ty is 1800 s. (c) Battery-SC HESS when Ty is 3600 s.
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4. Comparison of Single-Battery ESS, Battery-SC HESS, and Battery-Flywheel HESS

The use of single-battery ESS, the battery-SC HESS, and the battery-flywheel HESS
in RES prosumer systems are compared to discuss the impact of their respective energy
exchange. For different individual households, the results are diverse due to different RESs
and power consumption patterns. Thus, ten different power load profiles were chosen
from the data set to give a range of different scenarios. The averages of the results are
discussed in order to investigate the general trends.

In addition, there are several different chemistries in the Li-ion battery family, in which
NMC batteries and LFP batteries account for a large share of the installed capacity of ESSs
and electric vehicles. Although LFP batteries are inferior to NMC batteries in terms of
energy density, LFP batteries offer advantages in terms of their lifetime and safety [32].
Therefore, the HESSs that respectively include the NMC battery and the LFP battery are
investigated to estimate the battery lifetimes. Based on the required capacities of the
ESDs and the lifetimes of the batteries, the project costs of different ESS combinations are
then estimated.

4.1. Comparison Analysis

The variations of the maximum charging and discharging powers of the batteries in
the HESSs with increasing Ty are plotted in Figure 16. T¢ = 0 s indicates that the battery has
to handle the entire power demand alone. Both the maximum charging and discharging
powers of the batteries in the HESSs decline with increasing Ty because the secondary ESD
handles more of the power demand and reduces the stress on the battery.
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(a) (b)

Figure 16. Variations of the maximum battery charging power and discharging power with increasing Ty. (a) Wind-powered

household-prosumer system. (b) PV-powered household-prosumer system.

Figure 17 demonstrates how the energy losses of the HESSs increase with increasing
Tfas a result of the increased energy exchange between the ESDs. In addition, the energy
loss of the battery-flywheel HESS is higher than that of the battery-SC HESS due to the
higher self-discharge rate of the flywheel.

The comparison of the AE and the capacities of the ESDs are plotted in Figures 18 and 19.
As shown by the solid lines, with increasing T in the low-pass filter controller, the AE of the
batteries (solid blue lines) decreases in both the battery-SC HESS and the battery-flywheel
HESS. However, the energy exchange between the ESDs increases due to the increased
time delay of the power flow. As a consequence, the AE of the SC/flywheel (solid red lines)
and the sum of the AE of the ESDs (solid green lines) increase with increasing T.
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Figure 17. Variations of the energy losses of the HESSs with increasing Tf. (a) Wind-powered household-prosumer system.

(b) PV-powered household-prosumer system.
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(a) Battery-SC HESS. (b) Battery-flywheel HESS.

8000 i i i
—%— Battery AE - % - Battery Capacity

7000 —=—SC AE - B - SC Capacity 1
_ —E&— Battery+SC AE - © - Battery+SC Capacity
56000_ -6-0-6-0-0--0-6--0-9©
25000 | ]
(3]
S
o 40004
(@)
2 3000 1
®©
Ll ]
g 2000

1000 1

1000 2000
Filter Time Constant Tf (s)

(a)

3000 4000

)

Wh

AE and Capacity (

8000 i T :
—¥— Battery AE = % - Battery Capacity
7000 |—=— Flywheel AE - Bl = Flywheel Capacity
—E&— Battery+Flywheel AE - © - Battery+Flywheel Capacity
L —O- -O- -0--0-9©
6000  _o--0-0-0-0-C
i el TR
5000 Rt T
3000
2000
-m-2--8-7
1000 =
0

0 1000 2000
Filter Time Constant Tf (s)

(b)

3000 4000
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(a) Battery-SC HESS. (b) Battery-flywheel HESS.
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In addition, the available SOC range limits the available capacities of the ESDs, where
SOCmax and SOCmin are the upper and lower limits. To avoid a rapid capacity degrada-
tion during operations with a large depth of discharge (DOD), the available SOC range
of the battery is set between 20% and 90% [33]. In addition, the available SOC of the SC
is set between 16% and 100% (Vsc min = 0.4Vsc_max) [34]. The flywheel operates between
25% and 100% SOC (the lowest rotation speed is half of the highest rotation speed) [35].
Therefore, the actual required installed capacity of the ESD Qgsp is written as:

