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Abstract: Nowadays, stationary battery storage systems are generally used to optimize the self-
consumption of electricity generated locally or to limit the peak load of the local grid connection.
Self-consumption optimization aims to achieve economic benefits by using more of the self-generated
electricity within the local grid. Batteries used for the optimization of self-consumption tend to
present low states of charge and, therefore, normally do not contribute to peak load limitation.
Peak load limitation is used to minimize the grid connection power to enable more cost-efficient
grid connections. However, this function can only be achieved year-round if there is sufficient
surplus electricity production or if the battery can be charged from the grid. In the latter case,
the batteries are often fully charged and do not significantly optimize the self-consumption. This
study presents a new operating strategy that combines all the advantages of the previous operating
modes with none of the disadvantages. This can be accomplished by combining the operation
modes depending on the particular situation, together with a variable battery charging process.
Furthermore, a simulation-based optimization procedure is introduced for the optimal configuration
of the parameters. The potential of this operating strategy is demonstrated based on application
examples. As a result, the operating strategy enables reliable peak load limitation all year round
while simultaneously optimizing self-consumption. The operating strategy can easily be adapted
to meet changing requirements such as the increasing charging power demands of electric vehicles.
Thanks to a simple process based on common measured variables, the operating strategy can be
integrated smoothly into practical applications.

Keywords: stationary battery; BESS; control strategy; self-consumption; peak-shaving; peak load
limitation; economic optimization; energy management; charge management

1. Introduction

Solar photovoltaics (PV) is a renewable energy technology that is highly suitable for
micro-scale electricity production, for example, in residential buildings. Due to sinking
technology costs and rising electricity prices, the adoption of PV systems has been large,
even in countries with moderate solar irradiation. For the vast majority of households, the
decision to invest in a PV system, or any other technology for micro-scale production, is
primarily driven by the expected economic performance [1–3]. The economic performance
is mainly determined by the system costs, end-consumer electricity prices, insolation, and
the ratio of the on-site consumed electricity, so-called self-consumption [4]. In countries
with high electricity prices, it is found that, in particular, the ratio of self-consumption has a
significant effect on the economics of residential PV systems. The potentially large margin
for self-consumed electricity even leaves room to increase the amount of self-consumed
electricity by installing stationary battery storage [5,6].

Increasing self-generation and self-consumption is not the only development in the
residential sector; with the uptake of electric mobility, the number of electric vehicles
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increases. The charging of these electric vehicles can increase the electricity demand of
households to more than double [7]. The potential contribution of electric vehicles to
increase self-consumption is discussed in recent studies; however, the potential is found
to be limited, due to the low match between PV production and charging patterns of
electric vehicles [8]. Quite the contrary, the charging of electric vehicles, usually in the
late afternoon after returning from work, can lead to high local peak loads that strain the
public electricity grid and potentially increase costs for electricity consumers [9,10]. This is
particularly relevant for multi-family homes with many electric vehicles and limited grid
connection capacities [9], and also for companies, whose electricity tariffs are often load
dependent [11]. Additional costs can be incurred for the expansion of the grid connections
if required, due to the additional loads resulting from electric vehicles. Stationary battery
systems have the potential to reduce load peaks and take stress from the public grid [12],
which is, therefore, a competing optimization goal besides the increase in self-consumption
in local energy systems.

1.1. Background of Battery Control Strategies

To analyze the potential conflict of different use cases for stationary batteries, the
corresponding battery control strategies need to be discussed in more detail. In this study,
we distinguish between strategies that aim to optimize self-consumption and strategies
that limit load peaks.

Operated according to the “optimizing self-consumption” strategy, battery systems
are charged using surplus electricity from the pv system, and electricity is discharged from
the battery (instead of being drawn from the grid) if the pv system does not produce enough
to meet the on-site demand. this minimizes both the grid feed-in and the grid consumption
and thus increases the rate of self-consumption, which is potentially more cost-efficient
than operations without a battery system [13–15]. alternatively, battery systems can be
implemented to limit the grid connecting power using the “limiting peak load” operating
strategy. this means that the battery is discharged when a specific power (peak load limit)
has been exceeded and limits the power load at the connection to the public grid [12]. to
ensure its peak load-limiting function, the battery must always be sufficiently charged. The
battery can be charged using surplus production of the local PV system, or with electricity
from the grid in times with low load levels and, therefore, available grid capacity.

As stated earlier, if electricity is produced on-site, the “Optimizing self-consumption”
operating strategy generally offers a cost-efficient form of operation for a battery. However,
with this operation strategy, it is not generally possible to ensure an additional year-round
reliable peak load limitation [10]. Particularly in the case of PV battery systems, lower
levels of production in winter can cause batteries to fully discharge, making further peak
load limitation effectively impossible (Figure 1a).

