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ARTICLE INFO ABSTRACT

A rising interest in battery systems for various applications needs a deep understanding of the system perfor-
mance for technical and economical optimization. The electrical system behavior and the energy efficiency of
two different Li-ion battery systems are presented in this paper. Both systems are designed for operation in a
virtual storage plant with respect to the primary control reserve. The efficiency of both systems is analyzed
including the battery, the power electronics and auxiliary units. Based on the overall energy efficiency of the
electrical storage systems, a model is developed to show the impact on the operation and standby behavior. This
model is transferred in a simulation framework investigating the application of battery systems towards primary
control reserve. Real frequency data of continental European transmission system are used to simulate the be-
havior of the two systems in order to determine energy losses during operation. Primary control reserve is one
possible application as grid support service for battery systems and is under current discussion. In this new field
of battery application energy losses are a limiting factor for economic and technical qualification. The simulation
identifies strengths and weaknesses of the investigated systems based on the determined efficiencies, and the
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results support an optimized operation strategy.

1. Introduction

In a progressive developing society with increasing energy con-
sumption, a need of flexibility and also with respect to ecologic values a
global change of energy supply is required. A significant increase of the
share of renewable energy in the coming years is expected [1]. Re-
newable energy supply and energy demand do not correlate inevitably.
One way to solve this non-congruence is to store the energy. Therefore
different storage technologies exist, e.g. battery storage systems with
lithium ion battery cells.

Assuming a decrease of the number of central power plants for base
load supply decentralized electrical power supply systems may play a
dominant role in the future [2]. In order to manage these changes,
storage solutions may contribute to support the necessary grid services
which were previously provided by conventional power plants. For
dispersed generation a larger number of small units will come into focus
with new capabilities and uncertainties in operation. In any event the
electrical grid has to be stabilized in short- and long-term time frames.
For the short term application the primary control reserve is the sym-
metric control strategy to stabilize the grid to 50 Hz.

In order to stabilize electrical grids via primary control reserve
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lithium ion battery storage systems [3,4] can be used. The lithium ion
technology is a promising storage technology due to high charge and
discharge capabilities, high energy density and low self discharge. It is
important to reach the highest possible efficiency in order to avoid the
loss of energy, independent of the storage technology. Battery systems
for primary control reserve are complex compared to standard sta-
tionary battery system for low power applications. Additional protec-
tion and controller units are necessary. However, additional devices
consume additional energy and thus reduce the system efficiency.
Therefore an economic successful operation of battery systems ne-
cessitates a detailed investigation of the efficiency behavior.

Primary control reserve cannot be provided by each system avail-
able on the market. The threshold performance for primary control
reserve power is 1 MW. Thus, small systems such as in residential ap-
plications could only participate in the primary control reserve market
as a pool of small systems called virtual power storage plant. In this case
new possibilities arise. If different kinds of energy storage systems are
integrated in this virtual storage plant, an optimization could be done
with respect to advanced operation strategies. In this case it is also
necessary to determine the efficiency depending on the power of each
system. Auxiliary and standby losses are included in the efficiency in
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order to optimize each system within the power plant and to reduce
energy consumption by supporting the grid.

In this paper two storage systems based on lithium ion technology
are investigated relating to their application in the primary control
reserve power market. The energy efficiency behavior and the energy
losses are investigated and mathematical correlations are derived which
were used to model both systems. The energy losses were determined
under operation with respect to the primary control reserve.

