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Abstract: Utility-scale battery storage systems typically consist of multiple smaller units contributing
to the overall power dispatch of the system. Herein, the power distribution among these units is
analyzed and optimized to operate the system with increased energy efficiency. To improve the
real-life storage operation, a holistic system model for battery storage systems has been developed
that enables a calculation of the energy efficiency. A utility-scale Second-Life battery storage system
with a capacity of 3.3 MWh/3 MW is operated and evaluated in this work. The system is in operation
for the provision of primary control reserve in combination with intraday trading for controlling
the battery state of charge. The simulation model is parameterized with the system data. Results
show that losses in power electronics dominate. An operational strategy improving the energy
efficiency through an optimized power flow distribution within the storage system is developed.
The power flow distribution strategy is based on the reduction of the power electronics losses at
no-load/partial-load by minimizing their in-operation time. The simulation derived power flow
distribution strategy is implemented in the real-life storage system. Field-test measurements and
analysis prove the functionality of the power flow distribution strategy and reveal the reduction of
the energy throughput of the units by 7%, as well as a significant reduction of energy losses in the
units by 24%. The cost savings for electricity over the system’s lifetime are approximated to 4.4% of
its investment cost.

Keywords: battery storage system; energy efficiency; power flow distribution; system simulation;
primary control reserve; field-test

1. Introduction

Energy storage systems are a promising option to provide flexibility and grid services in future
electric grids [1,2]. Today, lithium-ion battery systems are being built in increasing number of
installations as well as increasing power and energy capacities [3]. Such utility-scale battery systems
typically consist of multiple units which together comprise the total nominal system power and
energy [4].

In this work, we focus on systems consisting of multiple units, which each feature a battery and a
dedicated power electronics (PE) and can thus be operated independently. In contrast, topologies that
connect battery packs of multiple units in parallel may lead to heterogeneous current flows between
parallel-connected battery packs due to variances for the battery impedance and capacity, which cannot
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be controlled [5,6]. This is of particular importance for systems which feature battery packs of varying
State of Health or different battery chemistries, such as the battery packs in the Second-Life battery
systems of this work. Dedicated PE for each battery pack is thus widely used, as in the battery storage
system of this work.

The actual power for each unit is calculated based on the power flow distribution strategy (PFDS)
of the system. The total system power is the sum of the power of all units. Typically, battery systems
distribute the system power flow equally among the units comprising the system (Equal PFDS).
The Equal PFDS is a technically stable and simple approach, as it ideally leads to identical levels of
the battery state of charge (SOC) in all units. Between units of varying nominal energy, e.g., a unit of
50 kWh and a unit of 100 kWh, the total system power is scaled for the units according to their nominal
energy to 1/3 for the 50 kWh unit and 2/3 for the 100 kWh unit. It is noted that the power capacity of
the units has also to be taken into consideration.

However, the equal division of the total system power among all units also leads to low-power
operating points for the units. PE show low efficiencies at partial load, and consequently relatively
high conversion losses occur. Figure 1a shows the typical power loss curve of a bidirectional inverter
applicable to battery storage systems. Losses at no-load/partial load are relatively high, and at no
load, the losses amount to approximately 0.75% of the nominal unit power or 28.40% of the unit losses
at nominal power. Figure 1b shows the resulting conversion energy efficiency, which is consequently
low at partial load.
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As the energy efficiency is a key performance indicator for battery storage systems and recent
investigations showed that overall system efficiencies for real-world grid applications are indeed lower
than typical literature values, especially due to the PE, options on how to reduce these losses require
investigation [7].

The studied system is a Second-Life battery storage system, operated by The Mobility House in
Lünen, Germany [8]. The system is set up from used battery packs from electric cars and has a nominal
capacity/power of 3.3 MWh/3 MW. It should be noted that the system is part of a larger system with a
total capacity of 13 MWh, but this study focusses on the 3.3 MWh sub-system only. The system is in
operation for the provision of Primary Control Reserve (PCR) in combination with intraday trading
(ID) for controlling the battery SOC. Further details on the system and its application follow in the
subsequent Section (Section 2).

Thus far, only a few studies investigated power flow distribution strategies for battery systems.
A PFDS for improving energy efficiency was proposed by Choi et al. in [9]. The focus was put on the
system availability in their proposed method. Lee et al. discussed and tested the provision of frequency
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control through multiple energy storage systems based on hierarchical cluster structures, but with a
focus on system availability and reliability and no consideration of energy efficiency [10]. Cho and
Yun proposed an optimized PFDS for improved energy efficiency based on genetic algorithms which
aim for the optimal operating point of the power electronics as well as balanced energy throughput [4].
In contrast to the reviewed studies, this work features an analysis of a utility-scale Second-Life battery
system in detail for its energy efficiency and consequently the development of an optimized PFDS and
its implementation. Field-test measurements are evaluated and show the feasibility of the PFDS as
well as the successfully improved operation metrics.