Onep = AE
Esb = SOCmax — Socmin

®)

The dashed lines show that the actual capacities of the ESDs correspond to their
AE and feature similar trends to AE. When Tf is 3600 s, both the total capacities of the
battery-SC HESS and the battery-flywheel HESS are larger than that of the single-battery
ESS. In addition, the installed capacity of the battery-SC HESS is slightly less than that of
the battery-flywheel HESS due to the relatively low self-discharge rate of the SCs compared
to the flywheels.

Furthermore, the installed capacity of the HESSs in the PV-powered household-
prosumer system is larger than that in the wind-powered system. The PV-powered system
only generates power during the day. This means that it needs a larger ESS to be able to
shift energy compared with the wind-powered system.

Generally speaking, on one hand, the SC/flywheel distinctly reduces the charge/
discharge current rate and the capacity of the battery, which predictably extends the
battery’s lifetime and reduces the cost of the battery pack. On the other hand, because
some parts of the capacities of the ESDs are used to deliver energy between each other
within the HESS, the reduction of the battery’s capacity is less than the capacity of the
secondary ESD that increases. Therefore, the total capacity of the HESS exceeds that of
the single-battery ESS, which indicates a higher initial investment cost for the HESS. In
addition, the increased energy loss of the HESS, which is caused by the increased power
flow and the high self-discharge of the SC/flywheel, leads to decreased energy efficiency.

4.2. Battery Lifetime Estimation

The characteristics of capacity fading in batteries and estimations of battery lifetimes
have been studied in many papers (e.g., [36,37]). When their capacity reaches 80% of the
nominal capacity, batteries are usually determined to have the end-of-life stage and to
require replacement.

For the NMC battery, an empirical model for capacity degradation is obtained by
curve fitting from the reference [38]:

—24 5k]
Qloss % = 14876-<t>°'5~exp< RT )

Calender aging model )
+(0.0008 exp(0.3903 - C-rate)) - Altgnroughput-

Cycle aging model

The empirical aging model used in this study to estimate the lifetime of the LFP battery
is from [39]:

Quoss = 30871077 - exp(0.05146 - T) - (£/30)*3
Calender aging model
Ah 05 10
+6.87-107° . exp(0.027. T) - ( throughput) (10)

2 - Capacity

Cycle aging model



Energies 2021, 14, 7045

17 of 22

24-t
Ahthroughput = /O |Ibat|di'L (11)

where the C-rate is the current rate of the battery being charged or discharged, ¢ represents
the operating time of the battery (in days), R is the gas constant (8.314 J /(mol-K)), and T is
the temperature in K. The ambient temperature for the estimation is considered as 25 °C
(293.15 K). Ahyprougnput is chosen as the parameter for the aging model because it represents
the amount of energy delivered by the battery. The Ahy ot is calculated by the current
throughput from the battery for the whole operating time (in hours). The lifetimes of the
NMC battery and the LFP battery that are estimated by these two models include both
cycle aging and calendar aging.

Figure 20 shows the distribution of the battery current rates for one of the test cases in
the wind-powered household-prosumer system. Compared with the single-battery ESS, the
batteries in both the HESSs experience lower C-rates, which avoids the need for the high
C-rates to charge and discharge. With the lower C-rates, the total Ah-throughput of the
batteries is significantly lower than that of the single-battery ESS. Consequently, the HESSs
reduce the equivalent full cycles (EFC) of the batteries, which slows down cycle aging. In
addition, for the battery-flywheel HESS, since the self-discharge loss of the flywheel is
larger than that of the SC, the battery discharges more often. Thus, the frequency of the
discharge current is slightly higher than that of the battery-SC combination.
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Figure 20. Distribution of the battery current rates during one day in a wind-powered household-
prosumer system (0 C is the interval between £0.04 C).