With the “Limiting peak load” operating strategy, the battery is used considerably
less than with self-consumption optimization. Nevertheless, even in this case the battery
can run empty and prevent further peak load limitation if it is not sufficiently charged
between peak load limitation events, e.g., if the peak load has been exceeded frequently or
for long durations and/or there is insufficient surplus electricity production for charging
(Figure 1b). The same happens if the battery is too small. For peak load limitation to
work, the battery’s electricity—when sufficiently charged—must meet the requirements
in terms of capacity and power when the peak load is exceeded. Extreme load peaks are
normally quite rare. Thus, the electricity consumption from the battery is relatively low
and it often remains fully charged. From an economic perspective, this means that the
(expensive) battery capacity is not used well and, in addition, the high state of charge (SOC)
has a negative effect on battery degradation [16–18]. This effect is more pronounced if, for
example, the battery is being charged using grid power (Figure 1c). Moreover, in the case
of a local electricity production, the economically more advantageous self-consumption
is hardly increased when operating with the “Limiting peak load” strategy. With this in
mind, the question arises if it is possible to combine the discussed operating and charging
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strategies to enable reliable peak load limitation and benefit from the economic advantages
of self-consumption optimization at the same time.
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Figure 1. Sample battery states of charge (SOC) over one year for self-consumption optimization
resp. peak load limitation for a residential neighborhood with charging infrastructure, PV system,
and battery storage system (simulation results, see application example 1 in Section 2.3). (a) Self-
consumption optimization; (b) peak load limitation—charging with surplus PV production; (c) grid
charging. Surplus PV production is not sufficient for year-round peak load limitation. When charging
from the grid, the battery is usually fully charged and not used to capacity. Furthermore, peak load
limitation is also not ensured during self-consumption optimization.

1.2. Research Objective

As introduced above, both “Optimizing self-consumption” and “Limiting peak load”
operating strategies have been analyzed and discussed separately in numerous different
studies. Wagner and Stiller show that the increased use of PV systems can sometimes
lead to grid instabilities [19]. Batteries can counteract this tendency and increase the self-
consumption of local PV production. Luthander et al. showed in their review paper that
batteries have a higher potential for optimizing self-consumption in buildings with PV
systems than demand-side management [6]. Both flexibility options are also considered
in Lorenzi et al. for households in the residential sector [20]. They show a better perfor-
mance for the battery regarding self-consumption; however, to compete economically with
demand-side management a strong cost reduction in batteries is necessary. Merei et al.
analyze the potential for PV battery systems in a commercial building (supermarket) to
optimize self-consumption [13]. For an economical scenario, they quantified the battery cost
limit to a maximum of 200 EUR/kWh. Lehmann et al. describe both self-consumption and
peak-shaving applications in an industrial environment (a company in the metalworking
industry) and performed a techno-economical assessment [11]. As a result, they found
economically feasible scenarios with smaller batteries for both use cases, but with only
minor effects on self-consumption or peak load limitation.

Rana et al. analyze the benefits of peak-shaving in microgrid systems and examine
the technological, economic, and environmental advantages in a review paper [21]. One
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fundamental challenge for the application of a battery system is the optimal size of the storage.
They conclude that high capital costs make that application impractical to employ and further
investigation is needed in that context. In the review of Uddin et al. different peak-shaving
strategies have been analyzed, including the use of batteries [12]. Besides the potential benefits
of the use case, they also identify significant challenges caused by high capital costs and the
optimal size of the batteries. Further, the scheduling of the batteries for optimal operation was
highlighted as another challenge. They suggest further research with the aim to develop an
algorithm based on variable load limits, which will overcome the limitation of scheduling
the batteries. Schram et al. have demonstrated the potential of distributed battery systems
for local self-consumption to limit peak loads in a residential district [15]. They show that
the neighborhood peak demand can be reduced significantly; however, the effects on the
self-consumption rates of the individual battery systems are neglected.

High peak loads occur, in particular, at charging infrastructure sites with high indi-
vidual charging power and/or a high number of charging stations. This applies, e.g., for
electric trucks and for urban fast charging parks for electric vehicles [22,23]. In the latter, it
was shown that stationary batteries have the potential to reduce peak loads without restric-
tions for mobility. The optimal sizing of batteries for urban charging parks is challenging
due to the expected dynamic increase in the number of electric vehicles in contrast to a
static estimation for sizing the energy infrastructure. Another challenge, in this case, is to
guarantee a reliable peak load limitation all year long, while using only surplus energy
from a given PV system.

In summary, we find that the efficient usage of battery systems by combining different
control strategies should be investigated further to overcome existing difficult economic
conditions for power storage. We, therefore, aim to contribute to this research field by devel-
oping a new operating strategy for stationary battery systems that enables a reliable peak
load limitation even with restricted battery capacities and enhances the self-consumption
of given PV battery systems at the same time, especially considering the special challenges
posed by electric vehicles. Compared to the current state-of-the-art, the new operating
strategy should achieve the following advantages:

• Batteries for self-consumption optimization, achieve additional peak load limitation
and consequently operation with lower grid connection power, with almost consistent
self-consumption rates.

• Batteries for peak load limitation achieve additional self-consumption and consequently,
a more cost-efficient operation is made possible, while maintaining the load limit.

• With Batteries for peak load limitation with limited PV generation or with batteries
that are too small, the load limit can be reliably maintained all year round.

• The batteries can be operated at a more favorable state of charge in terms of lifetime.
• The operating strategy is based exclusively on the status and measurement data

of the battery. No external data or forecasts are required during operation. The
associated parameters can be adaptively adjusted to the application and the respective
boundary conditions.