A holistic system model for battery storage systems that enables a realistic calculation of the
energy efficiency is parameterized with the system structure, the component data, and the application
load profiles. The system so far operates on equal PFDS. After validating the system model with the
measurement data from the system, a detailed energy loss analysis is conducted. Results confirm the
high conversion losses in the PE at the low operating point of the system.

Consequently, an optimized PFDS is proposed. The optimized PFDS is based on the reduction of
the operation time of the PE. Only the currently required inverters are in operation. The mechanism
for the improvement of the overall system efficiency is thus the reduction of the PE losses occurring
at low load and at no load. Simulation results suggest significant potential for the improvement of
energy efficiency. The optimized PFDS is implemented in the battery system. Measurements show
the functionality of the operational strategy, the reduction of the energy throughput as well as the
significant reduction of energy losses.

The paper is structured as follows. Section 2 introduces the Second-Life battery system and its
grid application in detail. Section 3 describes the system model used for the energy loss analysis and
presents the results. Section 4 presents the optimized PFDS and the results of the implementation in
the storage system. Section 5 concludes the study and their results. Finally, future work is suggested in
Section 6.

2. Second-Life Battery System

The system in this work is a Second-Life battery storage system. Second-Life here refers
to the second application of automotive batteries that were first used in battery electric vehicles.
The stationary application for the battery packs extends their usage beyond their initial mobile
application. The concept is a promising approach to reduce the high costs associated with the battery
packs for a battery system [11,12], and thus improve the economic viability of battery storage systems
and their applications [13–15]. As Second-Life is still a relatively new concept, economic and battery
lifetime evaluations are still under investigation today [16–18]. As one of the first systems and at time
of the installation the largest Second-Life system in the world, the system in this work also shows the
technical feasibility of Second-Life concepts.

The system in this work is based on battery packs of electric vehicles sold under brand name
Smart electric drive by Daimler and is operated by The Mobility House in cooperation with GETEC and
REMONDIS in Lünen, Germany [8]. The system setup and measurements, as well as the system model
and its parameters, are provided by The Mobility House and are unpublished and company-internal
data. The model parameters cited [19] and system measurements used/presented in the following are
thus not available for publication as raw data.

The system is in operation for the provision of PCR, a grid ancillary service for frequency control.
PCR is the stabilization of the grid frequency by providing positive or negative power to the grid in case
of frequency deviations from the nominal frequency. For systems providing PCR, the actually required
power to be provided is determined by the measured frequency deviation [20]. The ancillary service is
remunerated and coordinated by the Transmission System Operators (TSO) [21]. As battery systems
have limited storage capacity, they need to charge/discharge power additionally to the frequency
control power to maintain their SOC. This additional power can be flexibly bought/sold through
power contracts, such as intraday trading. Specific protocols and regulations have been set by the
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TSO for the PCR operation and market participation of battery systems [22]. Model-based studies on
battery systems providing PCR already evaluated battery lifetime [23,24], sensitivity studies on the
energy management strategies and regulations [25], as well as economic implications for the battery
system operation [24].

Figure 2 shows a schematic overview of the system under investigation. The system consists of
six Technical Units (TU), the auxiliary system components, and the grid connection.
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Figure 2. Storage system overview with grid connection and auxiliary components.

The TU each consist of batteries with dedicated PE. The auxiliary components are required for
the operation of the overall system (Battery Thermal Management, System Thermal Management,
and Control and Monitoring). A transformer connects the system-internal 400 V AC low-voltage to the
10 kV medium-voltage grid [26]. The TU, as well as the auxiliary components, are connected to the
low voltage level within the system.

The calculation boundaries of the round-trip technical unit energy efficiency ηTU, which includes
the battery and the power electronics, as well as for the overall round-trip system energy efficiency
ηSystem, which further includes the transformer and the auxiliary system consumption, are also
indicated in Figure 2.

Figure 3 shows a detailed overview of the TU with their varying specifications and setups. TU 2–5
each consist of two identical power strings. Both power strings each provide half of the nominal
power/energy of the TU. TU 3–5 are identical and shown only once.

