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Numerous loss mechanisms contribute to the overall performance of stationary battery storage systems. From an
economic and ecological point of view, these systems should be highly efficient. This paper presents the per-
formance characteristics of 26 commercially available residential photovoltaic (PV) battery systems derived from
laboratory tests. They were measured according to the efficiency guideline for PV storage systems. Nine AC-

Perf
S;;Z:ln:f;‘;aﬂson coupled and 17 DC-coupled lithium-ion battery systems are compared. Their measured usable energy content
Efficiency varies between 5.8 kWh and 16.7 kWh and is in some cases more than 19 % below the specifications in the data

sheets. Besides the usable capacity, the nominal power and the efficiency of the power conversion system are
analyzed. DC-coupled PV storage systems are often advertised with inherently higher efficiency compared to AC-
coupled systems. However, the comparison shows that they depend on high battery voltages of several hundred
volts in order to exploit their efficiency advantages. The most efficient systems achieve average conversion path
efficiencies of more than 97 %. In contrast, the values of the least efficient systems evaluated are only 90 %.
Furthermore, the paper analyzes the control behavior by comparing the dead and settling times as well as the
stationary control deviations of the investigated systems. Differences in the dead time of almost 3 s and in the
settling time of more than 13 s can be observed. In addition, the AC, DC and peripheral power consumption in the
fully charged and discharged state are evaluated. While individual systems have an outstanding power con-
sumption of less than 4 W in the standby mode, others consume more than 70 W. The paper shows that various
systems still have potential for optimization, especially in terms of conversion efficiency and standby losses.
When selecting or optimizing a PV battery system, it is important to consider all loss categories to achieve high
overall efficiency.

1. Introduction capacity ranging from 0.2 MWh to 250 MWh and a total capacity of

around 1.5 GWh were installed in the U.S. [5]. In contrast, during the

The transition to a decarbonized and clean energy system is crucial
given the dependence on fossil fuels and the devastating consequences
of climate change. Energy storage is a key to overcoming the variability
and volatility of renewable energy sources [1]. Especially battery stor-
age systems are frequently addressed as the technology that may unlock
this transition [2,3]. Over the last few years, a strong increase in the
number of installed battery systems can be identified. In 2017, the In-
ternational Renewable Energy Agency (IRENA) reported a worldwide
installed capacity of stationary battery systems of just under 11 GWh
[4]. From 2018 to 2020, large-scale battery systems with an energy
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same period about 2.3 GWh have been added in the residential sector in
Europe alone [6]. The same study also shows that Germany accounts for
around 70 % of the total European home storage market. According to
Jo et al., the residential market is also booming in Korea. In 2018 alone,
domestic storage systems with a cumulative capacity of about 1.5 GWh
were installed [7]. Globally, an additional 25 GWh of stationary storage
has been installed between 2018 and 2020 [8]. The analysis of Bloom-
bergNEF also shows that the number of utility-scale systems pre-
dominates, but there has been a continuous increase in residential
storage. Of the storage systems installed worldwide in 2020, with a
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cumulative capacity of 11 GWh, the residential sector accounts for
around 25 % [8]. Lithium-ion batteries have become the dominant
technology for battery storage systems [8-10]. At the same time, as
manufacturing capacity increases and technological innovations
continue, their costs are constantly declining [2,11].

1.1. Home storage market in Germany

Germany is one of the pioneer markets for the development of sta-
tionary battery systems worldwide [9], especially in the residential
sector [12]. Using photovoltaic (PV) combined with a battery system is
considered a key technology for more ecological sustainability in the
residential sector [13]. The solar potential on German buildings is
considerable. Mainzer et al. indicated a potential for roof top PV systems
on residential buildings of more than 200 GW [14]. Like other countries
around the world, Germany introduced subsidy programs that success-
fully incentivized investment in residential PV systems [15]. In 2021,
more than 215,000 PV systems up to 30 kW were installed in Germany
[12]. By the end of the year 2021, there were more than 2 million PV
systems in this market segment with an installed capacity of 20.4 GW
[16]. This corresponds to a share of one third of the total solar capacity
installed in Germany [17].

Since 2012, electricity prices for households have exceeded feed-in
tariffs [9]. In conjunction with the decreasing costs for PV and battery
systems as well as the falling grid feed-in tariff, it has become increas-
ingly economical to raise the level of self-consumption in recent years
[18]. According to Figgener et al. over 60 % of the 215,000 newly
registered PV systems were installed in combination with a home stor-
age system. If retrofits are taken into account, the total number of
installed battery systems for 2021 reaches about 145,000 [12]. Other
estimates from the German Solar Association (BSW) (141,000) and
EUPD Research (135,000 to 150,000) are in a similar range [17,19,20].
Overall, the market is assuming a stock of 430,000 home storage systems
with an installed capacity of 3.5 GWh in Germany by the end of 2021
[12]. Within just a few years, PV home storage systems in Germany have
developed from a niche product into a large market with more than 60
manufacturers and suppliers with several hundred different system
combinations up to 30 kWh [21]. The available systems have a wide
range of different characteristics. For example, systems with different
topology (AC- or DC-coupled) and technology (lithium-ion or
sodium-nickel chloride) are offered. Furthermore, the systems differ in
terms of power capacity and energy content (in the following battery
capacity) as well as battery voltage level (low or high voltage). In
addition, the connection of the storage system to the power grid (single-
or three-phase) can be different.

1.2. The relevance of system efficiency

The main objective of a PV battery system for the power supply of
residential buildings is to reduce the power drawn from the grid as much
as possible. However, by storing the excess PV power, the energy fed
into the grid is reduced. When operating a PV battery system, it is
therefore desirable due to economic reasons to minimize the amount of
power drawn from the grid as much as possible while achieving the
highest possible PV feed-in [22]. Accordingly, the amount of system
losses that have an impact on the energy exchange with the grid is
crucial [23]. The different losses can be separated into four main cate-
gories: sizing, conversion, control, and standby-related losses [24,25].
The sizing losses occur due to the power dimensioning of the system
components, which result from the limitation of the power electronics.
The energy conversion in the battery system and in the power elec-
tronics is subject to further losses. In addition, there are control losses,
which are mainly caused by the delayed and inaccurate power con-
sumption and output of the battery system. The power consumption of
the components in the fully charged or discharged state results in so-
called standby losses. In addition, energy management-related losses
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can occur. For grid-serving reasons, a limitation of the grid feed-in
power to e.g. 70 % of the nominal power of the PV generator can be
required in subsidy programs. If the excess power is not stored, the
power output of the PV generator must be curtailed by no longer oper-
ating the PV generator at the maximum power point (MPP). The
curtailment is associated with a decrease in the energy output of the PV
system. According to different sources, the performance of a PV battery
system also includes system reliability and aging effects [26-29].

The study by Munzke et al., for example, demonstrates that system
losses can be significant. The results show that even in a comparatively
small-sized PV battery system with a nominal power of 3.5 kW and a
usable battery capacity of 4.4 kWh, total losses of up to 950 kWh/a can
occur [23]. In this case, the losses can especially be attributed to the
power conversion and the MPP tracking. In contrast, the total losses of a
high-efficient 12.2 kWh battery system combined with a 10 kW PV
system are less than half as high (405 kWh/a), although energy
throughput increases with the system size [30]. In addition, it should be
noted that the overall system efficiency, charging strategy and the aging
of the battery and PV system might also have a significant impact on the
sizing of PV battery systems and thus on the investment costs [31-33].
At the same time, simulation analyses show that system efficiency can
have a greater impact on the degree of self-sufficiency than the usable
battery capacity [34].

In addition to economic considerations, battery systems should also
operate highly efficiently for environmental reasons. To ensure that the
use of storage systems only has a small impact on the environmental
relief achieved by the PV system, low storage losses are crucial [35]. The
higher the energy efficiency of the battery systems, the lower the carbon
dioxide, sulfur dioxide and nitrogen oxide emissions from the fossil-fuel
power plants that results from the remaining grid supply, especially
during winter [36].

For the reasons mentioned above, among others, the efficiency of a
storage system is one of the 5 most important selection criteria for in-
stallers, along with quality issues and warranty conditions [37]. For the
end customers, hedging against rising electricity prices and their own
contribution to the energy transition are usually the decisive factors for
the purchase of a PV battery system [38].

1.3. Methods for characterizing efficiency

Data sheets are intended to facilitate product selection by summa-
rizing the most important technical characteristics of a PV battery sys-
tem. However, a comparison of the data sheets reveals that the level of
detail of the information and the test conditions vary considerably in
some cases. Comparable performance indicators can currently only be
found in a few data sheets [34]. This makes it particularly difficult for
non-specialists to compare and find efficient PV battery systems.
Another challenge for comparability is the degree of integration of the
systems [39]. In addition, to complete systems containing all compo-
nents of a PV storage system, individual components (e.g. the battery
storage or the battery inverter) are also offered. Uniform procedures and
metrics determined by independent testing institutes can help to
objectively compare the performance and functions of various products
and systems [40]. Standard test protocols may also help to perform an
assessment and subsequently improve the design of storage systems
regarding efficiency, battery aging, reliability, and cost [41]. Moreover,
customers can be assured that the evaluated products that go through
this process will meet the performance required for their applications
[42].

Different methods for analyzing the energy efficiency of PV battery
systems have been part of numerous research activities in the past, e.g.
[22,23,43-48]. A simplified distinction can be made between field,
application, laboratory and simulation testing [23]. The advantages and
disadvantages of these four test specifications have already been dis-
cussed in detail [22-24,45].

The focus of this work is on the comparison of numerous
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performance-related characteristics that have been determined in
detailed laboratory tests. In general, these tests aim to measure indi-
vidual efficiency characteristics under uniform conditions. The goal is to
provide specific, repeatable and detailed test procedures. However,
there are various approaches to test battery systems, as well as different
examination objectives and depth of detail depending on the test
directive. When conducting tests, battery cells and individual compo-
nents, battery modules or the entire system can be tested.

For example, Mulder et al. developed detailed test methods for
improved battery cell understanding with a focus on battery perfor-
mance, aging effects and safety aspects [49]. Furthermore, according to
the international standard IEC 61427-2:2015 performance characteris-
tics like the battery capacity and round-trip efficiency (RTE) of battery
systems can be evaluated in a seven-day endurance test [50]. However,
the test sequence requires that the battery discharge power is at least 3
kW. This guideline is essentially battery chemistry neutral and covers
different application scenarios like frequency regulation or PV energy
storage time-shift. However, power conversion systems and components
as well as associated interfaces are not covered by this standard, as it
focuses primarily on the battery itself.

Testing the whole system is beneficial because it gives the best pic-
ture of how the system will respond. Unfortunately, this process is more
expensive and usually the entire system must be installed to conduct
these tests [51]. The probably best-known test guideline for energy
storage systems is ‘The Protocol for Uniformly Measuring and Expressing
the Performance of Energy Storage Systems’ prepared by the Pacific
Northwest National Laboratory (PNNL) and Sandia National Labora-
tories [52]. The Protocol contains procedures for administering refer-
ence performance tests on energy storage systems to derive capacity,
efficiency, responsiveness, standby losses and self-discharge rate.
Additionally, application-specific duty-cycle performance tests are pro-
vided for a number of grid services including e.g. frequency regulation,
peak shaving and PV smoothing. The energy storage system is consid-
ered a black box with power exchange between the energy storage
system and the grid being measured [53]. However, usually the test
procedure is applied to bigger storage systems [54,55] with the ability to
supply specific services to electric grids [56,57]. The performance pro-
tocol was directly incorporated into a Standard of the National Electrical
Manufacturers Association (NEMA) published in 2019 [58]. Addition-
ally, parts of it are included in the IEC Standard 62,933 [59-61]. The
Energy Storage Integration Council (ESIC) developed another energy
storage test manual [40]. It also covers important efficiency metrics like
usable battery capacity, nominal powers, auxiliary loads, RTE and
response time and adds metrics like settling times. In addition, the
guideline defines operational performance tests, meant for systems with
limiting maintenance or testing intervals available. However, during
this test, the energy storage system will only be tested through a single
charge and discharge cycle at nominal power. The test sequence might
not be sufficient to determine all important performance characteristics,
since, for example, the battery capacity [62] and the dead and settling
times depend on the power level [63]. Furthermore, the test manual
contains special test protocols for DC-coupled PV storage systems for
component and system characterization. Procedures are defined to
validate the functionality and integration, as well as to measure the
efficiency of the DC-DC converter attached to the battery.