The remainder of this study is structured as follows: First, we present the developed
strategy and show how it enables switches between different discharging options (“Opti-
mizing self-consumption” or “Limiting peak load”) and/or charging options (with local
surplus production, total local production, or grid charging) depending on the battery’s
state of charge. Therefore, it enables reliable peak load limitation which works all year
round and at the same time maximizes self-consumption of locally produced electricity
(Section 2.1). The ideal states of charge, which trigger a change in operating strategy, are
determined in advance for each specific system using an optimization algorithm based
on historical load and production data. The parameters can optionally be adjusted at
regular intervals or adaptively (Section 2.2). The potential of the new operating strategy
is demonstrated using two application examples (Section 2.3). In the following, the opti-
mization strategy is applied and compared to a conventional approach to battery operation.
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The results are presented in Section 3. Finally, the operation strategy is critically reflected
(Section 4) and conclusions are drawn (Section 5).

2. Materials and Methods

The developed methodology includes both the new operating strategy for stationary
battery systems themselves (Section 2.1) as well as the determination and optimization of
the underlying parameters (Section 2.2). The operating strategy’s main control parameter is
the current state of charge of the battery SOC(t) at time t. The following factors have been
assumed for the operating strategy: prioritized local electricity production (e.g., a photovoltaic
(PV) system in this study), a local grid connection to the public electrical grid, and a local
consumption load (e.g., household load and charging stations for electric vehicles).

2.1. Operating Strategy

The following processes are considered for charging the battery:

• Surplus charging: The battery is charged when the electricity production of the PV sys-
tem Pprod exceeds the local consumption Pload. The charging power Pcharge corresponds
to the surplus production (or the maximum possible battery charging power Pbatt_max).

Pcharge =

{
min

(
Pprod − Pload, Pbatt_max

)
∀ Pprod > Pload

0 else
(1)

• Local charging: The battery is charged by the entire energy produced by the PV system,
provided that the maximum grid reference power Pgrid_max is not exceeded by the
consumers as a result. The charging power corresponds to the production or the
available production proportion, which is not needed for peak load limitation (or the
maximum possible battery charging power). Pres is the power needed to comply with
the grid limit.

Pcharge =

{
min

(
Pprod − Pres , Pbatt_max

)
∀ Pprod > Pres

0 else
(2)

Pres = max
(

Pload − Pgrid_max , 0
)

(3)

• Grid charging: If there is free capacity, the battery is charged using the local grid connection
with corresponding power (or the maximum possible battery charging power).

Pcharge =

{
min

(
Pgrid_max − Pload , Pbatt_max

)
∀ Pload < Pgrid_max

0 else
(4)

The following processes are considered for discharging the battery:

• Optimizing self-consumption: The battery is discharged when the local consumption
exceeds the local production. The discharge power Pdischarge corresponds to the power
difference between consumption and production (or the maximum possible battery
discharge power). For the purposes of this study, self-consumption optimization
always assumes surplus charging.

Pdischarge =

{
min

(
Pload − Pprod , Pbatt_max

)
∀ Pload > Pprod

0 else
(5)

• Limiting peak load: The battery is discharged when the local consumption, minus
any local production, exceeds a defined maximum power. The discharge power
corresponds to the power difference between (net) consumption and maximum power.
This maximum power is described below as the peak load limit and is equated with the
connected load of the local grid connection Pgrid_max.
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Pdischarge =

{
min

(
Pload − Pprod − Pgrid_max , Pbatt_max

)
∀ (Pload − Pprod) > Pgrid_max

0 else
(6)

When applying the new operating strategy, both the discharging and charging pro-
cesses can be changed depending on the SOC of the battery (Figure 2). Different SOC limit
values are defined for these operating changes. If these are exceeded or undershot, the
operation in question is changed. These limit values are referred to below as Change SOCs
a, x and y (in % SOC) and feature the following characteristics:

• Change from “Optimizing self-consumption” to “Limiting peak load” when SOC(t) <
a and vice versa

• Change from “Surplus charging” to “Local charging” when SOC(t) < x and vice versa
• Change from “Local charging” to “Grid charging” when SOC(t) < y and vice versa
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Depending on the system configuration and optimization goal, one or more of these
parameters are used. Depending on the application, it would be possible to implement
additional hysteresis and control damping to prevent frequent changes and oscillations in
the system. However, this study does not consider such options.

The new operating strategy can be applied in several different variants, depending on
the initial situation. The behavior of each of these variants is described in the following.
The ideal value for each of the specified parameters a, x, and y can be determined by
optimization, which is described in Section 2.2.