TU 1 serves as a backup unit for the other units and is used rarely for system-internal load
balancing. It is therefore typically not providing PCR. TU 2–6 provide PCR to the electrical grid.
Each TU providing PCR is acting as an independent unit. The PFDS is thus only considered within
the specific TU. For the units featuring only a single power string (TU 1, TU 6) no PFDS is relevant.
Within the units that consist of two power strings (TU 2–5), the equal PFDS distributes the power
equally to both power strings that have identical nominal power for the ideal case, in which no SOC
difference between the batteries of the two power strings is measured. If a SOC difference arises,
a correction factor is applied to achieve an equal SOC between the power strings again.
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3. System Simulation

Section 3.1 introduces the system model structure, the component models, and parameterization.
Section 3.2 then presents the model validation against measured data as well as the results and
implications of the energy loss analysis of the system.

3.1. Model Development

The model developed for the system analysis is based on an existing system model by
Schimpe et al. [7]. The model is developed for holistic energy efficiency evaluations of container-size
to utility-scale battery storage systems. Separate component models are implemented and coupled to
an overall system model.

The existing model is adapted to the specific system structure and parameters for all components
of the specific system are implemented.

Table 1 shows the grouped components of the system, their respective component model type as
well as the main parameters used for the model parameterization.

The battery-pack, part of the TU, is modeled based on a single-cell model. The cell is simulated
through an equivalent circuit model featuring an open circuit voltage UCell,OCV as well as a resistance
RCell, which accounts for the overvoltages within the cell. The resistance parameters are derived
from pulse parameterization for both directions of current I, charge (positive) and discharge
(negative). The battery packs are water-cooled and stored at approximately 20 ◦C ambient temperature,
and operate at a low average load as will be discussed in Section 3.2. The cell temperatures are thus
expected to not increase in temperature strongly. As thermal parameters of the cell and pack are not
available, the cell parameters, open circuit voltage and resistance values, are taken and implemented
at a temperature of 25 ◦C versus the State of Charge SOC. Mismatching losses in the series-connection
and increases in battery cell resistances due to cell degradation are not implemented, as no information
is available, but in general, are both expected to increase losses.

The second component model of the TU, the PE model, is implemented through look-up data of
the power losses PPE,Loss as function of the power, PPE. The data, which is provided for each PE type
by the PE manufacturer, is implemented with separate data for both power flow directions, charge,
as well as discharge. Power factor is set to 1 for both system operation providing PCR as well as in the
measurements of the power loss curves.

The transformer connecting the overall system to the grid is modeled based on measured data
for the power loss at both no-load and full-load, which is provided by the transformer manufacturer.
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The transformer losses PTF,Loss are then calculated with a square-power function for the load-dependent
losses, which feature Ohmic loss behavior, as function of the secondary-side power PTF,Sec.

Table 1. Component model overview.

Component
Group Component Type Parameter Overview (All:

Data from [19])

Technical Unit
Battery Equivalent

Circuit Model
UCell,OCV(SOC, T = 25 ◦C),
RCell(SOC, sgn(I), T = 25 ◦C)

Power Electronics Loss-Curve Look-Up Data PPE,Loss(sgn(PPE), PPE)

Grid Connection Transformer Loss-Curve Look-Up Data PTF,Loss(PTF,Sec)

Auxiliary
Components

Battery Thermal Management System (B-TMS)
Measured Data over Time

(No Model)

PAux,B-TMS(t)
System Thermal Management System (S-TMS) PAux,S-TMS(t)

Control & Monitoring incl. Uninterruptible
Power Supply (C&M) PAux,C&M(t)

Other PAux,Other(t)

System Control Load Profile Measured Data over Time
(Model Input)

PTU,AC(t)
Initial/End State of Charge SOCTU(t)

The auxiliary components are not modeled but implemented through measured data for their
power consumption. Four groups are defined: (I) Battery Thermal Management System (B-TMS);
(II) System Thermal Management System (S-TMS); (III) Control and Monitoring components that
include the Uninterruptible Power Supply (C&M); and (IV) the remaining consumption for various
components. Detailed measurements of the remaining various components are not available; however,
a large share of consumption is assumed to be attributed to ambient air filter components. For each
auxiliary component group, the measured power consumption PAux is implemented as function of
time t.

The power control of the system is implemented as the load profile for each TU, based on the
measured data over time, PTU,AC. The SOC measured in each TU (average SOC for a TU with two
power strings), SOCTU, is set as initial value for the simulation after every 24 h to remove SOC drift
between the model and the system due to small deviations for the battery current, which add up over
long simulation durations. The changes in SOC through the reset are included in the loss calculation.

3.2. Simulation Results

Before analyzing the energy losses of the complete system, the TU model is validated against
measured data. The measured efficiency values here and in the following include the differences
of stored energy through the changed battery SOC between the beginning and the end of the
considered period.

Table 2 shows the charged/discharged energy of the TU, and the simulated/measured round-trip
energy efficiency and their deviation for the month of March 2017.