Additional information and further test procedures can be found, for
example, in Blair et al. [51], Vartanian et al. [53] and Choi et al. [64].
Although the previously mentioned standards and test methods contain
detailed procedures for measuring important performance characteris-
tics, it remains to be noted, that their focus is rather on typical grid
applications of bigger-sized storage systems. The application area of
residential PV home storage systems is different. At the same time,
important performance characteristics such as conversion efficiency of
the different conversion paths like PV-feed in or battery charging as well
as stationary control deviations remain unconsidered.

In the following, publications are presented that explicitly aim to
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evaluate PV and PV battery systems. The IEC 61683 defines detailed
procedures for measuring the efficiency of stand-alone or grid-
connected power conditioners in PV applications [65]. The conversion
efficiency is measured at different voltage levels and different ratios of
the nominal output power ((5 %), 10 %, 25 %, 50 %, 75 %, 100 % and
120 %). In addition, a measuring specification for determining the
standby loss is given. In 2010, the European standard EN 50530
extended the number of power levels to include supporting points at 20
% and 30 % of the nominal power in order to capture the conversion
efficiency in the partial load range in more detail [66]. However, both
standards focus on PV inverter systems. The power at the battery ter-
minals during the typical operation of PV battery systems is different
from PV inverter applications [45].

Methods for determining characteristic performance values of resi-
dential PV battery systems in the laboratory have been presented in
various publications. The Australian research institute ITP Renewables
has regularly presented test reports on the performance of several resi-
dential and commercial battery packs between 2015 and 2022 [67]. In
addition to the performance tests of conventional battery technologies,
emerging battery systems based on sodium-ion or zinc-bromine were
also investigated. However, their main focus was on the aging-related
capacity loss and RTE of the batteries. Statements about the perfor-
mance of the other system components of a PV battery system cannot be
derived from the studies.

Messner et al. presented specific laboratory test procedures which
enable a qualitative and quantitative evaluation of the performance of
residential PV battery systems in 2016 [43,68]. The authors distinguish
between the energy efficiency and the effectiveness of these devices. The
determination of the battery capacity and RTE is similar to the PNNL
with several full cycles at different power levels. The standby con-
sumption of the conversion system is determined within a defined
period, once with a fully charged and once with a fully discharged
battery [43]. In addition, test procedures similar to those in EN 50530
are presented for determining individual path efficiencies such as PV
feed-in, battery charge or discharge. The effectiveness (settling time and
steady-state error) of the control system is evaluated by dynamic load
profiles via multiple-step responses, resulting in a continuous alterna-
tion between battery charging and discharging. A similar procedure for
determining control efficiency was applied to 4 systems by Munzke et al.
[69]. During the tests, the authors determined rise times, dead times and
settling times, and the energy exchange with the grid.

Niedermeyer et al. used a similar measurement setup as Messner
et al. and considered the EN 50350 and the IEC 61683 to determine the
different path efficiencies [39]. In addition, the authors presented a
method to estimate the system performance as an aggregation of the
efficiency of the individual energy conversions. However, standby and
control losses are not included. Therefore, Niedermeyer et al. [70] also
developed a four-day application test with reference load profiles of the
PV generation and household load. From the measurement results, 3
performance indicators (energy conversion, control quality and
achievable self-sufficiency) were determined. For each indicator, a
possible classification from A to E was proposed. An almost identical test
setup was presented by Bamberger et al. in [47]. Four systems were
measured over 3 days each. Based on the test results, annual parameters
were extrapolated using correction factors. The application tests have
the disadvantage that the measurement results are already influenced by
the predefined test profiles. To what extent the test results are applicable
for other use cases remains to be seen.

Kairies et al. compared the laboratory measurement results of 4 PV
battery systems with different battery technologies and system topol-
ogies [71]. In addition to the conversion efficiency of the inverters and
the battery, the power consumption in standby mode and the control
performance (transient response and stationary control deviations) are
compared. In some cases, significant differences between the systems
could be identified.

Building on the experience and the measurement results of the
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various testing institutes, the first version of the “Efficiency Guideline
for PV storage systems” (in the following: efficiency guideline) was
developed together with various manufacturers, scientists, as well as the
German BSW and the German Energy Storage Association (BVES) [72].
The efficiency guideline describes the measurement procedures for the
system properties listed in Table I for three different system topologies.
The determination of the nominal powers for the different specific
conversion paths is the basis for the subsequent performance measure-
ments of the power conversion system and the battery storage.
Furthermore, tests regarding the control deviations are conducted.

For the measurements according to the efficiency guideline, the PV
home storage systems are integrated into a hardware-in-the-loop test
environment. The electrical load is provided by a resistive and
controllable electric AC load. The generation is given by a DC source (PV
simulator) with specified conditions according to the DIN 50530.
Advanced charging strategies, such as forecast-based charging [73] need
to be deactivated. The current and voltage are measured at various
points by sensors integrated within the test environment in an interval of
at least 200 ms. Fig. 1 shows the measurement points of an AC- and DC-
coupled PV battery system as defined in the efficiency guideline. At the
general measurement points, which are independent of the system to-
pology, the DC power of the PV simulator (PVS) and the battery (BAT) as
well as the AC power of the emulated load (LOAD), the resulting grid
power (GRID) and the AC output of the battery system (AC) are deter-
mined. In the case of AC-coupled systems, the current and voltage are
additionally measured at the AC connection of the PV inverter (PV-WR)
and the battery inverter (BESS). Measurements for the energy manage-
ment of the system and battery aging are not part of the efficiency
guideline. For this reason, these aspects are not considered in this paper.
Since its first release in 2017, the document has been continuously
revised and edited over the past years, resulting in a second version,
which is available since July 2019. Currently, the guideline is in the
process of standardization.

Biichle et al. [74] and Kulkarni et al. [63] were able to show good
repeatability of the measurement results in experienced testing in-
stitutes if certain boundary conditions are met during the tests. Due to
the standardization of the measurement regulations, it is now possible to
derive uniform data sheet specifications from the determined laboratory
measurement values, see e.g. [45,72]. This improves the comparability
of PV battery systems for residential buildings. At the same time, the
manufacturers can identify optimization potentials.

Based on the measurement specifications, various analyses were
carried out.

Since 2016, 16 commercially available home storage systems have
been tested at Karlsruhe Institute of Technology (KIT) on a permanent
basis in the areas of performance and their contribution to grid stability.
The battery capacity of the evaluated home storage systems varies be-
tween 2.0 kWh and 5.2 kWh [75]. In this context, Munzke et al. pub-
lished numerous studies. For example, the authors analyzed the
efficiency and resulting annual electrical and economic losses of 9 [76]
respectively 12 systems [23]. Moreover, Munzke et al. analyzed the

Table I
Possible test sequence according to the efficiency guideline for PV storage sys-
tems [72].

Test sequence

1) Determination of the nominal power
2) Power conversion system
a) Individual conversion pathways
b) Power consumption in standby or switched off state
3) Battery
a) Capacity efficiency
b) Efficiency
4) Control deviations of the system
a) Dynamic control deviation
b) Stationary control deviation
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influence of intelligent charging strategies [77] and aging effects [32] on
the electrical or economic viability of different PV battery systems.

In addition, Niedermeyer et al. tested and compared 5 PV storage
systems according to the efficiency guideline and conducted an appli-
cation test over several days to determine the overall system efficiency
[45,78]. The results were compared with two other assessment ap-
proaches. However, three of the 5 systems were already up to three years
old before the measurements started. In the joint publication by HTW
Berlin, KIT and other institutes, 3 of the 16 systems measured at KIT
were operated in a one-week application test [44]. In contrast to pre-
vious publications, the test results were compared with the simulation
results of an identical, ideal and loss-less storage system. The calculated
performance index puts the cost savings achieved by the real PV storage
system (grid purchase costs minus grid feed-in revenues) in relation to
the theoretical cost savings potential of the ideal PV storage system.
Table II gives an overview of different publications with a comparison of
laboratory measurements of several PV battery systems.

1.4. Contribution

The previously mentioned studies have investigated smaller and
older PV battery systems of the 1st product generation and the number
of systems considered was comparatively small. In the meantime,
however, the manufacturers have been able to make significant im-
provements to their systems and the usable battery capacity installed in
Germany is continuously increasing [34]. For this reason, this paper
analyzes 26 different sized state-of-the-art PV battery systems. It in-
vestigates differences between the performance characteristics and their
reasons in more detail than before. At the same time, mostly neglected
performance characteristics such as the dependency of the battery effi-
ciency on the battery power, the control behavior under steady-state
conditions or cascading, of the power electronics are analyzed.
Furthermore, the challenges of the measurements are highlighted. These
are often disregarded, but important because not all tests according to
the efficiency guideline can be performed smoothly on the various sys-
tems. In a concluding chapter, the so far largely neglected performance
characteristics that occur in real operation but are not considered by the
efficiency guideline are presented. The research questions answered in
this paper are:

e What is the range of the efficiency characteristics of different sized
state-of-the-art lithium-ion PV home storage systems?

e How much do the manufacturer's specifications for the usable battery
capacity deviate from the laboratory test results?

e What contributes to the differences in standby power consumption
and conversion losses between the systems?

e How do the systems differ in their control behavior under stationary
and dynamic conditions?

e Which performance aspects are not characterized by the laboratory
tests according to the efficiency guideline?

2. Efficiency characteristics
2.1. Photovoltaic home storage systems under evaluation

Since 2018 the research group solar storage systems at the university
of applied science HTW Berlin has been conducting the annual energy
storage inspection [30,34,79-81]. A total of 23 manufacturers with 64
different system configurations took part in the five issues to date. They
were measured by several testing institutes according to the specifica-
tions of the efficiency guideline for PV storage systems [72].

This chapter compares the measurement data of 26 different state-of-
the-art residential PV battery storage systems. The systems were eval-
uated in the annual Energy Storage Inspection between 2020 and 2022
[17,24,64]. The required laboratory tests were carried out by the in-
dependent institutes Austrian Institute of Technology (AIT) and the
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Fig. 1. Main system components as well as measuring points of AC- (left) and DC- coupled PV battery systems (right).