2. Theory & experimental setup

Two different battery storage systems based on lithium ion tech-
nology for grid primary control reserve were investigated. Both systems
have a maximum power of 20kW, but consist of different system
topologies. The equivalent circuit diagrams of both systems are shown
in Fig. 1. System A had a direct current (DC) voltage level between 150
and 180V with lithium ion cells, 25 Ah each. The cells were graphite
based on the anode side and NMC-oxide (lithium nickel manganese
cobalt oxide) based on the cathode side. Three battery modules were
installed in series whereby each module consisted of 15 cells in series
connection and three in parallel (15s3p) with an energy content of
12 kWh. Two DC-to-DC converters for different power ranges were in-
stalled to set the DC link voltage to a higher level for the inverter to
convert DC to a three-phase alternating current (AC) with a phase to
phase voltage of 400 V. System B had a DC voltage level between 420 V
and 560 V. Lithium ion cells with a graphite based anode and a NCA-
oxide (lithium nickel cobalt aluminum oxide) based cathode were used,
each cell having a capacity of 45 A h. The battery system consisted of 10
modules in series connection, where each module includes 14 cells in
series. The energy content of the system was 20 kWh. One inverter was
installed to convert DC link voltage to three phase AC voltage. Due to
the level of the DC intermediate circuit voltage being too low to reach
the phase to phase AC grid voltage of 400V, a wye connected trans-
former was installed for direct grid connection. An overview of system
A and system B is provided in Table 1.

Table 1
Rated power and energy of system A and B.

System A System B
Rated power/kW 20 20
Rated energy/kWh 12 20
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The measurement points for voltage (V), current (A), and active
power (P) are indicated. Both systems were investigated on the DC side
via current sensors and voltage measurement and on the AC side viaa 3
phase power measurement device (ECS-PM3-80) to determine the
system parameters for characterization such as efficiency, auxiliary
losses, standby losses and grid power. The DC voltage on both systems
was measured with a LEM current transducer HTR 100-SB connected to
a Keithley 2010 multimeter. The DC voltage was measured by the in-
ternal battery management system.

One of the key performance indicators of a storage system is the
energy efficiency. Losses occur in the inverter, the battery, the trans-
former and in the auxiliary units.

7, (P,SOC) = ny7q @

According to Eq. (1) system efficiency is divided into battery efficiency
and electrical efficiency including everything other than the battery.

Essentially, the definition of efficiency of the total system z, is the
relationship between the energy supplied and the energy needed from
the grid to re-establish the same state of charge (SOC) prior to the
discharge (Eq. (2)).

SOC1
Soc2 |Pg,d |dtq

SOC2
SOC1

7,(P.SOC) =

|Rycldte )

In this equation P4 is the power at the grid access point during the
discharging and Py is the power at the grid access point during the
charging process. For the time t the same indices are used. The limits of
integration SOC1 and SOC2 describe the states of charge between
which the measurements were carried out in order to determine the
efficiency. The starting SOC was also the SOC at the end of the mea-
surements in order to fulfill the definition.

For the determination of the energy storage efficiency it was also
necessary to determine the auxiliary and standby losses, because these
effects reduced the stored energy depending on storage time. These
losses were included in 7, during operation and separately considered
during the standby or ‘Off’ mode and they are listed in Section 3 in an
overview.

2.1. Determination of system efficiency at a fixed SOC

In order to reduce the efforts to determine the system efficiency
according to Eq. (2) an alternative approach to full charge/discharge
cycles is proposed. For primary control as grid support service
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Fig. 2. Efficiency measurement with constant charge und discharge power of 19kW at
50% SOC. Blue lines show current behavior grey lines show voltage behavior, while solid
lines represent the charge mode and dashed lines the discharge mode. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

symmetrically power provision has to be ensured. Thus, the battery
state of charge (SOC) has to be around 50% SOC. Therefore, in this
study 50% SOC was used as subject of investigation as shown in Fig. 2
with voltage and current behavior for constant charge and discharge
power at the grid access point. It is important to remark, that this ap-
proach is not limited to this SOC. Although differences in internal re-
sistances, especially at low and high SOC [5,6] are known, 50% SOC is
representative for system description. The following considerations
theoretically confirm that this assumption is more than reasonable.
These relationships could also be used to determine the efficiency
during operation particularly with respect to the lifetime of the system,
to determine indirect aging effects, which occur in lithium-ion batteries
[7-25]. Eq. (2) is used for the power depending overall efficiency. The
power from and to the grid was constant for each measurement:
Pg 4 = Py .. One further definition is that the capacity of battery system
is equal for charging and discharging in a specific state of charge range:
lhathal = lpctocl. Substitution of this definition into Eq. (2) results in
the following equation:

1|
gl

7, (P,SOC) = 3)

The overall efficiency at a specific state of charge with constant
power on the grid could be determined with this equation by the ratio
of the current in the battery during charging and discharging.