Table 2. Charged/discharged energy and simulated/measured round-trip energy efficiency for
Technical Units 1–6 for March 2017.

TU Application Charged Energy
in MWh

Discharged
Energy in MWh

Simulation
Efficiency ηTU,Sim

Measured
Efficiency ηTU,Meas

Simulation Deviation
ηTU,Sim − ηTU,Meas

TU 1 Back-Up + ID 7.75 5.04 64.79% 64.95% −0.16%
TU 2 PCR + ID 18.79 14.38 76.01% 76.65% −0.64%
TU 3 PCR + ID 19.01 13.88 71.11% 73.14% −2.03%
TU 4 PCR + ID 19.34 14.08 71.36% 72.88% −1.52%
TU 5 PCR + ID 19.38 14.19 71.52% 73.34% −1.82%
TU 6 PCR + ID 9.69 7.18 71.74% 74.11% −2.37%

All TU various 93.96 68.76 71.77% 73.25% −1.48%

Energy throughput for TU 2–6 varies with the respective unit power. TU 1, the backup unit,
is rarely active for inter-system balancing operation. TU 2–6 providing PCR show similarly measured
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efficiencies between 72.88% and 76.65%. The different efficiencies are caused by technical setup
variations, such as varying battery types, which are each implemented with specific parameters,
and different inverter sizes (see Figure 3). TU 1, the backup unit, is active at only low relative power
and thus has a relatively low efficiency.

The simulation results for the energy efficiency of the various TU are between 0.16% and 2.37%
higher than the measured values. This trend in the deviation results possibly from the battery model.
In the implemented type of equivalent circuit model, all battery overvoltages under load are calculated
based on the single resistor in the model. Battery overvoltages are, however, dynamic, increasing with
longer durations of load [27]. A battery operating under fluctuating load thus operates with decreased
overvoltages compared to a battery model using a non-dynamic resistor only. Finally, the accuracy of
the power electronics parameters for the power loss curve can significantly influence the model result.

All units in total have a measured efficiency of 73.25% for which the simulation predicts an
efficiency of 71.77%, equating to a deviation of −1.48%. Summarized, the model is in good agreement
with the measured data for the system.

When considering the complete system, the round-trip energy efficiency ηSystem is found
significantly lower at 56.06%, again for March 2017. The reduction is due to the additional energy
losses in the transformer (1.79 MWh) as well as due to the auxiliary energy consumption (B-TMS
1.47 MWh, S-TMS 2.57 MWh, C&M 7.88 MWh, Other 1.18 MWh).

To identify the exact mechanism, the loss distribution analysis for the complete system is
conducted and shown in Figure 4 for the operation presented in Table 2. The left side shows the
distribution grouped by transformer losses, auxiliary consumption and the losses occurring in the TU.
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operation for Primary Control Reserve/Intraday trading/Back-Up power.

With 64.48% of the overall losses, the TU are responsible for most losses. Second is the auxiliary
consumption, which leads to 31.24% of all losses. The transformer’s share of losses at 4.28% is here the
smallest contributor.

The right side shows the analysis with a more detailed breakdown. Within the TU, the PE
is identified as the largest contributor, whereas the batteries are the smallest contributor of all
loss mechanisms. The breakdown of the auxiliary consumption shows that all components are
relevant contributors. The Control and Monitoring of the overall system, which also includes the
power consumption of the uninterruptible power supply, is the biggest contributor to the auxiliary
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consumption and the second-largest in overall. It is noted that the energy consumption of the thermal
management is subject to changes with varying outdoor temperatures and that this analysis specifically
covers March 2017 only.

As the model represents the auxiliary consumption only as measured data, no improvement
strategies for the auxiliary consumption of the given system through improved operation can be
evaluated. The transformer is a passive component and thus also offers no improvement potential
through operational strategies. Consequently, an improved operational strategy derived from the
analysis in this work will focus on the TU operation, which is the largest contributor to the system
losses as the previous analysis has shown.

Figure 5 shows the loss distribution for all TU. Here the differentiation between no-load losses
and dynamic losses for the PE is made. Losses within the PE are the sum of switching and conduction
losses within the semiconductors, magnetic losses in filter components, and Ohmic losses in general.
As no detailed PE model is available, the losses are grouped into no-load losses and dynamic losses.
No-load losses are defined as the power losses occurring at no output power, but with the PE unit in
operation, fully connected to its AC and DC sources, and with the switching control active. Dynamic
losses are defined as the losses that occur additionally to the no-load loss value when the unit increases
its output power.
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The analysis shows that in total the no-load losses lead to 92.92% of the overall losses of the TU.
The battery losses and the dynamic PE losses are in comparison much smaller.