Table II
Overview of different publications with a comparison of laboratory measurements of several PV battery systems.
Author and year Language  Institution Number of  Battery Battery Measurements Main focus of the paper
systems coupling capacity according to the
AC DC range efficiency guideline
Niedermeyer German Fraunhofer 3 2 1 Not No Three performance indicators of energy efficiency,
et al. [70], IWES, specified control and self-sufficiency are determined based on
(2015) Germany an application test.
Kairies et al. German RWTH Aachen, 4 2 2 2 kWh to No With the high-resolution measurement of 4 PV battery
[711, (2016) Germany 9.2 kWh systems under laboratory conditions, measurements

of conversion and battery efficiency, standby
consumption and control deviations were published.
Messner et al. English AIT Wien, 2 - 2 Not No Overview and analysis of different test methods and
[43] (2016) Austria specified comparative results of individual laboratory tests. The
methods developed were intended to serve as a basis
for future standardization.
Munzke et al. German KIT, Germany 8 Not 2.1 kWh to Yes First publication of measured values according to the
[76], (2017) specified 5.3 kWh efficiency guideline of several PV battery systems.
Calculation of various parameters such as degree of
self-sufficiency and self-consumption share as well as
economic losses per year.
Orth et al. [76], German HTW Berlin, 3 2 1 3.9 kWh to Partly (usable battery This article presents a one-week application test that
(2018) Germany 4.3 kWh capacity) makes the efficiency of PV storage systems for single-
family homes comparable. The test results were
compared with the simulation results of an identical,
ideal, and loss-less storage system.
Weniger et al. German HTW Berlin, 20 8 12 2.8 kWh to Yes The Energy Storage Inspection is an annual study that
[79]1, (2018) Germany 11.3 kWh has been published in German since 2018. It compares
the laboratory measurement values recorded
following the efficiency guideline and ranks the
systems based on a calculated performance indicator.

Niedermeyer English Fraunhofer 5 3 2 2.2 kWh to Yes This paper presents and evaluates three different
et al. [45], IEE, Germany 7.4 methods to determine the total PV battery system
(2020) performance.
Bamberger et al. German SPF at OST, 4 2 2 2.3 kWh to No Development of a PV home storage test with which
[471, (2020) Switzerland 7.7 kWh relevant operating conditions can be tested within
three test days and annual characteristic values can be
extrapolated.
Munzke et al. English KIT, Germany 12 4 8 2.0 kWh to Yes Twelve systems are measured under identical
[23], (2020) 4.6 kWh conditions using so-called reference days. Based on

this, the annual average efficiency, the system losses,
and the monetary losses per year are determined.
Munzke et al. English KIT, Germany 4 4 - 2.3 kWh to Partly In this paper, a sensitivity analysis is carried out on the
[32], (2021) 4.0 kWh influence of system efficiency, component aging, and
charging strategy intelligence on the dimensioning
and profitability of a PV home storage system.

ITP Renewables English ITP, Australia 15 2 13 8.0 kWh to No The objective of the multi-year tests was to
[671, (2022) 13.5 kWh independently verify battery performance (capacity
fade and round-trip efficiency) against manufacturers'
claims.
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Karlsruhe Institute of Technology (KIT) according to the specifications
of the efficiency guideline. Table III gives an overview of the test and
measurement equipment used for the acquisition of the data. The
measured values recorded were documented in test reports, which form
the basis for the following comparison of the different storage systems.

To distinguish the individual products, each system configuration is
given an abbreviation (e.g. Al, A2, etc.). The letter varies depending on
the inverter manufacturer or complete system provider. The number
indicates how many system configurations were analyzed per manu-
facturer. Table IV shows the system abbreviation and the measurement
time as well as the full product name of the different systems under
study. A total of 11 manufactures have opted to label their 22 devices
with the product name. However, for the devices J1 to L2 no product
name is given because the manufacturer decided against mentioning it.
Since no measurement of the usable battery capacity has been carried
out for system D1, only the characteristics of the hybrid inverter are
analyzed. In 9 of the so-called AC-coupled storage systems Al to D4, the
batteries are connected to the power grid via bidirectional battery in-
verters, see also Fig. 1. In contrast, the 17 DC-coupled systems D5 to L2
use a hybrid inverter that links the PV generator to the storage system
and the grid. In most cases, different manufacturers produce the lithium-
ion batteries and the inverters. Individual systems have the same battery
inverter (e.g. D1 and D2) but have been measured with a different
battery. In other system combinations, however, the hybrid inverter
varies. The type of battery is the same and the number of battery
modules is identical (e.g. D4, D5, D6, E2 and F1, or D3 and F2).

In the following sections, the most important efficiency related
characteristics of the 26 systems are compared. Additionally, the test
procedure for determining the different properties according to the ef-
ficiency guideline is described in an introductory manner.

2.2. Nominal power

The limitation of the charge and discharge power of the battery
system as well as the maximum power output of the PV generator in-
fluences the operating behavior and the performance of the PV battery
system.

Fig. 2 (left) illustrates the procedure for determining the nominal
power using the example of the measurement of the discharge power of
system D3. The electrical load applied to the system is continuously
increased in the test laboratory with the PV simulator deactivated. To
cover the demand, the battery system discharges. The difference be-
tween the electrical load and the discharge power is primarily due to the
conversion losses in the battery inverter. However, it may also be
associated with stationary control deviations. According to the test
specifications of the efficiency guideline, the nominal power is reached
when the battery power stagnates while the electrical load continues to
increase. In this case, a nominal DC discharge power of 10.4 kW was

Table III
Overview of the test and measurement equipment used; ! Version 1.1 for system
C1 (see Table 1V).

AIT

AC load AIT load cascade V1.0'

PV simulator AIT PVAS3

Measurement DEWETRON 808 or DEWESOFT SIRIUS measurement system
equipment with LEM IT 200-S or 205-S Ultrastab current transducer

ULTRASTAB
KIT
AC load Hocherl & Hackl 3x ZSAC2826

PV simulator Regatron: 2x TopCon TC.P.10.1000.400.S and 2x TC.LIN.
SER.40.1000.40 or 2x Spitzenberger & Spie PVS10.000
Measurement Zimmer LMG 670

equipment
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Table IV
System abbreviation, measurement time and product names of the systems
under study.

Abbrev.  Measurement Product name of Product name Product
time the fully of the inverter name of the
integrated system battery
Al JAN. 2020 - SMA Sunny IBC Solar
Boy Storage 5.0 era:
powerbase
15.0 HV
B1 DEZ. 2019 VARTA pulse 6 - -
B2 DEZ. 2019 VARTA pulse 6 - -
neo and VARTA
pulse 6
B3 JAN. 2021 VARTA pulse 6 - -
neo
Cl APR. 2021 sonnen - -
sonnenBatterie
10
D1 OCT. 2019 - KOSTAL BYD Battery-
PLENTICORE Box H9.0
BI 5.5
D2 OCT. 2019 - KOSTAL BYD Battery-
PLENTICORE Box H11.5
BI 5.5
D3 APR. 2021 - KOSTAL BYD Battery-
PLENTICORE Box
BI 10/26 Premium
HVS 12.8
D4 MAR. 2021 - KOSTAL PIKO BYD Battery-
MP plus 4.6-2 Box
(AQ) Premium
HVS 7.7
D5 APR. 2021 - KOSTAL PIKO BYD Battery-
MP plus 4.6-2 Box
(DC) Premium
HVS 7.7
D6 APR. 2021 - KOSTAL BYD Battery-
PLENTICORE Box
plus 5.5 Premium
HVS 7.7
D7 APR. 2021 - KOSTAL BYD Battery-
PLENTICORE Box
plus 10 Premium
HVS 12.8
El NOV. 2019 - Fronius Symo BYD Battery-
GEN24 10.0 Box H11.5
Plus
E2 APR. 2021 - Fronius Primo BYD Battery-
GEN24 6.0 Plus  Box
Premium
HVS 7.7
E3 APR. 2021 - Fronius Symo BYD Battery-
GEN24 10.0 Box
Plus Premium
HVS 10.2
F1 APR. 2021 - GoodWe BYD Battery-
GWS5000-EH Box
Premium
HVS 7.7
F2 APR. 2021 - GoodWe BYD Battery-
GW10K-ET Box
Premium
HVS 12.8
G1 FEB. 2021 - RCT Power RCT Power
Power Storage Battery 7.6
DC 6.0
G2 FEB. 2021 - RCT Power RCT Power
Power Storage Battery 11.5
DC 10.0
H1 JAN. 2022 Fenecon Home - -
11 APR. 2021 E3/DCS10 E - -
INFINITY
12 APR. 2021 E3/DC S10 X - -
COMPACT
J1 JAN. 2020 DC-coupled system of an anonymous participant
K1 APR. 2021 DC-coupled system of an anonymous participant
L1 JAN. 2022 DC-coupled system of an anonymous participant
L2 JAN. 2022 DC-coupled system of an anonymous participant
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Fig. 2. Determination of the nominal discharge power (left) of the battery storage by the continuous increase of the electrical load demand (example: system D3).

Nominal DC discharge and charge power (right) of the analyzed systems.

determined for system D3.

Fig. 2 (right) depicts the nominal DC charge and discharge power of
the analyzed systems. These often differ only slightly from each other.
Systems B1 and B3 have the lowest maximum charge power of 2.3 kW,
while system G2 has the highest of 12.4 kW. However, not all systems
can provide the nominal charge power at short notice. This can have a
negative impact, especially on days with highly fluctuating cloud cover.
Power electronics that are not well sized and too small or too large can
have various disadvantages. For example, if the charge power is too low,
it may not be possible to store the entire PV energy surplus. In contrast,
the limitation of the battery discharge power results in peak loads only
partially covered by the battery. These characteristics are especially
significant when a large battery is connected to small power electronics.
Usually, the energy throughput of the battery decreases the lower its
maximum charge and discharge power is [82]. However, oversizing of
the power electronics can result in higher efficiency losses especially in
the lower power range [23].

In almost half of the systems, the nominal discharge power is less
than 5 kW. Only five of the 26 analyzed systems can handle load peaks
above 8 kW. Systems D3 and G2 have the highest discharge power with
10.4 kW. The discharge power of the system G2 is about 2 kW lower than
its charge power. This is due to the lower maximum current and the
lower battery voltage during discharging. In the case of the high voltage
systems D1 and D2, which have an identical battery inverter, the
discharge power increases with rising battery voltage and consequently
with increasing battery capacity. In contrast, the battery unit is identical
for the systems D3 and D7 as well as for D6, E2 and F1. Here, the
different current limitations of the battery converters and hybrid in-
verters determine the resulting nominal discharge power. The ratio of
discharge power to usable storage capacity (often called C-rate) varies
between 0.3 kW/kWh (A1) and 1.0 kW/kWh (E1), see also Table VII in
the appendix.

For individual systems, a dependence of the battery power on the
battery voltage and therefore on the state of charge (SOC) can be
identified. Fig. 3 shows the discharge power and battery voltage of
system E3 during a complete discharge process. According to the effi-
ciency guideline, the nominal battery power needs to be determined at
average SOC. To cover the load, the system is discharged and the battery
voltage drops. Since the battery current is limited by the power elec-
tronics of the inverter to 22 A, the power decreases with the voltage.
System E3 can therefore deliver a maximum of 9.4 kW when the battery
is fully charged and only 8.9 kW at the end of the discharge process. The
nominal DC discharge power at a SOC of 57 % and 416 V is 9.2 kW.

10.0¢
Electrical Load (AC)
Discharge power (DC)
| e Nominal discharge power (DC)
9.5 Battery voltage
=
X
£
j . 90 [
(]
2
o
o
8.5
8.0 : : : : : :

0 10 20 30 40 50 60 70 80
Time in min

Fig. 3. Dependence of the discharge power on the battery voltage (example:
system E3).

Similar behavior can be observed when charging with PV power or grid
power. Here, however, the charge power increases with the battery
voltage as long as the maximum input current of the inverter is the
limiting factor.

Apart from the previously mentioned situation, a dependence of the
nominal power on the battery voltage can also exist if the open-circuit
constant voltage curve of the battery cells has a larger slope over the
mean SOC range which is relevant for the guideline measurements [74].
Problems can arise, especially at high C-rates, because the required
average SOC is quickly abandoned. For this reason, the measurements
are sometimes triggered with an initial state of charge just below
(charging situation) or slightly above (discharging situation) the
average value [78]. Regardless of the situation, during subsequent
measurements of the conversion efficiency at nominal power, it must be
ensured that these measurements are carried out at the same battery
voltage.