2.1.1. Scenarios A, B, and C—State of the Art

Scenario A represents a basic scenario of the energy system without a battery and
serves only for comparison purposes for the example applications presented below. Fur-
thermore, it is possible to map the state-of-the-art operating strategies “Optimizing self-
consumption” (scenario B) and “Limiting peak load” (scenario C). For these cases, parame-
ter a has the value 0% or 100%. For peak load limitation, the charging process can also be
set to any fixed option using parameters x and y and by setting the values to 0% or 100%.
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2.1.2. Scenario D—Self-Consumption Optimization with Functioning Peak Load Limitation

Scenario D optimizes the self-consumption of a functioning peak load limitation. The
prerequisite is that the peak load limitation (scenario C) functions on a permanent basis for
a given peak load limit. Parameter a is used to define an alternating SOC between 0% and
100% (0% < a < 100%) to switch from peak load limitation to self-consumption optimization
in the case of higher SOCs. The ideal parameter is selected if the peak load limitation
remains ensured on a permanent basis and a is as small as possible. The charging process
for peak load limitation can be predefined (e.g., using settings x = a, y = 0 for local charging
or x = y = a for grid charging). Partial operation during self-consumption optimization for
SOC > a increases the self-consumption rate, thereby making it more economically viable.

2.1.3. Scenario E—Peak Load Limitation with Optimized Charging Process

Scenario E improves the peak load limitation (scenario C) by optimizing the charging
process in terms of reliability. The starting point is a peak load limitation with a defined
peak load limit in combination with surplus charging (optional: local charging) which
does not work on a permanent basis as the battery discharges completely every so often.
Optimum reliability is achieved by permanently switching the charging process to grid
charging (x = y = 100%, a = 100%). Ideally, the peak load limitation would then function
on a permanent basis and could be optimized further with scenario E to minimize grid
consumption and increase the degree of self-sufficiency and self-consumption (scenario F).
This is generally also accompanied by an improvement in economic viability. Alternatively,
grid consumption can also be excluded (y = 0%), if this is not an option for the application
in question (e.g., due to state subsidy regulations for the system). The consideration then
refers only to a change from surplus charging to local charging. In scenario E, parameters x
and y are set between 0% and 100% (0% ≤ y ≤ x ≤ 100%, a = 100%). Thus, the charging
variant is changed from surplus charging to local charging and finally to grid charging
for certain states of charge. When y = x, it is also possible to switch directly from surplus
charging to grid charging. The ideal parameters are selected if the peak load limitation
remains ensured on a permanent basis and the values are as small as possible (lowest grid
consumption). Depending on the application, directly changing to grid charging at a higher
SOC may be more favorable than changing in steps at a lower SOC.

2.1.4. Scenario F—Self-Consumption Optimization with Optimized Charging Process

Scenario F combines scenarios E and D. As presented in scenario E, a reliable peak
load limitation can be achieved on a permanent basis by optimizing the charging process.
This can be further improved by optimizing self-consumption (as in scenario D) to increase
the self-consumption rate of locally produced energy. For this purpose—in addition
to the x and y values specified in scenario E—parameter a is set between x and 100%
(x ≤ a ≤ 100%). The ideal value for a is selected if the peak load limitation remains ensured
on a permanent basis and a is as small as possible.

2.2. Determining and Optimizing Parameters a, x and y

When applying the new operating strategy, parameters a, x, and y required in each
case must be defined at least once in advance. The parameters can then be recalculated
regularly during operation if required (based on current measurement data, if applicable;
manually or automated). This is useful, for example, if the energy system’s configuration
or its utilization changes over time (e.g., if the local production or storage capacities are
expanded, more electric vehicles are in use or there are new consumers). It also enables the
parameters to be fine-tuned according to the seasons.

An optimization algorithm is run to determine the ideal values for a, x, and y in each
case. In principle, the parameters can also be set arbitrarily (e.g., with empirical values).
However, the operating strategy’s potential is only fully exploited in terms of reliability
and economic viability when the ideal parameter values are set. Therefore, we present here
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a simple algorithm (Figure 3), which is well suited for a practical implementation. The
ideal parameter values are set specifically for each system. This means that they depend,
for example, on the battery design, the grid connection, and the local consumption and
production load profiles.
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2.2.1. Input Data

Optimization is performed based on a reference period that is to be defined for the
system operation in question. The following section is based on the example of one year,
where seasonal effects (e.g., PV systems producing energy) are taken into account. For
the optimization process, the system’s electrical load profiles during the reference period
are used as input data. These power values may include measurement data from an
existing system or simulated or predicted values. It is also possible to use a combination
of these options. The higher the temporal resolution of the values, the more accurate the
optimization results will be, as shorter load peaks are also resolved (e.g., minute values).

The following minimal dataset of power values must be available for the reference
period with sufficient temporal resolution:

• Production power: aggregated production load profile of all electricity generators of the
system under review, e.g., the output power of a PV system.

• Consumption power: aggregated consumption load profile of all consumers of the
system under review, e.g., residential or commercial load profiles and charging load
profiles of electric vehicles. (Alternatively, the load at the grid connection point can be
used, for example, to calculate the consumption with production power.)

Other essential boundary conditions include the technical data of the battery used
(capacity and power), as well as the maximum load specified for the grid connection or the
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peak load limit. Additional parameters, such as the battery system’s efficiency curve, can
be used as an option to increase the optimization accuracy.

2.2.2. Optimization Goals

Depending on the application, one or more of the following optimization goals can be
used to determine parameters a, x, and y:

• Complying with the peak load limit: the grid-connected load or peak load limit should
not be exceeded at any time during the reference period

• Maximizing the self-consumption: maximum possible self-consumption of the energy
produced locally

• Maximizing the degree of self-sufficiency: the battery should be charged as little as possible
from the grid

Alternatively, related or derived optimization goals can be used to achieve optimization—
for example, maximizing economic viability instead of self-consumption, or grid consump-
tion instead of the degree of self-sufficiency.