For further evaluation of the origin of losses in the TU, the profile of the application is analyzed.
Figure 6a shows the measured AC-side power of TU 6 (P > 0: Charge, P < 0: Discharge) over time.
Within the representative duration of six arbitrary hours, the maximum absolute power is 78.92 kW,
and the average of the absolute power is only 16.52 kW. Both values are relatively small in comparison
to the nominal PE power of 280 kW. The selected duration is representative of the available data in
terms of two aspects: (I) grid frequency fluctuations constantly require the operation of the TU; and (II)
TU power is on average low.

The resulting power losses (simulated data) are shown in Figure 6b. The PE losses here constantly
show a high offset value as the PE is in operation at all times. The offset value is also high in comparison
to additional dynamic losses or to the battery losses, which confirms the previous findings of the TU
loss analysis (see Figure 5).

The conclusion from the loss analysis is that the PE no-load losses are the largest contributor to
the system losses. As the losses can only be avoided when the PE unit is turned off, an analysis of the
actual power demand is conducted to evaluate if this is an option considering the load profile. Figure 7
shows the temporal distribution of the relative power of TU 5 in March 2017.
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Most of the time, the power is low: 99.95% of the time, the relative power is under 50%. As TU
3–5 consist of two power strings of identical setup, during this time, theoretically, only a single power
string would be sufficient for providing the output power. This result motivates the development of
an optimized PFDS that uses this optimization potential.

4. Optimized Power Flow Distribution Strategy

Section 4.1 describes the proposed optimized PFDS based on the previously discussed results.
The procedure and results of the implementation in the storage system are presented in Section 4.2.

4.1. Proposal and Development

The energy loss analysis showed that the biggest contributor to the system losses are the no-load
PE losses and that they are responsible for 92.92% of the losses occurring in the TU. The profile analysis
showed that most of the time, less than 50% of the TU power is required in the PCR application.

As the no-load losses can be reduced through deactivation of PE units, a PFDS that uses only the
minimum number of required power strings within the TU is expected to have significant potential to
improve the energy efficiency. The PFDS is applicable for the TU consisting of two power strings.
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This proposed optimized PFDS is a non-equal PFDS that consequently leads to a variation of the
SOC between the batteries in the power strings. The total TU power for both charge and discharge
has to be kept available at all times. E.g., if one string is at the maximum SOC due to insufficient SOC
management, the string cannot provide power for the charge direction, which results in a reduction of
the TU charge power availability by 50%. The SOC difference between the two strings should thus
be as small as possible so the TU power availability does not differ from an equal PFDS. The PFDS
thus also has to respect the varying SOC values in terms of the energy management for the provision
of PCR.

Figure 8 shows the schematic overview for a TU with two power strings. The unit power PTU is
distributed to the power strings PTU,1 and PTU,2:

PTU = PTU,1 + PTU,2 (1)
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The two battery SOC values, SOC1 and SOC2, and the corresponding average SOC for the unit
SOCTU, are also shown.

For the provision of PCR, the average SOC of the TU SOCTU is aimed to be held around the
goal value SOCGoal of approximately 50% with approximately 10% allowed variation resulting in the
minimum/maximum SOC limits SOCmin and SOCmax. The intraday power PTU,Intraday for the TU is
accordingly controlled to maintain the average SOC of the TU. The total unit power PTU (PTU > 0:
Charge, PTU < 0: Discharge) is therefore defined as the sum of the required power for PCR, PTU,PCR,
and the Intraday power PTU,Intraday:

PTU = PTU,PCR + PTU,Intraday (2)

Both individual power string SOC values are additionally required to be maintained within the
range of SOCmin to SOCmax. The distribution of the unit power PTU to the power of both strings PTU,1

and PTU,2 therefore has to fulfill the SOC management as well as the reduction of the no-load/low-load
losses in the PE through a distribution of the unit power to a single string when possible. Equation (3)
defines the SOC difference within a TU ∆SOCTU.

∆SOCTU = SOC2 − SOC1 (3)

The conditions and PFDS settings shown in Table 3 define the operation when both power strings
are active. The SOC imbalance between both power strings is minimized with a droop control based
on the SOC difference ∆SOCTU. At a SOC difference of 10%, a value chosen based on practical results,
the droop control is fully activated.
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Table 3. State of Charge droop control for operation with both power strings active.