In addition, the maximum power output of the PV generator is
limited by the PV inverter used in AC-coupled systems. Whereas in DC-
coupled systems the nominal PV input power is the limiting factor. As
shown in Table V the nominal PV input power of the analyzed DC-
coupled systems varies between 4.7 kW (D5) and 12.7 kW (I1). The
hybrid inverters of the smaller sized DC-coupled systems D5, D6, E2, F1,



N. Orth et al.

Journal of Energy Storage 65 (2023) 107299

Table V

Nominal PV input power (DC) of the DC-coupled systems.
System D5 D6 D7 El E2 E3 F1 F2 G1 G2 H1 1 12 J1l K1 L1 L2
Power in kW 4.7 5.7 10.3 10.2 6.3 10.5 5.2 10.4 6.2 10.4 10.3 12.7 12.6 10.3 11.4 10.3 11.5

and G1 can handle a PV output of around 5 kW to 6 kW. The other
systems are more suitable for combination with double sized PV sys-
tems. Finally, it should be noted that the resulting sizing losses of
different PV home storage systems are strongly affected by the daily
course of the PV production, as well as by the applications the household
is equipped with (e.g. heat pump or electric vehicle) and the resulting
power demand [82,83].

2.3. Usable battery capacity

The main objective of a PV home storage system is to minimize the
amount of energy drawn from the grid. Therefore, the amount of energy
that can be stored during the day to be used in the evening to meet the
household's electricity demand is crucial. The energy provided by the
battery system strongly depends on its usable battery capacity. It cor-
responds to the energy output of the battery during discharging. To
determine the usable battery capacity as well as the battery efficiency,
the storage system is fully charged and discharged several times in the
laboratory.

Fig. 4 shows the measurement results of the battery test conducted by
KIT for system D3. The initial state for this test is a fully charged battery.
The first charging process is not displayed as it starts from an unknown
SOC. In the first step, energy is drawn from the system at nominal
discharge power (10.4 kW) by applying a constant load and no gener-
ation. Afterwards, the battery is recharged at nominal charge power
(9.4 kW) by specifying a constant generation. Thus, the system runs
through a so-called full cycle; the energy quantities are recorded for each
charging and discharging process. The battery is considered to be fully
charged or discharged, if the battery power falls below 1 % of the
nominal charge or discharge power for 5 min, despite available DC input
power or load being applied [72]. If this threshold value is not undercut,
the battery is considered to be fully charged as soon as the battery charge
power has fallen below 3 % of the nominal charge power over a period of
1 h [72]. Afterwards, this test is repeated at 50 % and 25 % of the
nominal charge and discharge power. Due to the lower power values the
duration of the different charge and discharge processes increases. To
determine the usable battery capacity, the battery must go through a
minimum of 3 full cycles for each of the 3 different power levels. The

[ Battery charge
Il Battery discharge

Power in kW

15 30 45 60 75
Time in h

Fig. 4. Charge and discharge power of the battery storage system during the
test to determine the usable battery capacity (example: system D3).

testing time depends on the system size but is usually mainly responsible
for the duration of the entire laboratory test. The lower the ratio of
nominal power to usable battery capacity, the longer it takes. Finally,
the usable battery capacity is determined from the average value
delivered on the DC side of multiple full cycles. In this example, only the
3rd and 4th full cycles of each power level are used to calculate the
average values. The first cycles usually serve only as preconditioning,
since the battery behavior may depend on the conditions of the previous
cycle.

Fig. 5 (top) shows the usable battery capacities of the analyzed sys-
tems determined within the laboratory tests. They vary between 5.8
kWh (B1 and B3) and 16.7 kWh (K1). Approximately half of the devices
have a usable battery capacity of more than 10 kWh. Another 9 systems
are in the range between 7 kWh and 10 kWh. Thus, the average battery
capacity of the analyzed systems (10.4 kWh) is higher than the average
capacity of the PV home storage systems installed in Germany in 2021 of
about 8.8 kWh [12]. However, the development of home storage bat-
teries towards higher battery capacities has already been evident for
several years [38,84]. This can be explained, for example, by the use of
larger battery modules. One example is the new Battery-Box Premium
HVS product line from BYD which has twice as much battery capacity
per battery module compared to the previous series (used in D1 and D2).
Furthermore, larger battery cells are increasingly being used in terms of
capacity. Due to their series connection, the resulting battery voltage per
kWh battery capacity decreases. However, to achieve the minimum
input voltage specified by the inverters, batteries with higher battery
capacities are required.

The modular system concepts D3 to D7 and E2 to F2 participated
with the BYD Battery-Box Premium HVS. Depending on the system
configuration, these systems were tested with 3 to 5 battery modules
connected in series, resulting in usable battery capacities between 7.0
kWh and 12.3 kWh. At the same time, several systems were measured
with the same type of battery and number of battery modules, see
Table 1V. This applies, for example, to the systems D4, D5, D6, E2 and
F1. For 4 of these 5 systems, usable battery capacities of 7.3 kWh or 7.4
kWh and thus small capacity differences were determined. For system
D6, the usable battery capacity of 7.1 kWh deviates by around 3 % from
the other measurement values. In this case, the KIT observed that the
discharging processes ended at different battery voltages. This resulted
in an approximately 10 % lower DC energy output of the battery storage
for 2 full cycles. The reason for the differences could not be conclusively
explained, but an incorrect SOC determination of the device under test
could be responsible.

Furthermore, the energy that can be discharged from the battery
depends on the nominal charge and discharge power [74]. This is partly
the reason for the differences in the usable battery capacity of the sys-
tems D3, D7 and F2. Therefore, battery data sheets should indicate that
the usable battery capacity depends on the inverter and its power rating.

For systems G1 and G2, the cycle tests were only carried out with 50
% and 25 % of the nominal charge and discharge power. The complete
charging and discharging of the battery systems with nominal power
were not possible due to a temperature-related shutdown. The battery
management system (BMS) reduced the current because the maximum
permissible cell temperatures were exceeded. Multiple cycling at full
power is the greatest stress test in terms of temperature. This is also the
reason why system L1 was measured at the highest power levels with 75
% instead of 100 % of the nominal charge and discharge power. How-
ever, in real operation, the systems are rarely operated in this way,
which means that the high temperatures are usually not achieved.

Fig. 5 (bottom) compares the percentage deviation between the
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measured usable battery capacity and that stated in the data sheet
specifications for the systems under study. With the exception of systems
D2 to D7 and H1, the data sheets of the battery suppliers were used for
the analysis. The two inverter manufacturers D and H refer to a limited
usable battery capacity in their data sheets. For manufacturer L, the
characteristic value could only be taken from the operating and instal-
lation instructions. The deviations range from —19 % to +6 %. Lower
usable battery capacities were determined for 12 of the 25 systems in the
laboratory test.

Inverter and battery suppliers often deliberately restrict the depth of
discharge (DOD). In most of the systems studied, the DOD is around 95
%. The DOD restriction serves, in particular, to protect the battery
against deep discharge. By limiting the DOD, especially calendar aging
caused by high voltage respectively SOC levels can be reduced [85-87].
Some manufacturers specify the usable battery capacity with a DOD of
100 % although, for example, only a DOD of 95 % is permissible in

operation. It should be noted, that the measurement results may also be
influenced by the quality of the SOC determination of the systems and
the testing conditions of the laboratories or battery manufacturers
[43,63]. Biichle et al., for example, were able to show a significant
dependence of the discharged energy on the ambient temperature [74].
Charge and discharge resistances increase with decreasing temperature
due to the slow-down of electrochemical and physical processes [88].
Another reason for the capacity differences may be preconditioning.
Depending on the preconditioning process of the battery storage, the
initial charge balancing between the battery cells may not have been
completed at the time of the laboratory tests.

2.4. Conversion efficiency

2.4.1. Battery efficiency
Any energy conversion within the system's power electronic

100
98 -
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94
92
90
88

Battery efficiency in %
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87.9 %
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Fig. 6. Average battery efficiency of the analyzed systems.
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components and in the battery results in losses. Fig. 6 compares the
battery efficiency of the battery storage systems under study. They
correspond to the ratio of the DC energy discharged from the battery to
the DC energy charged. These energy quantities were determined during
the full cycle tests described in Section 2.3 at different power levels. The
battery efficiencies shown in Fig. 6 correspond to the mean value from
the measurement results of the 2nd and 3rd full cycles per power level.
The battery efficiencies vary up to 10 percentage points between 87.9 %
and 98.0 %.

The battery modules of LG Energy Solution installed in the systems of
the manufacturers B and I1 show the least losses. The battery modules
from the manufacturers Samsung (I12) and BYD (D2 to F2) generally
achieve efficiencies above 96 %. Only the predecessor model of the BYD
HVS series in system D2 falls slightly short with 95.3 %. The low battery
efficiency of system J1 can be especially attributed to the DC-DC con-
verter integrated into the battery storage system. The external clamp
voltage of the battery can thus be largely decoupled from the internal
battery voltage resulting from the interconnection of the battery cells. In
charging mode, the DC-DC converter works as a buck converter and in
discharging mode as a boost converter. However, balancing the voltage
differences results in additional conversion losses, which significantly
reduce the efficiency of the battery. The average conversion efficiency of
the analyzed lithium-ion batteries is 96.0 % and the median is 96.1 %.
The reasons for the differences in battery efficiency are diverse. They
depend on the system, the electrical interconnection, the quality of the
battery cells, as well as the fact that the cell chemistry of the batteries is
different [75]. In addition, the power consumption of the BMS during
the charging and discharging process can have a decisive influence on
battery efficiency [43].

The battery efficiency as well as the available battery capacity
depend on the charge and discharge power [62]. Generally, the battery
efficiency decreases with increasing charge and discharge power, see
Fig. 7 and e.g. [71,78]. This behavior can be observed in the depicted
example systems B3, D7, 12 and K1. System I2 has the largest difference
of 2.2 percentage points between the lowest and highest battery power
level. The differences in battery efficiency can be explained, among
other things, by the voltage drop across the internal resistance of the
battery, which results from the various charging and discharging cur-
rents of the 3 power levels. The battery efficiency increases with
decreasing charge and discharge power, which results from the associ-
ated lower charge energy and a proportionally higher discharging en-
ergy per cycle iteration occurs [74]. In other systems (e.g. A1 and D7),
the highest efficiency is achieved in the medium power range. Especially
during long test periods with low power (25 %), the constant
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consumption to supply internal loads, e.g. a display or to cover the BMS
consumption, is significant and can reduce the battery efficiency [78].
Although the same battery has been measured in systems D3, D7 and F2,
a contrary behavior can be observed. In system D3, the battery efficiency
increases with the charge and discharge power. This may be attributed
to a different settling behavior in some cycles and an associated varia-
tion in the final charge voltage. However, the exact cause has not yet
been clarified. As mentioned above, the full cycle test on system G2
could not be performed at full power.