The efficiency of the battery system is not only the cell efficiency,
but also cell connection, BMS electronics and energy supply need to be
factored in. In order to determine the battery system efficiency the
following equation based on the consideration, that the energy from the
battery divided by energy into the battery is the efficiency of the battery
system with constant power on grid, is formulated:

SOClP t U It
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If the diffusion processes are in equilibrium without a diffusion
gradient, and thus in first order stationary, the equation could be re-
duced by the assumption of [I, gty 4l = It to the following equation
at specific SOC and P:

U 4(SOC)

P,SOC) =
7 (P.SOC) = 2 500)

6)

In this case the round trip efficiency can be estimated from the ratio
of battery voltages although no complete charge and discharge cycle
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were performed. In order to determine electrical losses for systems such
as power electronics and control units with energy supply during op-
eration Eq. (1) is used.

Ul
74(P.SOC) = 2+
o N 6

Eq. (6) is substituted by Egs. (3) and (5), and following equation is
obtained under the condition that Py, = Pg4:
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The efficiency of the electronics can be determined by measuring
the power during charging and discharging at the battery if the power
at the grid access point is the same for charge and discharge.

Based on the previous conclusions the measurements for the energy
efficiency determination were performed by voltage, current and power
analysis, shown in Fig. 2. The graph shows the voltage and the current
of system A with constant charge und discharge power of 19 kW at 50%
SOC. The solid lines show the results while charging and the dashed
lines while discharging. The blue lines are the current measurement
with decreasing current with increasing state of charge level, and the
grey lines show the voltage measurement with increasing voltage at
increasing SOC. In addition, the three phase AC power measurements
between the grid and battery energy storage system were carried out to
review the measurements.

The supply of primary control reserve depends on the grid fre-
quency and can be provided positively or negatively. In order to pro-
vide the required minimum of 1 MW reserve power [26] with small
decentralized battery storages such as the two investigated systems, a
virtual storage plant has to be set up. Each system which participates at
the primary control reserve market has to react between 49.8 and
50.2 Hz and should able to supply positive as well as negative full load
within 30 s and support the grid for a maximum of 15 min with constant
power. In Fig. 3 the deadband of + 10 mHz around 50 Hz is shown, and
a maximum power of 20 kW for negative and positive response for the
particular frequency is shown which represents the maximum power of
the investigated systems. A linear relationship between the frequency
and the active power is assumed.

3. Experimental results

The experimental section is divided into three parts. In the first part
the results on energy efficiency of both systems are presented, separated
in total, battery and electrical system efficiency. The second part dis-
cusses the influence of the state of charge dependency of the total en-
ergy efficiency according to constant power mode. The third part
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Fig. 3. Frequency power function for primary control reserve provided by a 20 kW bat-
tery system according to the German Transmission code [26] including a deadband
of + 10 mHz.
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Fig. 4. Power dependent round-trip efficiencies of two different Li-Ion battery-storage
systems for system A and system B. The orange lines show the overall or total efficiency,
the blue lines battery efficiency and the grey lines the efficiency of power electronics
including energy supply and auxiliary losses. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

describes the investigation of system operating conditions.

In Fig. 4 the results of the round trip efficiency versus power for
system A and B are shown. On the left hand side the results of system A
and on the right hand side the results of system B are presented. The
blue lines represent the results of the battery system efficiency. The
efficiency includes the cell efficiency and losses which occurred in the
battery modules up to the DC intermediate circuit at the inverter. The
grey lines represent the system losses, which included the power elec-
tronics, control devices and the auxiliary power supply. The orange
lines show the total system efficiency including all above mentioned
losses.