Power Condition ∆SOCTU Set-Point for PTU,1/PTU Set-Point for PTU,2/PTU

PTU ≥ 0
∆SOCTU ≤ −10% 0% 100%

−10% < ∆SOCTU ≤ +10% 50% + 1/20%× ∆SOCTU 50%− 1/20%× ∆SOCTU
∆SOCTU ≥ +10% 100% 0%

PTU < 0
∆SOCTU ≤ −10% 100% 0%

−10% < ∆SOCTU ≤ +10% 50%− 1/20%× ∆SOCTU 50% + 1/20%× ∆SOCTU
∆SOCTU ≥ +10% 0% 100%

The set-point values can be overridden when the set-point value for a power string would exceed
its current maximum power. This can be the case, e.g., when both power strings are required for the
provision of the power, such as at a TU power of 75% at the same time as an absolute SOC deviation
∆SOCTU higher than 10%. The power is then provided by the power strings as much as technically
possible. The power, which then cannot be provided by a power string, is distributed to the other
power string—overriding the set-point value here.

The conditions and PFDS settings shown in Table 4 define the operation for operating points that
can theoretically be provided with a single power string: |PTU| ≤ PTU,String,max.

Table 4. Operation modes for optimized Power Flow Distribution Strategy for operating points
theoretically requiring only a single power string (|PTU| ≤ PTU,String,max ).

Mode Condition SOC1 Condition SOC2
Charge PTU ≥ 0 Discharge PTU < 0

PTU,1/PTU PTU,2/PTU PTU,1/PTU PTU,2/PTU

Mode 1 SOCmin < SOC1 < SOCmax SOCmin < SOC2 < SOCmax

100% 0% 100% 0%
switching every 6 h of in-operation time to

0% 100% 0% 100%

Mode 2 SOC1 ≤ SOCmin SOCmin < SOC2 < SOCmax 100% 0% 0% 100%

Mode 3 SOCmin < SOC1 < SOCmax SOC2 ≤ SOCmin 0% 100% 0% 100%

Mode 4 SOC1 ≥ SOCmax SOCmin < SOC2 < SOCmax 0% 100% 0% 100%

Mode 5 SOCmin < SOC1 < SOCmax SOC2 ≥ SOCmax 100% 0% 0% 100%

Mode 6 SOC1 ≤ SOCmin SOC2 ≤ SOCmin Both power strings active, see Table 3

Mode 7 SOC1 ≥ SOCmax SOC2 ≥ SOCmax Both power strings active, see Table 3

Mode 8 SOC1 ≤ SOCmin SOC2 ≥ SOCmax 100% 0% 0% 100%

Mode 9 SOC1 ≥ SOCmax SOC2 ≤ SOCmin 0% 100% 100% 0%

The standard operation is Mode 1 when both power string SOC levels are within the limits. Every
full six hours of in-operation time of a power string, the operation is switched to the other power string
to balance operation time equally. In Modes 2–3, one power string is at or below the lower SOC limit
and thus deactivated for discharge operation. Similarly, in Modes 4–5, a power string is at or above
the upper SOC limit and consequently deactivated for charge operation. For Modes 6–7, both power
strings are activated as the SOC is violating the same lower or upper SOC limit. The operation of the
two strings consequently follows the distribution according to Table 3. Finally, Modes 8–9 are specified
for the unlikely case that a power string violates the upper limit at the same time when the other power
string violates the lower limit. In the case one of the Modes 2–9 is activated, Mode 1 is only reactivated
when the value of SOC1 and/or SOC2 has/have reached SOCGoal again.

It is here noted that the PE in the system have a time-limit for their start-up process, meaning that
five minutes have to be passed between two start-up procedures. Thus, if a unit is turned on, it is not
deactivated for five minutes to ensure it is still available for turn-on even right after its turn-off.
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4.2. Field-Test Results

The proposed optimized PFDS is implemented on TU 4. TU 3 and TU 5, which feature the
identical technical setup as TU 4 and operate unmodified on equal PFDS, are used as a reference.
The three units are put in operation for the provision of PCR. Values for TU 3 and TU 5 are averaged
for relative comparisons to TU 4.

Table 5 shows the results of the evaluated period. Energy efficiency is evaluated for 12 full days,
3–14 August 2017. The in-operation time of the power electronics is evaluated for a slightly increased
duration of ≈14 days. The evaluation timeframe varies due to the procedure of data collection in the
different components. As the operation of the TU, in general, does not change significantly and the
timeframe of the 12 days is included in the 14 days, the data can be compared with the note that the
timeframes differ slightly.

Table 5. Field-test results for Technical Unit (TU) energy efficiency and in-operation time of Power
Electronics (PE) with equal Power Flow Distribution Strategy (PFDS) (TU 3, TU 5) and optimized PFDS
(TU 4). Data for energy efficiency are for 3–14 August 2017. Data for PE in-operation time are for the
extended testing timeframe of 14 days in August 2017.