2.4.2. Efficiency of the power conversion system

The type of power electronic integration of the battery determines
the concept name, the individual system components, the measuring
points and the energy conversion paths. Primarily, a distinction can be
made between the market-relevant AC- and DC-coupled PV home stor-
age systems. Fig. 8 (top) illustrates the individual energy conversion
paths of the two system topologies. Furthermore, the picture shows the
abbreviations of the measuring points, which serve to describe the en-
ergy conversion paths. The path abbreviations are named according to
the direction of the energy flow from the source to the sink. For example,
the pathway PV2AC describes the conversion of the DC power output of
the PV generator into grid-compliant AC power. In AC-coupled systems,
the associated losses occur in the separate PV inverter. Moreover, there
are conversion losses in the bidirectional battery inverter during
charging (AC2BAT) and discharging (BAT2AC). The independent
installation of the PV generator and the battery enables the option to size
every part of the system independently, without the limitations of one
over the others [89]. In contrast, DC-coupled systems combine all power
electronic components in one device. Here, the PV generator and the
battery are connected to the DC link of the PV battery inverter via DC-
DC-converters [45]. Thus, the losses of the PV2AC, PV2BAT and
BAT2AC conversion paths occur in the PV battery inverter. Some DC-
coupled systems can additionally be charged with energy from the AC
side (AC2BAT). In these cases, the inverter bridge of the device is bidi-
rectional. This allows the battery to be recharged with energy from the
grid if this is necessary, for example, to protect itself from deep discharge
[901].

Since the conversion efficiency of the inverters is significantly
influenced by the input power and the DC input voltage [91], the voltage
levels of the different systems will be analyzed in the following. Fig. 8
(bottom) illustrates the battery voltage range, which is determined by
the minimum and the maximum permissible battery voltage. In the
systems B1 to B3 as well as I1, low voltage batteries with a nominal
voltage of 52 V are integrated. In contrast, the 22 high voltage systems
have nominal battery voltages between 205 V and 512 V. With
increasing nominal battery voltage, the difference between the mini-
mum and the maximum battery voltage rises. Comparing systems D1
and D2, only the number of battery modules connected in series varies,
which is the reason why the battery voltage also increases with
increasing battery capacity.

Furthermore, the nominal PV input voltage of the DC-coupled sys-
tems D5 to L2 is shown in Fig. 8 (bottom). Depending on whether the
connection of the battery inverter to the grid is single-phase or three-
phase symmetrical, a DC link voltage of the inverter of at least 350 V
or 600 V is required [92]. The highest inverter efficiencies are achieved
at input voltages close to the internal DC link voltage of the inverter
[91]. Therefore, the nominal PV input voltage defined by the manu-
facturer is often nearly identical to the DC link voltage of the inverter.
The nominal PV input voltage for the three-phase PV battery inverters of
the DC-coupled systems is between 570 V and 740 V. In comparison, the
single-phase inverters of systems D5, E2, and F1 have a nominal PV
input voltage of only 380 V to 400 V. Moreover, the voltage difference
between the battery and DC link affects the required power electronic
circuitry of the systems [93]. Transformer-based voltage adjustment is
usually required to integrate low voltage batteries [92,93]. Therefore,
low voltage batteries in AC-coupled systems are often connected to the
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Fig. 8. Components and energy conversion pathways of AC-coupled (top left) and DC-coupled PV battery systems (top right). Battery voltage range of the analyzed
system configurations as well as the nominal PV input voltage of the DC-coupled systems (bottom).

AC grid via an inverter bridge in combination with a low-frequency
transformer [43]. In DC-coupled systems, a transformer-based DC-DC
converter is normally used to overcome the big voltage difference via the
winding ratio [94]. In contrast, high voltage batteries can be connected
via a bidirectional DC-DC converter that acts as a boost or buck con-
verter [93]. Generally, the smaller the voltage difference between the
battery storage and the DC link, the higher the conversion efficiency of
the power electronics during charging and discharging [63,95].

In order to be able to compare the conversion losses in the power
electronic system, the efficiency guideline defines a procedure to iden-
tify the efficiencies of the paths shown in Fig. 8 (top). Again, a
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dependency on the applied power can be identified and therefore the
conversion efficiency at different power levels has to be determined.
Here, step profiles at different power levels are used [72]. Fig. 9 (left)
illustrates the procedure to determine the power-dependent conversion
efficiencies in the discharge mode of the inverters based on the mea-
surement results of system D3. Since the battery voltage influences the
measurement results, the voltage dependency on the SOC has to be taken
into account [45]. The efficiency guideline calls for a medium SOC for
most measurements, as they are easier to implement in a generalized test
procedure [78]. However, to determine the efficiency of the PV feed-in
energy conversion path, the battery system needs to be fully charged and
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Fig. 9. AC and DC power measurements (left) during the test to determine the power-dependent conversion efficiency of a battery inverter during discharging
(example: system E3). Power loss measurements and quadratic fit function (right) of the different conversion paths (system E3) as a function of the specific
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in standby mode. The efficiency guideline specifies that the measure-
ments must be performed at 8 different power levels between 5 % and
100 % of the nominal output power. This results in a step profile with 8
different supporting points, see Fig. 9 (left). In contrast to IEC 61683,
which focuses on PV inverters, the test procedures of EN 50530, as well
as the efficiency guideline, include additional steps at 20 % and 30 % of
the nominal power of the different conversion paths [66]. This pro-
cedure leads to a better coverage of the important partial load range.

To determine the discharge efficiencies, the system is applied with an
electrical load high enough to deliver its nominal power over a period of
around 3 min. The system has 40 s at its disposal to reach a steady state.
For the determination of the average conversion efficiency, only the last
140 s are taken into account. Subsequently, the load and thus the power
output of the battery system is stepwise reduced. The differences be-
tween the power output on the DC and AC sides of the system compo-
nents can be attributed to the losses of the inverter. At higher power
levels, the absolute values of the power loss are the highest.

The resulting power loss can be determined from the efficiency and
the input power or from the difference between the input and output
power. Fig. 9 (right) shows the power loss as a function of the output
power for the different conversion paths of the DC-coupled system E3. In
the laboratory, the 8 supporting points cannot always be set exactly due
to the peculiarities of the systems and stochastic deviations. However, in
most cases, the power dependence of the power loss can be described
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sufficiently accurately by a quadratic equation [96]. The lower power
range is dominated by idling losses, which are mainly responsible for the
low conversion efficiency of the inverters at partial load. Depending on
the conversion path, the idle losses in system E3 vary between 19 W and
35 W. The highest losses can be identified in the PV2BAT path and the
lowest during PV feed-in. With increasing power, the voltage and ohmic
losses of the power electronic components become more important,
which increase linearly respectively quadratically with the power
throughput [97,98]. Since these losses are comparatively low for the
PV2BAT path of system E3, the PV2BAT power loss is lowest compared
to the other paths starting at about 25 % (around 3 kW) of the respective
specific output power. With increasing power, the power losses of the
PV2AC and BAT2AC paths increase almost equally, which is primarily
due to the same power flow direction and the associated conversion of
the DC to AC power. However, the higher losses during battery discharge
are due to the comparatively higher voltage difference to the DC link
voltage of the inverter. As already shown in Fig. 8 (bottom), the nominal
PV voltage is higher than the battery voltage and closer to the DC link
voltage of the three-phase inverter. Fig. 9 (right) shows that at full load,
the losses of AC battery charging are about three times higher than the
losses of direct battery charging with PV power. Finally, the quadratic
function can be used to determine the conversion efficiency as a function
of the input or output power.

Fig. 10 shows the resulting efficiency curves of the different
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Fig. 10. PV feed-in (top left) pathway efficiency (PV2AC) of the DC-coupled systems. PV battery charging (top right) pathway efficiency (PV2BAT) of the DC-coupled
systems. AC battery charging (bottom left) pathway efficiency (AC2BAT) of the AC-coupled systems and the in this regard capable DC-coupled systems E1 to G2 and
K1. AC battery discharging (bottom right) pathway efficiency (BAT2AC) of the AC- and DC-coupled systems.
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conversion paths as a function of the output power. The path efficiencies
PV2AC and PV2BAT were determined according to the efficiency
guideline at nominal PV input voltage. Furthermore, the losses due to
inaccurate MPP tracking are included in the pictured conversion effi-
ciencies of the paths PV2AC and PV2BAT and thus not analyzed sepa-
rately. The efficiency curves of the paths PV2BAT, AC2BAT, and
BAT2AC were recorded at a medium SOC. For comparability, the
different system abbreviations were assigned to the efficiency curves at
the respective nominal output power and the corresponding value of the
efficiency.

At nominal output power the PV2AC efficiency of the systems stud-
ied varies between 95.5 % (12) and 98.0 % (E3), see Fig. 10 (top left).
Depending on the design of the power electronics, the efficiency in-
creases or decreases at lower loads. However, most systems achieve
nearly identical efficiencies even at a quarter of the nominal power.
With the increasing importance of the idle losses in the lower power
range, the conversion efficiencies drop significantly for output powers
below 1 kW. The PV2AC conversion efficiency of the systems 12, J1 and
L2 decreases to about 84 % at a load of 0.5 kW. At the same time, the
efficiency of the systems E1 to E3 and G2 is above 94 %. The efficiency
gap of 11.9 percentage points between the systems I2 and E3 can be
attributed in particular to the difference in the idling losses, which differ
by a factor of 4.

The PV2BAT efficiency describes the conversion efficiency of the DC-
coupled systems in charging mode. Fig. 10 (top right) compares the
resulting efficiency curves as a function of the output power. Under full
load at maximum charging power, the PV2BAT efficiencies vary be-
tween 94.3 % (I1) and 99.1 % (E1). In contrast to the PV2AC path ef-
ficiencies, the PV2BAT efficiencies drop sooner with decreasing power,
especially for the systems J1, G1, and L2. Up to a charging power of 0.5
kW, system F1 has the lowest charging losses. Above this power, E1 has
the highest charging efficiency. For about half of the DC-coupled sys-
tems, the PV2BAT efficiencies are higher than the PV2AC efficiencies,
especially in the upper power range. This can be explained by the lower
power loss and the associated smaller voltage and ohmic losses, see also
Fig. 9 (right).

The AC2BAT efficiency describes the conversion efficiency of the AC-
coupled systems in charging mode or of the DC-coupled systems when
charging from the grid. The comparison of the AC2BAT efficiency curves
shown in Fig. 10 (bottom left) illustrates the decrease in efficiency of the
low voltage systems B1 to B3 in the upper power range. This can be
attributed in particular to the high switching and ohmic losses within
the battery inverters. Therefore, the low voltage battery inverters reach
their maximum efficiency between a quarter and half of the nominal
charge power. Systems D1 and D2 are equipped with the same battery
inverter but with a different battery capacity of the same battery type.
Compared to system D1, the voltage difference between the battery
storage and the DC link is lower in system D2 due to the higher number
of battery modules connected in series. The efficiency difference of up to
0.7 percentage points between these two systems can therefore be
attributed to the difference in battery voltage.

Fig. 10 (bottom right) shows the discharge efficiency (BAT2AC) for
all systems under study. For most AC-coupled systems, the AC2BAT and
BAT2AC efficiency curves differ only slightly from each other. At
maximum discharge power, the conversion efficiencies vary between
92.0 % (B2) and 97.7 % (E1). However, numerous studies have already
shown that, in contrast to the charging mode, the systems are mostly
discharged with powers below 1 kW [23,82,99]. Therefore, high con-
version efficiencies at partial load are important for the efficient system
operation of PV home storage systems. At an AC power output of 0.5 kW,
the analyzed systems achieve BAT2AC efficiencies between 83.7 % (J1)
and 95.0 % (F1). The results also show that the AC-coupled systems
perform well in this load range with efficiencies between 91.0 % (D3)
and 94.4 % (D4). In order to achieve higher efficiencies, especially in the
partial load range, power semiconductors made of silicon carbide are a
promising trend for power electronic components [98]. According to
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manufacturers E and G, these were already used in their systems E3 and
G2 [37,100].