The results shown in Fig. 4 exhibit a decisive difference in system
behavior depending on the power range. The important key figure is the
total efficiency. System A showed a higher efficiency in the lower power
range up to 7kW compared to system B. System B had a higher effi-
ciency beyond a power range of 7kW. The graph of battery system
efficiency could be described as a linear function with a different slope
for each system, due to different battery system topology, energy con-
tent and cell specification.

The battery system behavior was described by three major aspects:
cell chemistry, internal cell setup and system configuration. System A
had a NMC-based cathode cell, which has a high rate performance [27]
which is advantageous for high power demand compared to system B
with a NCA based cathode. NCA has a higher resistance with cycling
and a poor behavior at high C-rates [28] compared to NMC-based cells.
Both systems contained cells which are energy optimized but the two
cell types differed by capacity and probably by active material con-
stitution, such as thickness, which influences the internal resistance
[29,30]. Cells in system A had a capacity of 25 Ah and in system B of
45 A h. Nevertheless system B consisted of 140 cells in a 10 module 14 s
design whereas system A contains of 135 cells with a 3 module 15s3p
design. At lower power range system B had a similar efficiency at
battery system level compared to system A (see Fig. 4). At higher power
system B showed a lower efficiency which was caused by higher re-
sistance effects. The linear efficiency versus power behavior of both
systems was almost only influenced by ohmic effects, which are linearly
dependent on current [31].

The system efficiency strictly depends on the electrical configura-
tion. System A had two bidirectional DC-DC-converter for different
power ranges (see Fig. 1). The bigger the difference of the voltage ratio
is the larger the efficiency drop is [32]. Switching losses and conductor
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losses occur at higher frequency levels and high currents [33]. There-
fore efficiency decrease occurs at higher power level [34], which is also
seen in Fig. 4. In this case the system efficiency of System A was
dominated by the behavior of the DC-DC-converter. The switching be-
tween the two DC-to-DC converters was around 7 kW (see Fig. 4). Due
to the constant voltage output of the DC/DC converter to the AC/DC
converter, the voltage dependency of the efficiency is not given. Only
the power range had an impact on the AC/DC converter efficiency.
Unsymmetrical efficiency behavior caused by bidirectional switching
[35] was not considered in this study.

System B showed a completely different system efficiency behavior
with respect to the power level. For this concept typical high frequency
inverter efficiency was observed. The point of peak efficiency was in the
higher power range beyond 10 kW. The system efficiency curve was
dominated by the inverter efficiency. At higher power and thus higher
currents conductor losses increased and the efficiency decreased. At
lower power range lower conversion efficiency of system efficiency was
obtained, caused by standby and auxiliary losses of the inverter [36],
which is also valid for system A.

System B had a wye-connected 1/1.45 transformer to directly con-
nect the battery storage system to the grid. The frequency range of the
transformer was in a known bandwidth, for primary control reserve
between 49.8 and 50.2 Hz. Hysteresis losses and eddy current, which
are typical losses were proportional to the frequency or its square.
These losses were almost power independent and thus did not have a
strong impact on the system efficiency. In general, also losses based on
magnetic flux and copper losses are depended on current and power
[37]. On the basis of a small transformer winding ratio and therefore a
small current ratio, the power dependency could be neglected.

The total system efficiency of both systems was a function of battery
losses and system losses caused energy supply and power electronics
with control units. The dominant parts of losses depending on the
power range were power electronic losses depending on each system
topology. The battery losses were relative small compared to the power
electronic losses.

As mentioned before, lithium ion batteries have an internal re-
sistance, which depends on the state of charge [38,39] and show an
increased internal resistance at low and high SOCs. Therefore the in-
fluence of the state of charge dependency on the overall system effi-
ciency is discussed in order to describe the cell effects on system level
and to be sure that the cells are not operated at their SOC limits. Due to
different currents at constant power mode, the DC parts could also be
influenced. Thus, the overall battery storage efficiency could be af-
fected. The different currents versus SOC are shown in Fig. 2 for the
range of SOC around 50%.