Parameter TU 3 TU 4 TU 5

Power Flow Distribution Strategy Equal Optimized Equal
Measured TU Energy Efficiency 62.81% 71.72% 63.22%
Measured PE In-Operation Time 100.00% 62.52% 100.00%

TU 4 with the optimized PFDS shows an energy efficiency of 71.72%, which is significantly
increased from 62.81% in TU 3, respectively 63.22% in TU 3. This increase in the energy efficiency by
8.71 percentage points shows the success in the reduction of losses in the TU. The averaged in-operation
time of the PE units in each TU, which is the optimization approach for the optimized PFDS, is reduced
from 100% for TU 3 and TU 5 to 62.52% for TU 4.

The analysis of the charge/discharge energy throughput is shown in Figure 9 for TU 3–5 for
the period 3–14 August 2017. The overall discharged energy is identical across all units. However,
the charged energy shows a reduction from 5.50/5.51 MWh (TU 3/TU 5) to 4.88 MWh, concluding that
the increased energy efficiency is a consequence of a reduced energy input. The reduction of the total
energy throughput from 8.95/8.98 MWh (TU 3/TU 5) by 6.72% to 8.36 MWh (TU 4) consequently also
leads to a reduced charge throughput for the battery pack in TU 4, resulting in fewer battery cycles.
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Figure 9. Field-test results for energy throughput (AC-measurement, charge/discharge) of Technical
Units (TUs) 3–5 for 3–14 August 2017. TU 3 and TU 5 operate on equal Power Flow Distribution
Strategy (PFDS); TU 4 operates on optimized PFDS.
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The optimized PFDS also influences the intraday trading. Figure 10 shows the intraday
charge/discharge energy as well as their sum for TU 3–5 for the period 3–14 August 2017.
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Figure 10. Field-test results for intraday energy charge/discharge/sum of TUs 3–5 for 3–14 August
2017. TU 3 and TU 5 operate on equal Power Flow Distribution Strategy (PFDS); TU 4 operates on
optimized PFDS.

The energy charged through intraday trading is reduced in TU 4 from 2.73/2.72 MWh (TU 3/TU
5) by 25.03% to 2.04 MWh (TU 4). The energy discharged through intraday is slightly less reduced
from 1.25/1.30 MWh (TU 3/TU 5) by 14.56% to 1.09 MWh. The sum of intraday energy is consequently
significantly reduced from 1.48/1.42 MWh by 34.19% to 0.95 MWh. This large reduction for the sum of
intraday energy exchange indicates a strong reduction of the energy lost during operation.

To put the improvement of the optimized PFDS into an economic context through a rough
estimate: Scaling the reduction of the sum of intraday energy for the single TU to a full year gives the
potential for electricity savings in a single TU of approximately 15.21 MWh per year and 304.17 MWh
over an assumed operation time of 20 years. As no aging model is available, the battery lifetime cannot
be accurately predicted. Scaling the energy throughput of the TU to 20 years of operation results in the
relatively high number of approximately 5250 equivalent cycles. It is noted that the lifetime of 20 years,
therefore, is not guaranteed and requires further evaluation.

Using an energy price of 29.13 €/MWh (Intraday 15-min call auction base period average price in
Germany in 2016 [28]), these savings of bought energy equate to a cost reduction over the full operation
time of 8860 €.

The saving can be put into comparison with the investment costs of a battery system. Based on
the nominal energy of ≈600 kWh of the TU and literature-based specific system costs of 340 €/kWh
(398 $/kWh for Tesla Powerpack 2 in 2016 [29]), the system costs can be approximated to ≈200,000 €.
The cost reduction through the optimized PFDS of 8860 € over the assumed operation time of 20 years,
therefore, equates to ≈4.43% of the battery system investment cost. If the operation time is less,
the improvement is reduced linearly, i.e., for 10 years of operation time accordingly to 2.21%.

Figure 11 continues the technical analysis through an evaluation of the reduction of energy losses
through the optimized PFDS.
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on equal Power Flow Distribution Strategy (PFDS); TU 4 operates on optimized PFDS.

The relative reduction of the energy losses by 23.54% equates to a reduction of 8.71 percentage points,
which can also be expressed as an increased round-trip energy efficiency by 8.71 percentage points.

The temporal distribution of the SOC control modes of the optimized PFDS (see Table 4) in TU
4 is shown in Table 6.

Table 6. Field-test results for the State of Charge control mode in optimized Power Flow Distribution
Strategy (Technical Unit 4) from the extended testing timeframe of 14 days in August 2017.