When interpreting the conversion efficiencies, it is important to note
that a discontinuously shaped efficiency curve cannot be depicted
exactly using the quadratic approach [101]. This case can occasionally
occur, for example, in systems that switch certain components on or off
depending on the level of loading. In conjunction with the VARTA pulse
6 neo, up to five VARTA pulse energy storage units can be coupled. In
the system combination B2, the pulse 6 neo and the pulse 6 (B1) are
operated in cascade, which adds up their usable battery capacity as well
as their output power. Here, the control of the pulse 6 neo serves as the
primary controller. Fig. 11 shows the 8 measuring points and the effi-
ciency curves of the systems B1 and B2. While the measurement points
are well represented by the quadratic fit for system B1, they deviate
more strongly for system B2 between 1.2 kW and 2.4 kW. In operation,
system B2 follows the conversion efficiency of the pulse 6 (B1) in the
lower power range up to its nominal discharge power of 2.3 kW. In order
to be able to provide higher output powers, both subsystems of the
cascade are operated with reduced power, in their own partial load
range. For example, to provide 4 kW, both units are discharged with 2
kW. The efficiency of the cascade then corresponds to the efficiency of
the individual systems at the corresponding specific load. Accordingly,
the discharge efficiencies of system B2 at a specific load between 50 %
and 100 % are almost identical to those of system Bl. Moreover, the
figure shows different fitting approaches to represent the load-
dependent interconnection of the two systems. In addition to the
quadratic curve fitting, the efficiency guideline offers the possibility of
shape-preserving interpolation. Here, the Piecewise Cubic Hermite
Interpolating Polynomial (PCHIP) method was used. However, both
approaches cannot accurately represent the conversion behavior of the
system. Therefore, the BAT2AC conversion efficiency is overestimated at
the output powers between 1.2 kW and 2.3 kW. With an increase in the
number of measurement points, the PCHIP method would have advan-
tages over the quadratic curve fitting.

In order to be able to compare the conversion efficiency of different
storage systems more easily, the so-called average path efficiencies were
introduced within the second version of the efficiency guideline [72].
Here, the efficiencies for each energy conversion path are aggregated
into one value. From the quadratic equation of the power loss, the
conversion efficiency is calculated at 10 supporting points, which are
equally distributed between 5 % and 95 % of the nominal output power,
see Fig. 12 (right). The arithmetic mean of these 10 values results in the
average conversion efficiency. Fig. 12 (left) shows the average efficiency
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of the different conversion pathways for the 26 analyzed systems. As
already analyzed before, a small difference between the nominal PV
input voltage and the DC link voltage of the inverter has a positive effect
on the PV2AC conversion efficiencies. The average is 96.1 % and the
median value is 96.0 %. The PV battery charging efficiencies of the DC-
coupled systems (PV2BAT) are mostly in the same range. However, the
difference between the maximum (98.0 %) and minimum (89.6 %)
average PV2BAT path efficiency is significantly higher than for the PV
feed-in (PV2AC). Therefore, the mean (95.1 %) and the median value
(95.6 %) also differ by 0.5 percentage points. As the shape of the effi-
ciency curves already indicated, the average AC charging and AC dis-
charging conversion efficiencies of the AC-coupled storage systems
differ only slightly from each other. For the DC-coupled systems of
manufacturer E, the average AC charging efficiencies are between 1.2
and 1.4 percentage points below the average PV charging efficiency.
However, in most cases, they are still higher than the average charging
efficiency of the AC-coupled systems. System G2 achieves the highest
efficiencies in all energy conversion paths, with values above 97.2 %. In
discharge mode, it achieves an average conversion efficiency of 97.6 %.
In contrast, the average AC discharge efficiency of systems I1 and J1 is
more than 7 percentage points lower.

When interpreting the average path efficiencies, it is important to
consider that, for example, the load-dependent activation of individual
components has an effect on the parameter. Furthermore, the average
conversion efficiencies are influenced by the nominal power of the in-
dividual systems. Fig. 12 (right) illustrates the dependence of the
BAT2AC conversion efficiencies on the output power for the AC-coupled
systems D1 and D2. Moreover, the figure shows the 10 equally spaced
supporting points that are used to determine the average path efficiency.
The two systems differ only in the number of battery modules connected
in series. The DC discharge current is therefore identical for both systems
and limited to 13 A. Due to the approximately 100 V higher battery
voltage of system D2, the nominal AC discharge power increases from
3.2 kW (D1) to 4.5 kW (D2). Since the 10 supporting points are
dependent on the nominal power, they increasingly shift towards higher
power values in the case of higher nominal power levels. This results in
significantly improved efficiencies, especially at the supporting points in
the lower power range. In the medium and upper power range, however,
the influence of the battery voltage on the efficiencies is predominant.
The difference in efficiency between the systems D1 and D2 varies by
only 0.5 to 0.7 percentage points at a discharge power of 1 kW to 4 kW.
Nevertheless, the mean BAT2AC conversion efficiencies of the two sys-
tems differ by almost 1 percentage point. Thus, the average conversion

14

efficiencies are not only influenced by the battery voltage, but also by
the level of the nominal power of the different systems.

Table VI shows the median and mean values of the different average
conversion pathways efficiencies.

2.5. Control deviation

In addition to the system losses due to power limitations or energy
conversion, different control-related losses occur in PV battery systems.
The MPP tracker is not always able to set the optimal operating point of
the PV generator. Furthermore, additional restrictions such as minimum
charging and discharging power thresholds, recharging hysteresis or an
end-of-charge phase with reduced charging power are partially imple-
mented in the control of battery systems [22]. However, dynamic and
stationary control deviations are mainly responsible for the control
losses [22] and will be analyzed in the following.

2.5.1. Dynamic control deviation

The battery charge or discharge power is adjusted with respect to the
active power flows measured at the point of grid connection. These flows
are affected by the on-site generation and load demand [102]. The main
reason for abrupt changes in PV output are shadows caused by passing
clouds [103]. In addition, the switching of electrical appliances causes
high peaks and steep ramps in the demand curve [104]. The power of the
PV system as well as the duration of a demand peak can fluctuate rapidly
on a time scale ranging from several minutes to a few seconds [105].
Since the objective of a PV battery system is to minimize energy ex-
change with the grid, the battery controller must be able to react to these
short-term changes. To ensure control stability and due to the general
fact that information acquisition and processing procedures commonly
have an inherent time delay, the battery power control is subject to the
response time and a damped adjustment of the battery power [102]. To
measure the so-called dead and settling time, a step response test is
defined in the efficiency guideline [72]. In addition to a step profile with

Table VI
Median and mean values of the average conversion efficiencies.
Median Mean

battery efficiency in % 96.1 96.0
PV2AC-conversion efficiency in % 96.0 96.1
PV2BAT-conversion efficiency in % 95.6 95.1
AC2BAT-conversion efficiency in % 95.1 94.9
BAT2AC-conversion efficiency in % 95.0 94.6
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fluctuating loads, a constant power generation is specified in the labo-
ratory, see Fig. 13 (top left). Thus, the 14 different power steps result in
an alternating charging and discharging behavior of the analyzed device
during the laboratory test. The holding time of the individual steps is set
to twice the response time identified in a preliminary step response test,
but at least to 10 s. Since the dynamic control deviations can vary
depending on the instant in time the load step is applied and the
magnitude of the load step [43,71], as well as to exclude outliers and
other statistical errors, the fluctuating step profile is repeated ten times.
Finally, the system parameters are calculated from the mean values of
the individual iterations. Fig. 13 (top left) additionally shows the
resulting grid power, which, depending on the load power step, results
in a grid feed-in or a grid power supply.

To further analyze how the dynamic control deviation of a system
affects the grid exchange power, Fig. 13 (top right) shows the 13th step
(240 s to 260 s) of the first iteration displaying system D3 as an example.
Since the load power is below the PV power, the system is in discharge
mode. Here, the dynamic control deviations have different effects on the
resulting energy flows. After the sudden increase in the residual power
(PV power minus load), the grid must supply the raised demand until the
transient process is completed. The acquisition and processing of the
measured data results in a time delay of 0.4 s between the load change
and the start of the power adjustment of the battery system. Neverthe-
less, the resulting settling time of system D3, which is required to
compensate for the power change, is significantly longer. The length of
the transient response corresponds to the time between the load change
and the time it takes for the battery power to reach the tolerance band (+
5 %) of the new stationary battery power without leaving it again.
System D3 reaches the new set point on average after an oscillating
transient response (second-order time delay) of 2.7 s. In contrast, a
different behavior can be observed with decreasing power demand. Due
to the delay, the battery system now feeds part of its power output into
the grid.

Journal of Energy Storage 65 (2023) 107299

Usually, the response time to change the PV power is identical to the
dead time for load changes. However, manufacturer E states that its
systems can react faster to changes in PV power. Unfortunately, this
cannot be verified yet with the current test conditions of the efficiency
guideline.

Munzke et al. and Weniger et al. were able to show that the losses in
real operation due to the dynamic control deviations are primarily
caused by the delayed reaction to load changes [69,102]. The latter
publication also reveals that the slower the battery control, the greater
the undesired exchange of energy with the grid.

Fig. 13 (bottom) shows the average dead and settling times of the
analyzed systems. During the tests, dead times of less than 0.2 s (G1, G2,
11, I2) up to 2.8 s (E2) were determined. While digital power sensors
measure the voltage and current at the point of grid connection in most
of the systems investigated, in the systems of manufacturer G and in
devices B1 and B3 only the current measurement is located at the point
of grid connection, while the voltage is measured in the system. The
differences in the dead time can be related, among other things, to the
different measurement value acquisition and data transfer intervals. The
higher dead time of B2 compared to the other systems of manufacturer B
could result from to the different power sensor that has to be addition-
ally installed when cascading.

After a change in the electrical load, it takes an average of 1.1 s
before the power adjustment of the storage system begins. Within this
period, the whole settling process of systems Gl and G2 is already
completed. Their settling time is lower than the dead time of 13 of the 24
other systems evaluated. The high settling time of the systems E1 (14.2
s) and K1 (13.8 s) is partly due to an oscillating behavior of the battery
power which is observed in these systems after the first entry into the
tolerance range around the new set point value. However, with an
oscillating transient response (D1 to D7), similar settling times can be
achieved as with a damped transient response like a first-order time
delay (e.g. I1 to I2). While the mean settling time is 5.6 s, the median is
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3.0s.

2.5.2. Stationary control deviation

Furthermore, control deviations occur during operation even at
times with constant PV power output or constant electrical load. Ideally,
a PV battery system can regulate the power at the point of grid
connection to zero in these stationary conditions by adjusting the bat-
tery power. In real operation, however, differences between the set point
and the actual values of the battery power occur [43,71] and power is
fed into or drawn from the grid. This can be attributed, for example, to
measurement inaccuracies or to set point deviations. The latter is
implemented by some manufacturers to prevent battery discharge into
the grid, which can quickly occur with a stationary control deviation
close to 0 W due to frequent load changes [45].

The stationary control deviations are also measured using the step
profile, see Fig. 14 (top). However, for this test 2 iterations are usually
sufficient. Each stage is longer with a total holding time of 160 s. The
integration and averaging interval is 80 s and starts 60 s after the load
change, so that the transient process is already finished. In total, the
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efficiency guideline defines 6 load states, 3 each for charging (state L1 to
L3) and discharging (state E1 to E3), where the load level is fixed and
identical (e.g. state E3: steps 8, 10, 12, 14) [72]. For the evaluation, the
measured values of the grid supply power and the grid feed-in power are
first averaged over the steps assigned to the load state and the 2 itera-
tions. Subsequently, the averaging is carried out over the 3 charging or
discharging states. Grid feed-in occurs at the points where, for example,
the battery cannot fully absorb the available power during charging. In
contrast, the energy supply from the grid increases when the battery
charge power exceeds the set point. In the case of discharging, it is the
other way around. If oscillating behavior occurs under stationary con-
ditions, both energy flows appear.