2.2.3. Simulation Model

A battery simulation model is used for optimization (see Section 2.3.1). In the simula-
tion, the battery is controlled by the operating strategy variants described in Section 2.1
with adjustable parameters a, x, and y. Then, based on the input data and the boundary
conditions affecting the reference period, the battery’s charging and discharging power is
calculated in the simulation for each time step. The resulting load at the grid connection
point can be determined using the predefined production and consumption load profiles.
By extension, the grid consumption, peak load, the proportion of self-consumption, the
degree of self-sufficiency, and other aspects can be determined. The battery model provides
information on the SOC and the number of full cycles performed.

2.2.4. Optimization Sequence

When using the simulation model, the variables defined in the optimization goals are
obtained as functions of the parameters a, x, and y. Determining the ideal values for a, x,
and y with regard to the optimization goals is therefore considered to be a minimization or
maximization task, under the constraint that the peak load limit is met. These tasks can be
solved using common methods—if necessary, even directly in the simulation model. The
following example illustrates how a simple numerical method is used to determine a, x,
and y for the different variants of the new operating strategy from Section 2.1. A simplified
overview of the algorithm is shown in Figure 3.

Scenario C

The simulation is performed with a pure peak load limitation (a = 100%). Surplus
charging has been assumed as the charging method (x = y = 0%). If peak load limitation is
possible on a permanent basis for the reference period, the peak load limit can optionally
be decreased in discrete increments (e.g., in −10 kW increments) in further cycles. With the
smallest peak load limit, which still allows a permanently reliable peak load limitation, the
sequence moves on to scenario D. If there is no reliable peak load limitation on a permanent
basis, scenario E is deployed.

Scenario D

The simulation from scenario C is executed several times, with the value for a decreas-
ing discretely from 100% (e.g., in −10% increments) until the peak load limitation is no
longer reliably maintained on a permanent basis. The previous value for a is the ideal
parameter value, whereas the x and y values remain at 0%.
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Scenario E

Starting from scenario C, the values for x and y are varied in discrete increments
(e.g., in ±10% increments) as follows and a simulation is performed in each case: When
y = 0%, x is gradually decreased from 100% until the peak load limitation is no longer
reliably maintained on a permanent basis. This x value is used to gradually increase y
until the peak load limit is maintained once more. Once this y value is reached, the x value
decreases even more. This sequence continues until x = y. All value pairs which cause the
peak load to be exceeded are discarded. One of the remaining x and y pairs leading to the
highest degree of self-sufficiency represents the optimum for this scenario. The value for
a remains at 100%. Optionally, scenario E can be executed without grid charging (y = 0%
on a permanent basis) or starting with local charging in scenario C. If a functioning peak
load limitation is achieved, self-consumption can be optimized as described as follows in
scenario F.

Scenario F

The simulation from scenario E which provided the ideal pair of x and y values is
further optimized in scenario F with regard to self-consumption. For this purpose, the
simulation is executed several times, with the values decreasing discretely from 100% (e.g.,
in −10% increments) until the peak load limitation is no longer reliably maintained on a
permanent basis or until a = x. The previous value for a or the last value where a = x is
taken as the ideal parameter value.

2.3. Application Examples
2.3.1. Example 1: New Operating Strategy Applied in a Residential Neighborhood

This scenario describes a residential neighborhood with 30 residential units and a
shared underground garage (Figure 4). PV systems for local use are installed on the residen-
tial buildings. These systems are operated in combination with a common battery storage
system. The neighborhood has a common grid connection which defines the maximum
reference power. The underground garage is equipped with a charging infrastructure
for electric vehicles. The load profiles of all components were simulated in one-minute
resolution with MATLAB/Simulink 2015b over the course of a year. The basic simulation
methodology is described in more detail by Göhler et al. [10].
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For the residential electricity consumption, HTW Berlin University of Applied Sciences
provides 72 annual load profiles in kW in one-minute resolution [24]. These have been
created using measurement data to also include short-term load fluctuations compared to
standard load profiles. The example used profiles 1 to 30, which, for equal weighting, were
standardized to an average annual consumption of 3500 kWh per residential unit [25,26].
The common grid connection was restricted to 60 kW to ensure that the residential loads
were covered in any case without a charging infrastructure.

Using a load profile generator from the University of Stuttgart, load profiles in kW
in 5 min resolution based on the realistic and mixed mobility behavior of electric vehicles
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were generated for the charging infrastructure [27]. For the vehicles, the study assumed
a constant charging power of 11 kW, a battery capacity of 40 kWh, a consumption of
18 kWh/100 km, and a charging efficiency factor of 95%. 10 or 30 electric vehicles were
used for the evaluation.

Based on standard weather data provided by the Deutscher Wetterdienst (German
Meteorological Service), the energy generated by the PV systems (installed with a 30◦

incline and facing the south) was simulated in one-hour resolution and interpolated [28].
The power values in kW were converted from the weather data according to Quaschning
using the Perez model [29]. The simulation includes the use of an inverter with a maximum
efficiency of 98% and a corresponding characteristic efficiency curve [30]. The complete
system features a peak output of 40 kWp.