In Fig. 5 the results of the state of charge dependency of the battery
storage system are shown for system A at constant power mode of
15 kW. The charge process at constant power level of 15kW on grid is
pictured with solid lines, the discharge process with dashed lines. The
state of charge between 0% and 100% was the usable SOC provided by
system A. This SOC was not determined at the battery cell level, a re-
calculation to the battery SOC lead to values between 6% and 87%. The
grey lines illustrate the power on grid; blue lines are the battery power
depending on the state of charge. The orange lines are the difference
between the power on the grid and the power on the battery, which
represents the losses, occurring due to the power electronics and the
additional energy supply of the overall system. During discharge a
higher power level of the battery was required in order to compensate
for the system losses such as power electronics. For the charging process
less power on the battery was observed caused by the system losses.

The difference between AP at 0% SOC and 100% SOC was negli-
gible. Although there is a known voltage dependency on SOC for bat-
tery systems, no significant effect was observed here. Even the higher
currents at low SOC during constant power mode which could have
affected the electronic parts on the DC side showed no influence. Also in
this case, SOC-dependency at the same power level was insignificant.
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The AP between charge and discharge was also rather independent from
the state of charge. The battery part of overall efficiency illustrated in
Fig. 4 did not have a high impact on overall efficiency. Only at higher
power levels an increased influence could be seen and the impact on
system losses increased. The influence of the state of charge difference
on the complete battery energy storage system efficiency was negli-
gible, although various effects influence the system. In addition the
presented measurement procedure at one specific SOC in order to re-
present the complete system was quiet reasonable.

One additional system information for operating the battery energy
storage systems are the standby losses. In Table 2 the losses from system
A at different system states and supply source are shown. Table 2 in-
cludes the equivalent information for system B. System A had three
different system operation states, in all of them standby losses occurred.
The system state ‘Off’ during connection to the grid, resulted in an
energy consumption of 22W in order to support safety protection
management systems such as the battery management system.

If the system is ‘On’, which meant the system could supply power to
or from the grid, the energy consumption increased up to 115 W with
an additional energy consumption of about 95W from the battery
system. In a special cooling mode (On, max. cooling) the system op-
erated with high cooling rates for maximum power applications.
Further system states such as Standby or Sleeping mode were not im-
plemented for operation yet.

System B had three different system states in its original setup.
Improvements after the detailed investigation lead to a significant in-
crease in performance. The values for the energy losses during different
operation modes are listed in Table 3. In the system state ‘Off’ no power
was provided on the grid. In this case 80 W from the grid was needed to
provide safety protection systems with energy. The second state was
’On’, which meant ready for power supply. In this case still 80 W from

Table 2
The Standby and auxiliary losses of the system A on battery and at the grid in different
system states.

System state Grid supply/W Battery supply/W

Off 22 0
On 115 95
On (max. cooling) 210 121

142

Electrical Power and Energy Systems 97 (2018) 138-145

Table 3
The standby and auxiliary losses of the system B on the battery system and the grid at
different system states.

System state Grid supply/W Battery supply/W

Off 80 0
On 80 440
On (improved system) 50 220
On/Standby 100 12
On/standby (improved system) 50 12

the grid were needed plus 440 W from the battery system. The third
mode is called ‘On/standby’ mode. In this case the inverter was in sleep
mode, but the system was almost ready to deliver power in-
stantaneously. In the system state ‘On/standby’ 12 W from the battery
system were measured to supply BMS with energy and 100 W from grid
were measured in order to support the control units. A further refine-
ment of System B would decrease the energy consumption due to
technical improvements (reduction of hardware components by means
of enhanced control and energy management) by almost 50%. The
values for the improved system were not validated in detail yet, but are
shown for comparison in Table 3.

The standby losses were an important part of the energy efficiency
analysis of the battery storage systems. In the case of just storing en-
ergy, the system was not operating the whole time. The higher the
standby losses were the lower the storage efficiency of the system was.