Utilizing the distribution of the C-rates and the total EFC, the battery lifetimes are
estimated. As shown in Figure 21, the SC/flywheel reduces the stress on the battery and
increases the battery lifetime. The extension of the battery lifetime in the battery-SC HESS is
close to that of the battery-flywheel HESS. It can be seen that the lifetime of the LFP battery
is much longer than that of the NMC battery. Compared with the single-LFP battery ESS,
the lifetimes of the LFP batteries in the HESSs are extended by more than a quarter of the
initial lifetime. In addition, although the capacity of the battery is larger in the PV-powered
system compared with the wind-powered system, the lifetimes of the batteries in the two
RES household-prosumer systems are comparable due to the similar total EFCs in these
two systems.
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Figure 21. Estimate lifetimes of batteries in the HESSs with increasing time constant. (a) Wind-powered household-prosumer

system. (b) PV-powered household-prosumer system.

4.3. Cost Analysis

Because the target of the analysis is to compare the HESSs, the cost analysis only
concerns the costs of the ESDs along with the bi-directional DC/DC converters. The costs
of the RESs and the other components in the system are not discussed. In addition, the
cost analysis highly depends on the lifetimes and the capacity costs of the different energy
storage technologies. Compared with the capital cost, the operating and maintenance costs
of the ESDs are negligible and are, thus, neglected [40]. The simplified cost calculation
includes the cost of the battery Cy, the cost of the SC/flywheel Cscy, and the cost of the
converter Ceop:

Crotal = Cpat + Cscy/f1y + Ceon (12)
Cpat = [ﬁ—‘ ' (Qbatcjmt) + Cins_bat
Csc = QsccC_sc + Cins_sc (13)

Criy = QfiyC_fiy + Cins_fly

con = npconc_con

where f is the project’s operating time in years (up to 30 years) and fy,; is the lifetime of
the battery in years. Using the ceiling value of the t/t;, represents the investment times
of the battery (i.e., including the initial cost and replacement cost), Qy,; is the capacity
of the battery, c_p,; is the Li-ion battery cost per kWh, and cj,;5 ;¢ is the installation cost
of the battery. For the SC, Qsc is the capacity of the SC, c_gc is the SC cost per kWh,
and ¢jys_sc is the installation cost. For the flywheel, Qp, represents the capacity of the
flywheel, c_g, represents the flywheel cost per kWh, and ¢;;s_g,, represents the installation
cost. For the bi-directional DC/DC converter, 1 is the number of the converters (n =1 in
the single-battery ESS and 7 = 2 in the HESS), P, is the nominal power of the converter
(5 kW is used here), and c_ is the cost (per kW) of the converter.

Taking into account the costs of NMC batteries and LFP batteries reported in published
research [40-42], the parameters are summarized to analyze the project cost. In addition,
the retail price in the C.A.R.M.E.N. market report is considered [43]. The parameters for
the cost estimation are shown in Table 4.
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Table 4. Nominal parameters of the experimental devices.
Parameters Value Unit Source
C_pat_NMC 495 €/kWh [40-43]
C_bat_LFP 420 €/kWh [40-43]
Cins_bat 200 € Assumption
C_sC 10,000 €/kWh [44]
Cins_SC 200 € Assumption
C_fy 2815 €/kWh [40]
Cins_fly 1000 € Assumption
C_con 150 €/kW [45]

The exchange rate between the euro and US dollar is used as 0.86 when parameters are converted from the references.

The results of the estimated battery lifetimes and project costs of the HESSs are listed
in Table 5. The results highlight that the initial cost of both the battery-SC HESS and
the battery-flywheel HESS is clearly higher than that of the single-battery ESS due to the
oversized capacity of the HESS, the high price of the SC/flywheel, and the cost of an
additional DC/DC converter. With a 30 year project lifetime, the single-LFP battery ESS
shows the lowest total cost as a result of the longer battery lifetime of the LFP battery
compared with the NMC battery. For the battery-SC HESS with either the NMC battery or
the LFP battery, although the lifetime of the battery is extended, the total project cost of the
battery-SC combination is higher than that of the single-battery ESS with the same type
of batteries. This is caused by the current high cost of SCs. Furthermore, the project cost
of the battery-flywheel HESS is comparable to that of the single-battery ESS. The project
cost of the NMC battery-flywheel HESS is less than that of the single-NMC battery ESS
since the NMC battery needs to be replaced relatively often and the replacement cost of the
battery part is relatively high. Conversely, when the HESS employs LFP batteries as the
primary ESD, the project cost of the LFP battery-flywheel HESS is slightly larger than that
of the single-LFP battery ESS. The variations in the costs of these HESSs over 30 years are

shown in Figure 22.