Moreover, a usable energy capacity of 50 kWh and a discharge/charge power of 60 kW
are assumed for the battery storage. Provided that the state of charge is sufficient, the battery
capacity is able to cover the maximum total peak load together with the grid connection. A
characteristic efficiency curve with a maximum efficiency of 97% has also been assumed for
the inverter. A constant efficiency of 99% has been assumed for the battery. This results in a
maximum system efficiency of 92% for a full cycle (charging and discharging). The battery is
operated using both the conventional operating strategies (“Optimizing self-consumption”,
“Limiting peak load”) and the new strategy with optimized parameters a, x, and y.

2.3.2. Example 2: Using the New Operating Strategy in the “Fraunhofer IAO Micro
Smart Grid”

The “Fraunhofer IAO Micro Smart Grid”, a real facility at the Fraunhofer Institute
Center Stuttgart, hosts a PV system that generates energy with a peak output of 30 kWp.
This is used to charge up to 30 electric vehicles (company cars, commuter cars, research cars)
with a charging power ranging between 3.6 and 22 kW [31]. In addition, a battery storage
system with an energy content of 100 kWh and an output of 60 kW is available, which is
charged with PV generation surpluses. An initial estimate of 80 kW was adopted for the
available grid-connected load. Using the same methodology as in example 1, a battery
simulation was used to optimize parameters a, x, and y and to evaluate the new operating
strategy. Measurement data in kW for the production power and the consumption loads
from the previous year in the one-minute resolution were used as input data.

3. Results
3.1. Evaluation of Example 1: New Operating Strategy Applied in a Residential Neighborhood
3.1.1. Result of Simulation with 30 Households, 30 × 11 kW Electric Vehicles and 40 kWp
PV Power

Due to the high number of electric vehicles, the assumed grid-connected load of 60 kW
is not always sufficient to cover the total load of all consumers, which is up to 117 kW
during the reference year (Table 1). Even with the “Limiting peak load” operating strategy
applied to the battery, this situation cannot be permanently prevented (scenario C). In
winter in particular, when PV production is lower, the battery is often fully discharged
and is no longer available for peak load limitation (Figure 5a). The grid connection is
still significantly overloaded by up to 107 kW. The new operating strategy uses adaptive
adjustment of charging at the SOC limits of 50% (local charging) and 10% (grid charging)
to enable reliable peak load limitation throughout the year (scenario E). The degree of self-
sufficiency remains virtually unchanged, as only a very limited amount (0.1%) of additional
energy needs to be drawn from the grid for battery charging. By further optimizing the
discharging strategy, self-consumption can be increased by 4% compared to peak load
limitation alone, without affecting functional reliability (scenario F). At an average of 76%,
the SOC is usually in a more favorable range in terms of battery degradation (Figure 5b).
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Table 1. Results for example 1 with 30 electric vehicles: the degree of self-consumption and self-
sufficiency was increased with the new operating strategy and peak load limitation was enabled all
year long.

Battery Control
Strategy Base

Self-
Consumption
Optimization

Peak Load
Limitation

C, with
Optimized
Charging

E, with
Optimized
Charging

and
Discharging

Scenario A B C E F

Load limit (grid
connection)
(kW)

60 60 60 60 60

Battery charge
power (kW) 60 60 60 60

Battery energy
capacity (kWh) 50 50 50 50

Peak load from
grid (kW) 117 117 107 60 60

Degree of self-
consumption 0.75 0.93 0.77 0.77 0.80

Degree of
self-sufficiency 0.20 0.27 0.21 0.21 0.22

Full cycles 166 22 28 56
Change-SOC a
(%) 90

Change-SOC x
(%) 50 50

Change-SOC y
(%) 10 10

Charge mode surplus charging surplus
charging adaptive adaptive
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Energies 2023, 16, 3964 13 of 19

3.1.2. Result of Simulation with 30 Households, 10 × 11 kW Electric Vehicles and 40 kWp
PV Power

Due to the lower number of electric vehicles, peak load limitation with the battery
can be guaranteed throughout the year even with a 17% reduction in the grid connection
(Table 2). As high load peaks occur only rarely, the states of charge of the battery remain
very high even in winter with the “Limiting peak load” operating strategy (scenario C,
Figure 6a). Despite the starting value of 50%, the average SOC is over 97%. With just two
full cycles a year, the battery is not used anywhere near its full capacity. With the new
operating strategy, the battery can primarily be used for self-consumption optimization
(scenario D, Figure 6b). This enables the degree of self-consumption to be increased by
25% to 0.85, placing it just slightly below the figure for the “Optimizing self-consumption”
operating strategy but with reliable peak load limitation.

Table 2. Results for example 1 with 10 electric vehicles: the new operating strategy significantly
improved the degree of self-consumption and self-sufficiency, almost reaching the values for self-
consumption optimization alone.