The losses of the system would reduce the efficiency. If the battery
storage systems are used for grid support such as primary control re-
serve the same information is important for feasibility studies, shown in
the simulation part. The differentiation between the battery and the
grid supply is also of importance. If the power was supplied from the
battery system it reduced the usable capacity if no recharge was
scheduled.

4. System simulation

There are a lot of different battery models existing in literature such
as mathematical models[40], detailed physical modeling [41],
equivalent electrical circuits models [42,43] or mixed models [44,45].
Based on the application it is necessary to choose the appropriate model
approach to fulfill the simulation requirements. However, in order to
describe an overall system behavior a common approach has to be
applied. Battery cells are only a minor part of the battery system and an
even smaller part of the overall storage system regarding energy losses.
In this paper the efficiency of the overall system was separated into the
battery system and the electric part for the system understanding. In the
following section, the overall efficiency of the system was utilized for
the simulation of decentralized battery storage systems for the appli-
cation in the primary control reserve market. It offered the opportunity
to optimize the virtual storage power based on the efficiency of the
storage systems.

Based on this, only empirically derived mathematical models were
used. For the model the root extraction of efficiency was used to dis-
tinguish between charge and discharge process. This model assumed a
symmetric efficiency behavior of charging and discharging.

Two different functions were used to describe the overall efficiency
of battery storage system A and B. The mathematically function were
empirically derived. Both functions are valid for the range above 1 kW
for charging and discharging, which is beyond the deadband for pri-
mary control reserve. For the system A the following mathematical
function was used to describe the total efficiency of the battery storage

system.
2
) (8)

P is the power in kW and A, B, C and D are coefficients Table 4 in order

AB (A

P)=——_-—D|=
ntotal( ) (P—AC) P
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Table 4
Determined coefficients of the mathematical efficiency function from system A and
system B.

Coefficient System A System B
A 139.59 110.15
B 198.76 1.5293
C —2.3156 —0.98577
D 4.5948-10*
a) 100 b) 100
—%
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® ® /
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Fig. 6. The subplot (a) is the measured data and the efficiency fit considering equation of
system A. The subplot (b) is the measured data and the efficiency fit considering the
equation of system B. The subplot (c) is the parity plot of simulation data compared to
measured data including 5% error range. The subplot (d) is the parity plot of simulation
data compared to measured data including 5% error range.

to describe the function.
For system B the following equation was used to describe the overall
efficiency.

AP
o () = g+ CF ©

where P in kW is the active power and A, B and C are coefficients in
order to describe the function shown in Table 4.

The used mathematical functions efficiently reflected the measure-
ments with regard to the accuracy illustrated in Fig. 6 (c) and (d) in
order to describe the total battery system efficiency of system A in
subplot (a) and for system B in subplot (b). The parity plot describes the
deviation of the simulated () efficiency compared to the measured
(es) Ones. Both functions were within the + 5% error ranges. The
measured values described the round trip efficiency.

For the simulation the measured frequency data of the synchronous
grid of continental Europe [46] were used. These data were measured
every 10 s. Based on the frequency data the needed active power supply
to or from grid was determined. This was followed by the determination
of the real power on battery for each system with respect to the power
dependant total battery system efficiency. The difference was the loss
while processing.

The simulation of the investigated battery systems A and B pro-
viding primary control reserve was carried out for two different
months. The first month was February 2015 which represents the grid
behavior during winter time and the second month was August 2015
which represents the grid behavior during summer time. Other than the
power dependency of the battery storage system efficiency, also the
grid conduct was considered to understand, predict and reduce system
losses. During winter time the share of PV was less compared to the
summer. The forecast accuracy was also lower compared to the summer
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Fig. 7. Primary control reserve simulation results using real frequency data measured in
February 2015. (a) Received power demand profile for primary reserve control. (b)
Received power profile considering the efficiency of system A on the battery side. (c)
Received power profile considering the efficiency of system B on the battery side. (d)
Received additional power demand profile to compensate the efficiency losses for system
A on the battery side. (e) Received additional power demand profile to compensate ef-
ficiency losses for system B on the battery side.

season caused by weather fluctuation, which had an impact on the
frequency variation.