Fig. 14 shows the determined stationary control deviations for the
charging (middle) and discharging (bottom) cases for all analyzed sys-
tems. With 16 out of 26 systems, the majority show low stationary
control deviations of less than 10 W in both operating states. Eleven of
these systems exchange on average less than 5 W with the grid. As the
graphs in Fig. 14 (top) and (middle) show, system D3 primarily draws
energy from the grid in the charging process (apart from the load state
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L3). In system J1, the charging power exceeds the available surplus PV
power not only by 3 W (D3), but by an average of 63 W, which is covered
by the grid. In contrast, in the systems of manufacturers F and L, as well
as in systems B1, B2 and H1, an average feed-in power between 12 W
and 81 W occurs in charging mode. Control-related power excesses
during charging always lead to an undesired increase in energy ex-
change with the grid. Power deficits that lead to grid feed-in can have a
negative impact if the battery does not become full. During discharge
mode, systems B1, B2, C1, and J1 to L2 in particular do not provide
sufficient power. To cover the electrical load, an additional 16 W to 76
W must be supplied by the grid. These power deficits can have a negative
impact if the battery is not completely discharged until the next charging
period. In contrast, unintentional battery feed-in to the grid occur more
frequently with the systems of manufacturer I. The stationary control
deviations of system B3 were only recorded in the laboratory with a
single-phase electrical load. System B3 measures the currents via current
transformers at the point of common coupling. However, this single-
phase system only records the voltage of the phase to which it is con-
nected. As a result due to line impedances and resulting losses, the
control deviations of system B3 can be significantly higher in real
operation in the event of voltage unbalances between the three phases
[34].

2.6. Power consumption in standby mode

In addition to the system losses during charging and discharging, the
power consumption of the individual components in standby mode leads
to further losses in storage systems. A primary distinction can be made
between the standby consumption in a fully charged and fully dis-
charged state. Depending on the system sizing, a PV storage system re-
mains discharged between 2000 h and 4000 h per year. In contrast, the
system spends only 1000 h to 2000 h per year in a fully charged state
[22]. Furthermore, peripheral components such as current sensors or
energy meters must be supplied throughout the year. Depending on the
level of power consumption, standby losses can have a decisive influence
on the level of total losses of a PV battery system [23,30,34]. Here, the
standby power in the discharged state has a greater influence than the
standby power in the fully charged state due to the longer dwell time in
the respective state. To measure the standby power consumption, the
systems are fully charged or discharged in the test laboratory, which
causes them to switch automatically into standby mode. When deter-
mining the power consumption in the discharged state, only a load for
25 % of the nominal discharged power is applied. In contrast, when
measuring the power consumption at the maximum SOC, according to
the efficiency guideline 75 % of the PV power must also be present to
keep the system in a fully charged state. To determine the power con-
sumption of the peripheral components, the PV simulator and the
electrical load are deactivated, and the battery is fully discharged.

After the system reached a stable state, the relevant AC and DC
power values are measured over a period of 1 min. This data is then
recorded for a duration of up to 3 h. If there is a significant and per-
manent change in consumption within this time, a new measurement is
carried out for 1 min after the change has occurred [72].

Fig. 15 shows an example of the measured values of the AC and DC
power consumption of system B3 after reaching the discharged state.
Already 1 min after the battery finished discharging, the system reduces
its AC power consumption from 11 W to 3 W. After a total of 6 min, the
system reaches its final standby mode and stops drawing DC power from
the battery. At the same time, the AC power consumption from the grid
is reduced from 3 W to 2 W. The first mode is often called idle mode, in
which the system must be ready to react immediately to load changes.
The last mode, on contrary, is also called sleep mode, as the system
needs more time to be able to operate in regular mode again [43]. In the
fully charged state, a comparable behavior can be observed for system
B3.

The show that various

laboratory measurement results
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Fig. 15. Measurements during the test to determine the standby consumption
of a battery system in the discharged state (example: system B3).

manufacturers have implemented several standby modes (e.g. Al, B3,
D3, E1-E3, and I1). In the systems of manufacturer E as well as in A1 and
I1, the additional standby mode reduces the power consumption in the
discharged state by a factor of about 3 to around 10 W. However, the
entry time into the mode after the battery has finished discharging varies
between 5 min and 10 min. Since storage systems usually remain in the
reduced power mode for the longest time, the standby consumption is
specified for this state.

Fig. 16 (top) shows a comparison between the standby power con-
sumption of the investigated systems when the battery is discharged.
Most of the AC- and DC-coupled systems tested draw power mainly on
the AC side to supply the control electronics, the communication module
and other system components. The different standby powers of the
identical hybrid inverters F2 (13 W) and H1 (29 W) are due to different
firmware versions. In some systems, the inverter is additionally or
almost entirely powered on the DC side by the battery. Only the systems
G1 and G2 draw power exclusively from the battery. During real oper-
ation, however, their batteries must be protected from deep discharge by
being regularly recharged with electricity from the grid, especially
during the winter period. In these two systems, the AC sensor con-
sumption is already included in their power consumption. In contrast,
system I1 supplies itself via a separate power supply unit. Its power
consumption is therefore assigned to the AC sensor consumption. System
L2 shows another different operating behavior, which remains un-
changed even at the end of the test after more than 4.5 h. When dis-
charged, it draws 101 W from the battery and delivers 32 W directly to
the AC side to further cover the load. Thus, the hybrid inverter does not
require the entire DC power provided by the battery. This results in a
standby power consumption in the discharged mode of 71 W. In
contrast, the lowest standby consumption is only 2 W (B1 and B3). On
average, the power consumption is 18 W and the median is even lower at
12 W.

In the fully charged state, the power consumption of the analyzed
systems also varies greatly between 1 W and 45 W, see Fig. 16 (bottom).
However, 13 of the 26 systems draw less than 4 W. Accordingly, the
mean (9 W) and median (5 W) values are lower compared to the dis-
charged state. In this case, the AC power consumption of the AC-coupled
systems is covered by the PV system and reduces the energy fed into the
grid. The battery is discharged in half of the systems to supply the in-
verters. Manufacturer E was able to eliminate the DC power consump-
tion (44 W) of the hybrid inverter integrated into the systems E1 and E3
via a software update. In the DC-coupled systems D6, E2 to F2, H1, J1,
L1, and L2 only the consumption of the AC power sensor occurs in the
fully charged state. In contrast, system I1 discharges the battery with 33
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Fig. 16. Composition of the standby power consumption of the analyzed systems in a fully discharged state (top) and a fully charged state (bottom).

W after the charging process has been terminated. Together with the AC
power consumption of the separate power supply unit, this results in a
total standby consumption of 45 W.

The highest permanently applied power consumption of the pe-
ripheral components is found in the systems H1 and I1 with 6 W and 12
W. No direct relationship between the system size and the power con-
sumption in the standby mode can be identified.

Table VIII in the appendix provides an overview of the most
important so-called application-independent performance characteris-
tics of the systems investigated.

3. Discussion

The following section provides an overview of influencing factors
that should generally be considered when interpreting measured values
that have been recorded according to the efficiency guideline. In addi-
tion, further characteristics are listed which influence the system effi-
ciency of PV home storage systems in operation.

3.1. Test conditions of the efficiency guideline

The efficiency guideline defines uniform measurement methods for
determining the efficiency, standby consumption, and controller effec-
tiveness of stationary battery storage systems. Biichle et al. and Kulkarni
et al. were able to show a largely satisfactory repeatability of the mea-
surement results with their comparison of the corresponding measured
values collected in four different test institutes [63,74]. Nevertheless,
the data quality varies depending on the test stand. Differences can
occur, for example, due to the measurement equipment and their
measuring accuracy or due to different evaluation methods or algo-
rithms as well as different interpretations of the evaluation specifica-
tions [63,75]. The authors therefore recommend clarifying,
supplementing and specifying various formulations. At the same time,
the test results should be regularly compared with other testing
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institutes. Moreover, they identified potential for improvement in some
existing processes and developed new approaches.

In order to keep the costs of the laboratory tests low, a rather wide
range of the permissible ambient temperature of 20 °C to 30 °C was
specified in the efficiency guideline [72]. However, the electrical
properties and thus the conversion efficiencies of the battery and power
electronic system components are influenced by the ambient tempera-
ture [106,107]. For example, battery efficiency increases with temper-
ature, mainly due to reduced internal cell resistance [108]. For more
consistent results, Biichle et al. recommend further restricting the tem-
perature range for determining battery efficiencies and capacities [74].

When comparing the power dependence of the battery efficiency of
all analyzed systems, it was found that the battery efficiency determined
at the medium battery power (50 %) deviated on average by only —0.22
percentage points from the mean value of the three measurement points
25 %, 50 %, and 100 %. The range varies between —0.51 and + 0.19
percentage points. However, for 23 of the 25 systems, the determined
battery efficiency is below the values shown in Fig. 6. The deviations in
battery capacity range from —0.24 kWh to +-0.46 kWh. However, only in
3 systems it is above +0.1 kWh. If battery capacity and efficiency are
only recorded at medium battery power, the duration of the battery
efficiency test can be reduced by at least a factor of 3. RTE measurements
account for approximately 30 % of the total installation, testing and
evaluation time. At the same time, the costs and effort for the manu-
facturers decrease.

According to the efficiency guideline, the efficiency curves of the
individual conversion paths are determined by reducing the power in
certain steps starting from the nominal power. However, it should be
taken into account that the control and therefore the battery power of
individual systems react differently accurately to decreasing or
increasing power [45]. In addition, the specified test sequence affects
the operating temperature of the semiconductors and thus the conver-
sion efficiency [109].

As mentioned previously, the PV feed-in (PV2AC) and PV battery
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charging (PV2BAT) efficiency curves of the DC-coupled systems are
compared at the nominal PV input voltage defined by the manufacturer.
However, they vary depending on the system. In addition, in real
operation, the resulting PV generator voltage is largely determined by
the nominal power and the electrical circuitry of the PV generator. For
example, the nominal voltage is often significantly higher than the
actual input voltage when the PV generator is split between different
inputs of the inverter. As a result, the conversion losses in real operation
may be higher than those determined in the laboratory test at nominal
input voltage. Therefore, according to the efficiency guideline, PV2AC
and PV2BAT efficiencies are also determined at the minimum and
maximum MPP voltage specified by the manufacturer. However, the
analysis of the laboratory reports has shown that at these voltages the
conversion efficiencies for some systems cannot be recorded at all power
levels. This is due, for example, to current limitations or inaccurate MPP
tracking for small PV currents. In addition, undesired power flows that
do not belong to the measured path (e.g. battery charging when
measuring PV2AC) occur more often at the voltage limits.

Furthermore, the conversion efficiency of battery charging (PV2BAT
and AC2BAT) and battery discharging (BAT2AC) was determined at
medium battery voltage. Fig. 8 (bottom) shows that the difference be-
tween the maximum and minimum battery voltage can vary by several
hundred volts for high voltage systems. Consequently, at the voltage
limits, the conversion efficiency of the power electronics can deviate
significantly from the conversion efficiencies determined at the medium
battery voltage [69].

Moreover, it should be noted that combined power flows (PV2AC
and BAT2AC or PV2AC and PV2BAT) occur in DC-coupled storage sys-
tems in real-life applications [23]. These power flows cannot be accu-
rately represented via individual power loss analyses according to the
efficiency guideline. A simple superposition of the power losses leads to
an overestimation of the losses due to the double-counting of the idle
losses [110]. This should be considered in simulation analyses.