Battery Control
Strategy Base

Self-
Consumption
Optimization

Peak Load
Limitation

C, with
Optimized

Discharging

Scenario A B C D

Load limit (grid
connection) (kW) 60 60 50 50

Battery charge power
(kW) 60 60 60

Battery energy
capacity (kWh) 50 50 50

Peak load from grid
(kW) 75 75 50 50

Degree of
self-consumption 0.68 0.88 0.68 0.85

Degree of
self-sufficiency 0.25 0.36 0.25 0.35

Full cycles 181 2 154
Change-SOC a (%) 20
Charge mode surplus charging surplus charging surplus charging
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Figure 6. Evaluation of example 1 with 10 electric vehicles: Peak load limitation can already be
achieved throughout the year, even with a reduced peak load limit. The average state of charge of the
battery moved into a much more favorable range in terms of service life. (a) Peak load limitation,
(b) Optimized control strategy.
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3.2. Evaluation of Example 2: Using the Operating Strategy in the “Fraunhofer IAO Micro
Smart Grid”

The grid reference power in the reference period is up to 69 kW without a battery,
with a maximum consumption load of 79 kW. The grid feed-in is up to 27 kW, with a
maximum PV system production power of 31 kW (scenario A). The total consumption
was 38,153 kWh, comprised of 24,400 kWh for the charging infrastructure and 13,753 kWh
for the other consumers. The PV system generated 27,559 kWh. The peak load limit was
complied with even in the basic scenario (Table 3).

Table 3. Results for example 2: the new operating strategy significantly improved the degree of
self-consumption and self-sufficiency and the peak load limit could be significantly reduced.

Battery Control Strategy Base
Self-

Consumption
Optimization

Peak Load
Limitation

C, with
Optimized

Discharging

Scenario A B C D

Load limit (grid
connection) (kW) 80 80 20 20

Battery charge power
(kW) 60 60 60

Battery energy capacity
(kWh) 100 100 100

Peak load from grid
(kW) 69 64 20 20

Degree of
self-consumption 0.47 0.84 0.49 0.67

Degree of
self-sufficiency 0.34 0.66 0.37 0.53

Full cycles 97 6 52
Change-SOC a (%) 80
Charge mode surplus charging surplus charging surplus charging

With the “Optimizing self-consumption” operating strategy, the battery storage system
increases the degree of self-consumption from 0.47 to 0.84 and the degree of self-sufficiency
from 0.34 to 0.66 (scenario B). The peak load on the grid connection is slightly lower than
the starting value in this scenario. With the “Limiting peak load” operating strategy, the
peak load limit can be reduced to as low as 20 kW throughout the year (scenario C). The
degree of self-consumption and self-sufficiency in this scenario is only slightly higher than
that of the scenario without a battery.

By applying the new operating strategy with optimized parameters, the battery is
switched from “Limiting peak load” to “Optimizing self-consumption” at a SOC > 80%
(scenario D). The minimum peak load limit of 20 kW is still maintained throughout the
year. Compared to scenario C, which uses peak load limitation only, the degree of self-
consumption is increased by 37% to 0.67; the degree of self-sufficiency is increased by
43% to 0.53. In scenario C, the average SOC is 96% (Figure 7a). In scenario D, the opti-
mization reduces this value to 80%, which is in a more favorable range in terms of battery
degradation (Figure 7b).
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Figure 7. Evaluation of example 2: Peak load limitation can already be achieved throughout the
year, even with a significantly reduced peak load limit. The average state of charge of the battery
moved into a more favorable range in terms of service life. (a) Peak load limitation, (b) optimized
control strategy.

As the grid feed-in of up to 27 kW is above the new peak load limit for grid consump-
tion, the evaluation was also performed with an assumed peak load limit of 30 kW. In this
scenario, the switch between “Limiting peak load” and “Optimizing self-consumption”
takes place at a SOC of 20% (scenario D). This means that the degree of self-consumption
can be increased by 73% compared to peak load limitation (scenario C), from 0.48 to 0.83,
bringing it close to the level achieved with self-consumption optimization (scenario B),
which is 0.84. In this case, too, the peak load limit is maintained throughout the year.

4. Discussion

The evaluation of the two application examples demonstrates the potential of the
new operating strategy in several ways: By optimizing battery charging, it is possible to
limit the peak load, which cannot always be permanently achieved using surplus charging
with locally produced electricity alone. Compared to grid charging alone, this solution
enables greater use of local resources and minimizes consumption from external sources.
By optimizing the battery discharge process using a hybrid model of peak load limitation
and self-consumption optimization, it is possible to increase self-consumption across the
entire system without restricting the peak load limitation. At the same time, the state of
charge of the battery moves into a range associated with lower levels of degradation. This
is particularly true in comparison with the SOCs associated with peak load limitation alone;
these figures are usually very high, particularly in conjunction with grid charging.

Other parameters that influence the battery life are the number of full cycles and the
depth of discharge (DoD) during operation. The number of cycles is higher if the battery is
applied for self-consumption optimization than with peak load limitation due to the higher
energy turnover. With the proposed operating strategy that combines the two application
purposes, the number of cycles is in between (see Tables 1–3). Modern battery systems
largely allow cycle numbers in the range of 3500 to 10,000 full cycles [32] and are designed
for self-consumption optimization with regard to their service life. The application of the
new operating strategy is therefore not expected to have any significant disadvantages in
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this respect. However, the new operating strategy can change the depth of discharge, which
can have a positive effect compared to self-consumption optimization, and a negative effect
compared to peak load limitation. Future work should investigate this aspect in more
detail. A method for accounting for the effects of different DoD on the service life of a
battery was presented by Yan et al. [33]. An additional optimization objective regarding
the minimization of degradation could thus be included in the operational strategy, e.g., by
further restricting the SOC ranges and charge/discharge powers during self-consumption
optimization. Models for this were introduced by Scarabaggio et al. [34] in the context of
grid services through electric vehicles.