In Fig. 7 the results of the simulation with frequency data of Feb-
ruary 2015 are shown. Subfigure (a) shows the active power on the grid
side to fulfill the primary control reserve demand with respect to Fig. 3.
The positive power in this graph describes the positive frequency de-
viation with a surplus of energy in the grid. It is called negative primary
control reserve in order to balance the grid. The positive primary
control reserve occurred during negative frequency deviation and re-
sulted from an undersupply of energy in the grid. In this case during
positive primary control reserve the system was discharged. The graphs
(b) for system A and (c) for system B show the power on the battery
side, whereby also positive power was a charge process and negative
power was a discharge process. The subplots (d) for system A and (e) for
system B show the overall losses, which occurred during operation. If
the frequency was within the deadband, where no power from the
system was required, the standby losses were used in the simulation.

System A and system B differed in the loss profiles. While system A
showed higher losses at high power demand, system B showed a higher
intermediate loss profile. The power profile furthermore shows that in
many cases the power was below 10 kW, but with high fluctuations
between 0 kW and 10 kW.

Table 5 is a summary of the simulation results and the results de-
monstrate that system A had lower losses compared to system B for the
data of February 2015. The cumulated primary reserve total in kWh for
February 2015 is the sum of negative primary reserve in kWh and the
positive primary reserve in kWh. The primary reserve in kWh is derived
by multiplying the primary reserve power with the timestep. The

Table 5

The simulation results with respect to frequency data of February 2015 including the total
primary control reserve in sum, negative and positive. In addition the battery losses are
shown.

System A System B
Primary reserve total/kWh 1026
Primary reserve negative/kWh 516
Primary reserve positive/kWh 510
Energy loss total/kWh 142 214
Battery out/kWh 578 604
Battery in/kWh 470 422
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battery power is mathematically connected to the primary reserve
power via the power dependent efficiency nioa; (P) at each individual
time step. The efficiency 7 (P) is given in Eq. (8) for system A and in
Eq. (9) for system B. Table 5 shows the calculated energies for the
battery and the primary reserve for February 2015. For positive primary
reserve one has to discharge the system, resulting in higher value of
energy from the battery in order to compensate the losses of the storage
system. For negative primary reserve one has to charge the system,
resulting in lower value of the energy into the battery, because losses
are also taken into account. The energy values of battery in and battery
out are strictly dependent of the power profile resulting from frequency
deviation due to power dependent efficiency. Energy loss total is the
overall sum of the losses during operation and standby for both systems.
Considering the energy in and out of the battery system, higher losses
were detected for the system B. Calculating the efficiency based on
energy in 470kWh/422kWh compared to energy out 578 kWh/
604 kWh of the systems, system A had an overall efficiency of 81% and
system B had an overall efficiency of 70%. It was also shown, that
slightly more negative primary control reserve compared to the positive
primary control reserve was needed in February 2015.

In Fig. 8 the simulation results of the theoretical primary control
reserve considering the frequencies of August 2015 are shown. The
subfigure (a) shows the required power on grid to fulfill the primary
control reserve demands with respect to Fig. 3. The graphs (b) for
system A and (c) for system B show the power on the battery side,
where again the positive power was the charge process and negative
power was the discharge process. The subplots (d) and (e) show the
energy losses of system A and B. In contrast to the results based on the
data of February 2015 the overall demand on primary control reserve
was lower in August 2015. There were fewer peaks up to 10 kW with a
less pronounced fluctuation in power demand.