Regarding the control effectiveness of the systems, it should be noted
that the test reports only provide the average stationary and dynamic
control deviations. However, a power dependency can occur [102].

Moreover, a method should be developed to determine the dynamic
control deviations of DC-coupled PV battery systems during changes in
PV power. These may differ from deviations during load changes. During
operation, however, the stationary control deviations can also show an
inconsistent, strongly power-dependent control behavior [71]. Kulkarni
et al. have also shown that the current test method of the stationary
control deviation procedure has limited reproducibility of the results.
Therefore, they have proposed an alternative profile with a reduced
number, height and sequence of steps [63].

In addition, individual test reports indicate that during the battery
test it was not clear for all iterations whether the criteria for determining
the end of charge had been reached and whether the battery was fully
charged. Therefore, the tests were repeated. These criteria can also
become problematic when measuring, for example, high-temperature
(sodium-nickel-chloride) batteries, where the battery charge can be
very protracted without falling below the limit value. Furthermore,
when the second criterion is applied (the battery charging power has
fallen below 3 % of the charging power over 1 h), a lower efficiency is
often measured. For these reasons, it seems useful to identify further
criteria for determining the fully charged state.

Finally, it should be noted that, according to the efficiency guideline,
the system must be measured over a period of 3 h to correctly record the
standby power in the fully charged and discharged state. However, it can
often already be identified in preliminary measurements that no changes
will occur during this period. A clear definition can therefore reduce the
total measurement period.

3.2. Other observed factors influencing the operating behavior

In addition, there are certain effects during the operation of the PV
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home storage systems that are not covered by the measurements ac-
cording to the efficiency guideline. Due to production tolerances,
different operating conditions, or varying temperature distribution in
the battery pack, there are differences in the capacity of the individual
battery cells connected in series with increasing operating time [111].
To extend the lifetime of the battery, the battery cells are equalized from
time to time to keep the difference between the cells as small as possible
[111,112].

In addition, especially during the winter months, as soon as the SOC
falls below a specified threshold value, grid recharging is carried out to
protect the battery from deep discharge. For the same reason, one
manufacturer reduces the usable DOD during this period [113].
Furthermore, calibration charges can be identified when analyzing
operational data. These usually serve the purpose of ensuring correct
SOC indications or determining the reduced battery capacity due to
aging [112]. Apart from battery recharging, increased ambient tem-
peratures at the installation site may result in a more frequent operation
of a fan, whose power consumption influences the conversion efficiency.

Moreover, it should be noted that some systems have an integrated
threshold for activating the charge or discharge mode. Thus, for
example, discharging is only possible when the load is above a certain
level [114]. This can result in higher discharge efficiency, but depending
on the battery capacity and the load power, the system may not be fully
discharged during nighttime.

Integrated operating strategies can have a positive impact on the
system efficiency and the lifetime of PV home storage systems during
their use. A forecast-based operating strategy shifts the charging of the
battery storage system to periods of high PV power output, which re-
duces the curtailment losses due to a potentially required limit of the
feed-in power [115]. At the same time, delayed battery charging reduces
the dwell time of the battery in the maximum SOC. This has a positive
impact on the battery life of lithium-ion batteries, as it slows down
calendar aging in particular [32,85,116]. The aging behavior of indi-
vidual residential battery systems can be found in the ITP Renewables
study [67]. In addition to the reduced usable battery capacity, battery
efficiency is expected over the life of the battery due to increased battery
impedance [97]. Furthermore, efficiency-optimized system control can
reduce conversion losses by avoiding the operation of power electronic
components in the partial load range [117].

4. Conclusion and outlook

This paper compares the performance characteristics of 26
commercially available state-of-the-art residential PV battery storage
systems. They were measured according to the efficiency guideline for
PV storage systems. The presented performance characteristics can be
attributed to the following loss categories: sizing, conversion, control,
and standby losses. Besides the nominal power and the usable battery
capacity, the efficiency of the inverter and the power conversion system
were analyzed. Furthermore, the paper compares the dead and settling
time and the stationary control deviations as well as the AC, DC, and
peripheral power consumption in a fully charged and discharged mode.
At the same time, the test procedure for determining the various prop-
erties is described in detail using real measured values.

The usable battery capacity varies between 5.8 kWh and 16.7 kWh.
The evaluation shows that the usable capacity measured and specified
by the manufacturer in the data sheet deviates by up to 19 %. The
conversion efficiency of the different systems also differs considerably in
some cases. For example, the battery efficiency of the investigated sys-
tems varies by up to 10 percentage points, ranging from 88 % to 98 %.
DC-coupled PV storage systems are often advertised with inherently
higher efficiencies compared to AC systems. However, high efficiencies
can also be found in AC systems, while low efficiencies do also occur in
DC systems. A comparison of the minimum and maximum values of the
different path efficiencies shows that in some cases there are differences
between the hybrid inverters of up to 8 percentage points occur. DC
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systems can exploit their efficiency advantages when they are coupled
with high voltage batteries. While the most efficient systems achieve
average path efficiencies of more than 97 %, the values of the less effi-
cient systems are only 90 %. Besides the high voltage, the excellent
conversion efficiency is also due to the use of silicon carbide
semiconductors.

In addition, the analysis shows that the best residential battery sys-
tems can nowadays fully compensate for power steps within just 700
milliseconds. In contrast, the results show that other systems need up to
14 s to compensate for the new power demand. At the same time, some
systems regulate the power at the point of grid connection nearly to zero,
while others exceed or fall short of the new target value by up to 80 W.
These differences are related to the different fast and accurate mea-
surement value acquisition and data processing of the current sensors or
energy meters.

Furthermore, significant differences in standby power consumption
can be identified. In addition to the use of power-efficient components,
some systems switch to a state with low energy consumption shortly
after entering standby mode. While several systems draw less than 3 W,
the constant power consumption of one system is over 70 W, when fully
discharged.

A comparison with the previous publications by Munzke [23,32],
Niedermeyer [45] and Kairies [71] shows that, on average, numerous
performance characteristics of the systems have improved, despite
higher power and usable battery capacities. In addition to higher battery
efficiencies, higher conversion efficiencies can be identified for PV feed-
in, battery charging and discharging. Furthermore, several manufac-
turers seem to be increasingly addressing the issues of high standby
power consumption and high dead and settling times.

However, the range of performance characteristics shows that there
is still significant potential for optimization in residential PV battery
systems, especially in terms of conversion efficiency and standby power
consumption. High system losses have an impact not only on the
economical but also on the ecological efficiency of the overall system. In
addition, the described parameters can be used to parameterize more
detailed simulation models to obtain more accurate results. The
consideration of all system losses can thus have an impact on the system
dimensioning and decisive economic parameters can be estimated in
more detail in advance. However, it should be noted, that not all losses

Appendix A

Table VII
Different key indicators of the analyzed systems.

Journal of Energy Storage 65 (2023) 107299

that occur during the operation of the PV home storage systems can be
identified by the test procedure according to the efficiency guideline.
These include, for example, balancing losses, calibration charges, or grid
recharging to protect the battery from deep discharge. Furthermore,
additional losses such as energy management losses as well as aging
aspects of PV battery storage systems in residential buildings need to be
analyzed in further studies.
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System  Topology = Nominal PV input power in Nominal charge power in Nominal dis-charge power in ~ Usable battery capacity in Normalized power in kW/
kw kw kw kWh kWh
Al AC - 4.4 4.8 15.7 0.30
Bl AC - 2.3 2.5 5.8 0.43
B2 AC - 4.5 5.0 11.5 0.43
B3 AC - 2.3 2.5 5.8 0.43
C1 AC - 4.3 4.7 10.0 0.47
D1 AC - 4.9 4.7 - -
D2 AC - 5.4 5.6 10.5 0.54
D3 AC - 9.4 10.4 12.1 0.85
D4 AC - 4.1 4.0 7.4 0.54
D5 DC 4.7 4.1 3.9 7.4 0.53
D6 DC 5.6 4.2 4.0 7.1 0.56
D7 DC 10.3 6.6 6.6 12.3 0.53
El DC 10.2 9.7 10.1 9.7 1.04
E2 DC 6.3 6.0 6.0 7.4 0.81
E3 DC 10.4 9.4 9.1 9.9 0.92
F1 DC 5.2 5.0 5.1 7.3 0.69
F2 DC 10.4 9.7 10.2 12.2 0.83
Gl DC 6.2 6.6 6.1 7.0 0.87
G2 DC 10.4 12.4 10.4 10.6 0.98
H1 DC 10.3 8.2 7.8 16.2 0.48
1 DC 12.7 4.4 4.7 11.1 0.42
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Table VII (continued)

Journal of Energy Storage 65 (2023) 107299

System  Topology = Nominal PV input power in Nominal charge power in Nominal dis-charge power in Usable battery capacity in Normalized power in kW/

kw kw kw kWh kWh
12 DC 12.6 6.3 6.3 11.7 0.54
J1 DC 10.3 5.1 4.9 7.5 0.65
K1 DC 11.4 9,5 9.1 16.7 0.55
L1 DC 10.3 7,5 7.0 13.5 0.52
L2 DC 11.5 7.4 7.3 13.4 0.54

Table VIII
Application-independent characteristics according to the [72]. The listed vales are average values.
Al Bl B2 B3 C1 D1 D2 D3 D4 D5 D6 D7 El
PV2AC-conversion efficiency in % - - - - - - - - - 95.1 95.5 96.3 97.6
PV2BAT-conversion efficiency in % - - - - - - - - - 95.6 93.7 95.9 98.2
AC2BAT-conversion efficiency in % 94.3 91.7 92.8 92.1 93.9 94.4 95.1 95.7 95.6 - - - 96.9
BAT2AC-conversion efficiency in % 94.8 92.0 92.9 92.0 94.0 94.5 95.4 96.0 95.6 95.7 93.7 95.9 97.3
battery efficiency in % 95.1 98.0 98.0 97.8 95.5 - 95.3 96.4 96.0 96.0 96.2 96.5 96.1
Settling time in s 3.1 3.9 7.4 1.5 4.2 2.8 2.8 2.7 1.8 2.0 2.6 2.6 14.2
Power consumption in standby mode (discharged state) in W 10 2 3 3 20 11 11 12 28 42 11 12 10
E2 E3 F1 F2 G1 G2 H1 1 12 J1 K1 L1 L2

PV2AC-conversion efficiency in % 96.6 97.9 95.3 96.6 95.9 97.9 96.0 95.1 94.2 95.1 96.7 96.4 95.0
PV2BAT-conversion efficiency in % 96.8 97.9 96.3 97.0 93.8 98.0 92.9 90.6 94.0 89.6 95.1 95.9 93.7
AC2BAT-conversion efficiency in % 95.6 96.5 95.7 96.7 93.4 97.2 - - - - 95.0 - -
BAT2AC-conversion efficiency in % 95.8 97.2 96.3 97.0 93.9 97.6 94.6 90.2 92.7 90.3 95.1 95.8 94.1
Battery efficiency in % 96.9 96.9 97.0 97.0 95.2 95.6 95.5 97.4 96.7 87.9 95.8 95.6 95.4
Settling time in s 11.7 11.1 11.1 9.4 0.7 0.7 8.3 2.3 2.4 11.9 13.8 8.6 2.8
Power consumption in standby mode (discharged state) in W 9 11 24 14 6 6 35 12 20 27 34 28 71

Table IX

Median and mean values of the application-independent characteristics shown in Table VIII. The values of
the average conversion efficiencies can be found in Table VI.

Median Mean
Settling time in s 3.0 5.6
Power consumption in standby mode (discharged state) in W 12.0 18.2
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