The proposed procedure regarding the new operating strategy could be used dur-
ing the planning and realization of local energy systems, as well as to improve the effi-
ciency and cost-effectiveness of existing systems. In particular, integrating electromobility
and the associated charging infrastructure into local energy systems could cause peak
loads at grid connection points to increase significantly in the future. Battery storage
systems allow energy systems to operate with restricted or smaller—and therefore more
cost-effective—grid connections, without mobility being affected by any charging restric-
tions. The increase in electromobility is a dynamic scenario, but energy systems and battery
storage systems are being designed based on a static estimation of demand. In practice, this
means that battery capacity will initially be far greater than required but will begin to reach
its limits as vehicle electrification becomes more common (see application example 1 with
10 and 30 electric vehicles). Using the new operating strategy enables the battery to be used
more efficiently throughout its life cycle. Initially, the focus can be on self-consumption
optimization; as utilization increases, it can shift to guaranteeing peak load limitation. The
optimum parameters for the operating strategy at any given time can be determined during
the planning phase based on simulated requirements, and then adjusted during operation
based on up-to-date load profile measurements. The simple process requires only common
measured variables, with no additional external data or forecasting needed.

The optimal parameters for the operating strategy can be regularly adjusted as frame-
work conditions change. For example, adjustment can take place manually once a year
based on the load profile measurements taken over the past year, or it could be scheduled
automatically at more frequent intervals. Shorter reference periods can also be selected
to account for factors such as seasonal fluctuations in surplus production. This enables
the degree of self-consumption to be increased even further. As battery suppliers acquire
more experience, they can develop default settings specific to each application. This would
eliminate the need to conduct a simulation for parameter optimization.

The new operating strategy has so far been designed for stand-alone battery storage
applications. Future work should investigate possible extensions with regard to external
services, such as energy marketing [35] or grid services [33]. For this purpose, it is necessary
to define suitable criteria for prioritizing the applications and to optimize the operation
economically. In contrast to the simple stand-alone application, however, this significantly
increases the complexity of the operating strategy. To ensure the reliability of all operational
objectives, forecasting methods should be used for generation, loads, and external demands.
Forecasting techniques could also further increase the efficiency of the new operation
strategy in the stand-alone application, by adaptively adjusting the parameters, for example
daily, based on the respective forecast for generation and load.

The analysis of the application examples indicates the maximum potential of the
new operating strategy in each case, as the evaluation is based on the dataset used for
optimization. In practice, additional reserves or backup strategies required for operation
would also need to be considered. There are several ways to achieve this. Firstly, the
analyses assumed highly restrictive grid-connected loads; in practice, these values would
be higher to account for the relevant reserves, including for residential loads. Irrespective
of this, a slightly higher assumed peak load limit allows the degree of self-consumption to
be increased further (see application example 2 with 20 kW and 30 kW peak load limit).
Secondly, the battery capacity can be slightly higher than in the optimization. Thirdly, there
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is the option of adding restrictions to the charging infrastructure (charge management), to
act as a backup on the rare occasion that extreme circumstances arise. This step is highly
recommended anyway to absorb any battery maintenance and downtime. Future research
should consider bidirectional charging of electric vehicles which also has the potential to
avoid peak loads and, therefore, could support the battery system in critical situations.

The new operating strategy was implemented in the control system for the live “Fraun-
hofer IAO Micro Smart Grid” system (see application example 2). However, it was not
possible to carry out a practical validation of the simulation results as part of this study,
as on-site vehicle charging ceased almost completely a few weeks after commencing the
evaluation due to the coronavirus pandemic. This radical change to the framework condi-
tions because of the pandemic highlights how susceptible optimizations based on historical
data are to extreme scenarios. In the future, appropriate resilience strategies will need to be
developed to counteract this challenge.

5. Conclusions

This study presented a new operating strategy for stationary battery systems in local
energy systems and introduced a process for optimizing the associated parameters. By
applying the new operating strategy, it was possible to achieve the following improvements
compared to current technology:

• Using battery systems solely for peak load limitation with local production the degree
of self-consumption and therefore cost-effectiveness can be increased.

• With the given battery systems without functional peak load limitation, permanent
and reliable peak load limitation can be achieved without permanent grid charging.
The degree of self-sufficiency can be improved.

• Peak load limitation can also be guaranteed using adaptive optimization as condi-
tions in electrical systems evolve (as electric mobility becomes more widespread,
for example).

• The operating strategy keeps the state of charge of the battery in a more favorable
range in terms of degradation, which extends the service life of the storage system.

The potential of these characteristics has been analyzed and demonstrated based on
several application examples. In future studies, the new operating strategy will be tested
and validated in live systems.
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