In Table 6 the results were summarized. All values are derived as
explained for Table 5. The total primary control reserve was 17% less
compared to the February 2015 data. Also more positive primary
control reserve was needed compared to more negative one in February
2015, probably due to the photovoltaic dominated summer season, but
corresponding to the cloud-drift effect. System B had less energy losses
compared to system A in August 2015. Considering the energy in and
out of the battery systems higher losses were detected for system B
again. Calculating the efficiency based on the energy in 371 kWh/
327 kWh to the energy out 513kWh/537 kWh of the systems, the
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Fig. 8. Primary control reserve simulation results using real frequency data measured in
August 2015. (a) Received power demand profile for primary reserve control. (b)
Received power profile considering the efficiency of system A on the battery side. (c)
Received power profile considering the efficiency of system B on the battery side. (d)
Received additional power demand profile to compensate the efficiency losses at system A
on the battery side. (e) Received additional power demand profile to compensate effi-
ciency losses at system B on the battery side.
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Table 6

The simulation results with respect to the frequency data of August 2015 including the
total primary control reserve in sum, negative and positive. In addition, the battery losses
are shown.

System A System B
Primary reserve total/kWh 850
Primary reserve negative/kWh 409
Primary reserve positive/kWh 441
Energy loss total/kWh 148 210
Battery out/kWh 513 537
Battery in/kWh 371 327

system A had an efficiency of 72% compared to the efficiency of system
B with a value of 61%.

Based on these results, system A had an improved performance, if
frequency deviation was lower and the primary control reserve was at a
lower average power level. System B showed an advantageous behavior
at high frequency deviation and a higher average power level with
respect to the primary control reserve. Referring to the results of
Table 3 with the improved system B a recalculation could be done with
the improved system behavior and the lower energy consumption. Due
to the technical improvements the efficiency for February 2015 and
August 2015 were 82% and 74% respectively. These results were higher
compared to system A and the conventional system B. It is essential to
investigate the system in the future, which was not done in detail yet.

In total system A showed an advantageous system behavior re-
garding primary control reserve, with regards to the frequency profiles
in February and August 2015. If the frequency profile exhibited higher
deviations from the standard frequency, system B was more efficient
compared to system A, caused by higher efficiency in the higher power
range. But even in February 2015 with higher demand on the primary
control reserve compared to August 2015 system B had higher energy
losses compared to system A. Both systems suffered from standby losses
and low efficiency during periods with small demand of primary control
reserve. A combination of various systems with optimized efficiency
and enhanced standby modes would be beneficial to reduce these losses
and enhance the operation behavior with respect to the primary control
reserve for battery storage systems. Additionally, the technical im-
provements of system B lead to the assumption that the operation be-
havior of battery systems could be enhanced significantly.

5. Conclusion

The electrical and the energy efficiency behavior of two different
battery storage systems were investigated. The standby and the aux-
iliary losses were determined. The efficiency measurement for the
round-trip efficiency was shown at one specific state of charge point,
which is representative for, the complete state of charge range. The
overall battery storage system efficiency showed an insignificant de-
pendency on the state of charge. Thus, the total battery system effi-
ciency could be determined without carrying out full charge and dis-
charge cycles. Furthermore the system efficiency, excluding the battery
efficiency, was determined to be the predominant efficiency. This effi-
ciency had a decisive influence on the overall efficiency of the battery
storage systems and was responsible for the decrease of the latter. Due
to the high power range between 0 and 20 kW the electronic devices
could not perform over the complete range at the best operating point.
At lower power level the auxiliary losses mainly influenced the energy
efficiency, which was one key parameter to optimize the energy effi-
ciency for operating at lower power level.

In addition simulations were carried out with respect to the primary
control reserve. The total efficiency of a battery storage system speci-
fically for grid support is a key parameter. Furthermore, the standby
losses were taken into account and influence the overall efficiency of
the system. The difference and the influence of the winter and the
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summer season were described. The results also show the optimization
potential for battery storage systems providing primary control reserve.

The next logical step would be to optimize the decentralized virtual

storage plants based on these findings. Control systems for each single
system, which support the grid by primary control reserve, to reduce
the overall energy consumption would be a consequence. A combina-
tion of various systems with optimized efficiency and improved stand-
by modes would be beneficial to reduce the losses and enhance the
operation behavior with respect to primary control reserve application
for battery storage systems.
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