Mode 1 2 3 4 5 6 7 8 9

Temporal Share 68.93% 10.00% 10.79% 3.26% 4.00% 2.99% 0.03% 0.00% 0.00%

The analysis reveals that mostly Mode 1, in which both power string SOC levels are in the desired
range, is in operation, i.e., 68.93% of the time. Modes 2–3, in which one of the power string is at the
lower SOC limit, are in total active for 20.78% of the time. In comparison, Modes 4–5, in which a power
string is at the upper limit, are in total active for only 7.26%. This is expected, as the TU tend to lower
SOC values due to the conversion losses. Modes 6–7, in which both power strings are in conflict with
the same SOC limit, are rarely active, only 3.02% of the time. Modes 8–9 are not in operation, as their
activation is expected only for erroneous operation or start-up of the system.

Finally, the evaluation of the measured SOC in the TU in the field-test, given as the average value
between the two power strings in each TU, is shown in Table 7 for TU 3–5. The minimum, time-average
and maximum SOC in the evaluated timeframe are given.

Table 7. Field-test results for the State of Charge (SOC) in the Technical Unit (TU) with equal Power
Flow Distribution Strategy (PFDS) (TU 3 and TU 5) and optimized PFDS (TU 4) for the extended testing
timeframe of 14 days in August 2017.

Parameter TU 3 TU 4 TU 5

Power Flow Distribution Strategy Equal Optimized Equal
Minimum SOC of TU 40.09% 39.56% 39.73%

Time-Average SOC of TU 49.34% 50.39% 49.52%
Maximum SOC of TU 60.62% 60.99% 60.41%
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The values for the min/time-average/max. SOC levels are similar for all TU, operating on
either equal PFDS or optimized PFDS. The TU operate in general between 40% and 60% with a
time-average SOC of 50%. This confirms the stable operation for both PFDS in accordance with the
desired SOC limits.

5. Conclusions

A utility-scale second-life system providing PCR is analyzed and optimized regarding its energy
efficiency. First, a detailed system analysis is conducted, revealing the overall system energy efficiency
at 56%. The majority of losses occur in the TU, which consist of the PE and the battery: The energy
efficiencies of the five TUs providing PCR are between 73% and 77%. Simulation of the system reveals,
that the main loss mechanism of the TU as well as of the overall system is identified as the no-load
losses of the PE. The no-load losses have significant importance as dynamic losses of the PE and those
of the battery are small for the application PCR, which features a low average load. The PE are however
in constant operation, leading to the high amount of energy losses.

A temporal distribution analysis of the load profile shows that the PCR load is for 99.95% of the
time, and thus almost entirely, under 50% of the nominal power of the TU. As some TU in the system
consist of two identical power strings, an optimized PFDS for the power flow of the TU onto the two
power strings is proposed. The goal is to reduce the no-load and partial-load losses by providing PCR
with a single power string when possible. This consequently reduces the no-load losses of the second
power string. The optimized PFDS thus controls the power flow for each power string independently.
As this requires a dedicated management of the battery SOC in each power string, a new battery SOC
management strategy is also developed.

The optimized PFDS is implemented in a TU of the system and put into operation for PCR.
The comparison of the analysis based on measured data shows that the energy efficiency is improved
by 9 percentage points, which equates to a reduction of the energy losses by 24%. The reduction also
leads to a reduced energy balance for the intraday trading by 34%. The overall energy throughput
of the TU is reduced by 7%. The optimized PFDS also successfully manages the battery SOC of the
individual batteries.

In summary, the proposed optimized PFDS can improve energy efficiency in battery systems
consisting of multiple units. A rough approximation of the economic value of the optimized PFDS in
terms of the reduction of intraday energy trading balance shows that the improvement equates to 4.4%
of the battery system investment costs.

6. Outlook

For an accurate evaluation of the PFDS, a full year of operation data can be collected.
The optimized PFDS so far only includes optimization through rule-based reduction of the

operation time of a second power string. Future optimized PFDS can include dynamic PE losses,
as well as battery losses, to optimize system operation for an overall optimal operating point.
As the distribution of the power to a single power string leads to higher currents in the battery,
a battery-degradation model can be used to predict the impact on the battery lifetime. Combining the
energy losses calculation with a battery-degradation model can provide a holistically optimized PFDS.

The here proposed PFDS controls the power flow in a single TU between two identical power
strings. The PFDS can be developed to operate for non-identical power strings in a TU, as well
as to optimize PFDS between several TUs and between several complete storage systems. Future
simulations could reveal the technical potential of such topologies in detail. However, regulations for
the fail-safe provision of PCR have to be considered, which may require n-1 redundancy that could
contradict a single large aggregated unit.
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