Table 5. Battery lifetime estimation and cost of the energy storage system (30 years project lifetime).

ESS Combination Battery Lifetime ELlfem.ne Initial Cost Total Cost Cost Increase
xtension
Single-NMC battery 725 days/2.0 years - 2836 € 31,072 € -
NMC battery-SC HESS 853 days/2.3 years 18% 13,317 € 31,746 € 674 €
Wind-powered NMC battery-flywheel HESS 868 days/2.4 years 20% 7318 € 26,681 € —4391 €
Single-LFP battery 1581 days/4.3 years - 2550 € 12,157 € -
LEP battery-SC HESS 2027 days/5.6 years 28% 13,084 € 19,582 € 7425 €
LFP battery-flywheel HESS 2092 days/5.7 years 32% 7073 € 13,905 € 1748 €
Single-NMC battery 751 days/2.1 years - 3605 € 40,763 € -
NMC battery-SC HESS 904 days/2.5 years 20% 18,019 € 44,037 € 3274 €
PV-powered NMC battery-flywheel HESS 928 days/2.5 years 24% 9257 € 35,028 € —5735€
Single-LFP battery 1628 days/4.5 years - 3205 € 16,419 € -
LFP battery-SC HESS 2124 days/5.8 years 30% 17,690 € 26,891 € 10,472 €
LFP battery-flywheel HESS 2215 days/6.1 years 36% 8843 € 16,573 € 154 €

The stepwise increasing lines indicate that the project costs increase when the batteries
need to be replaced. The general conclusions from the cost analysis are as follows:

1. The project costs show similar trends in both the wind-powered system and PV-
powered system, where the NMC battery-SC HESS has the highest project cost and

the single-LFP battery ESS has the lowest project cost.

2. The costs for HESSs that include LFP batteries are visibly lower than those of the

corresponding HESSs with NMC batteries.

3. Although HESSs are initially more costly, their cost increases relatively slowly com-
pared to the single-battery ESSs due to the extended lifetime of the battery in HESSs.
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Figure 22. Costs of the single-battery ESS, the battery-SC HESS, and the battery-flywheel HESS over 30 years (Tf is 3600 s).
(a) Wind-powered household-prosumer system. (b) PV-powered household-prosumer system.

With the development of the battery market caused by increasing RESs and electric
vehicles, the cost of Li-ion batteries is continuously decreasing. Therefore, the selection of
the appropriate ESS solution in the RES household-prosumer system should be performed
carefully, using a techno-economic analysis for the different technologies involved and the
planned project lifetime.

5. Conclusions

Through an analysis of the energy exchange caused by the phase shift of the low-pass
filter controller, this study discussed the cause of the oversized capacity and increased
energy loss of the HESS. The unnecessary energy exchange implies that some of the capacity
is used to deliver energy within the HESS instead of serving the DC bus. Thus, the total
capacity of the HESS that is required to meet the demand is distinctly larger than that of
the single-battery ESS. Moreover, the energy loss of the HESS is larger than that of the
single-battery ESS due to the larger throughput powers of the individual ESDs and the
high self-discharge rate of the SC/flywheel. In addition, the increased time constant of
the filter controller causes both the required capacity and the energy loss of the HESS to
increase. Furthermore, although the battery lifetime is extended by the secondary ESD, the
single-battery ESS demonstrates an initial cost advantage compared with the HESS, since
its required capacity is lower. Due to the longer lifetime of LFP batteries, the single-LFP
battery ESS features the lowest project cost. However, the cost over time of the battery-
flywheel HESS is comparable to that of the single-battery ESS for a 30 year project lifetime.
The cost advantage of the HESS will become clear over time if the project is designed for
long-term usage. The techno-economic analysis for the different ESSs/HESSs depends on
the specific project situation and lifetime.
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