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Abstract: The decentralization of the energy system in Germany is leading to enormous investments 
in grid expansion, as the current regulation creates an obligation to expand the power grid to eliminate 
bottlenecks. Meanwhile, opportunities to leverage grid-friendly control of storage systems are 
neglected to alleviate the need for investment. For this reason, it is necessary to investigate intelligent 
alternatives to grid expansion, such as storage systems, to efficiently integrate distributed technologies 
into the power system and reduce the need for grid expansion. In this work, two representative 
configurations of a medium voltage grid in Germany are developed for the years 2022 and 2050, and 
different storage systems are compared economically with the grid expansion in a model-based 
simulation. Hydrogen storage and battery storage were chosen as storage systems. The results show 
that grid expansion is the least expensive option if only the grid expansion costs are included in the 
analysis. However, if additional uses for the storage systems are considered, the battery storage systems 
are more economical. While in the scenario for 2050 the grid expansion causes costs of approx. 56,000 
EUR per year, revenues of at least 58,000 EUR per year can be achieved via the revenue opportunities 
of the battery storage, representing a 3.5% margin. Heat extraction, arbitrage trading, and avoidance 
of grid expansion in superimposed grid levels were integrated as additional revenue streams/sources. 
A robust data basis and cost degressions were assumed for the simulations to generate meaningful 
results. Overall, hydrogen storage systems are economically inferior to battery storage systems and 
grid expansion for this use case. The results demonstrate the complexity of analyzing the trade-offs in 
terms of storage as an alternative to grid expansion as well as the opportunities presented using battery 
storage instead. 
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1. Introduction 

1.1. Overview situation and challenges 

The German energy supply is to become less dependent on fossil energy sources to reduce 
greenhouse gas emissions and raw material imports. In terms of electricity production, this means a 
change in generation technologies. It is envisioned that at least 80% of gross electricity will come from 
renewable energy sources (RES) [1]. While the share of RES generation was only 3.4% in 1990, it has 
steadily increased since then. In the years from 2010 to 2020, the share increased from 17.1% to 45.2%. 
In 2020, 251 TWh were generated by RES, such as hydropower, biomass, wind plants or 
photovoltaics (PVs) [2]. To achieve the targets, the expansion must be further increased significantly. 
Accordingly, increases in the expansion paths of wind power plants and PVs as well as an acceleration 
of planning and approval procedures are planned [1]. 

Residential PV systems are a cost-efficient way to reduce electricity costs and make a relevant 
contribution to the environment in many parts of the world [3,4]. In Germany, the subsidy for PV 
electricity for systems below 10 kW was only 6.06 cents per kWh in September 2022 [5]. Coupled 
with falling storage prices, more and more PV systems are being combined with home storage systems. 
In April 2022 there were around 500,000 home storage systems in Germany, and this number increases 
constantly [6]. With the help of these storage systems, owners of a PV system can store self-generated, 
climate-friendly electricity and consume it later. In this way, self-consumption and security of supply 
are increased, and the feed-in can be made more constant. This reduces the loads to the power grid.  

While home storage systems stabilize the feed-in and purchase of a household or building by 
storing PV electricity, this concept can also be transferred to entire grid areas using large-scale storage 
systems. This serves to even out the fluctuating generation of RES, to absorb load and generation peaks 
and by that to reduce grid loads and contribute to grid stability [7]. In addition to battery storage, 
hydrogen-based storage systems are particularly suitable as large-scale storage systems. In this context, 
these storage systems can reduce carbon emissions, increase the penetration of stochastic RES in the 
power grid and increase supply reliability, thus making a significant contribution to meeting energy 
demand and decarbonizing the energy industry [8]. However, hydrogen-based storage systems in 
small-scale designs, such as home storage, have significant cost disadvantages compared to battery 
storage [9]. Therefore, hydrogen-based storage systems, as implemented in this paper, are mainly 
interesting as large-scale storage systems.  

The impact of a high share of generation from volatile RES on the power system can be addressed 
in different ways. For example, optimized generation expansion planning can be undertaken to 
minimize the negative technical and economic impacts on the power system when RES are 
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expanded [10]. This formulation of the problem can be extended to include investment and operating 
costs as well as generation and transmission capacity. This problem formulation is integrated in the 
generation and transmission expansion planning (GTEP). In most cases, a multi-stage planning model 
for power distribution systems is implemented for this purpose. In this process alternatives can be 
compared to determine an efficient grid adjustment, as in [11], for example. These alternatives include 
the expansion or construction of new substations, deployment of distributed energy resources possible 
changes in grid topology and replacement of power lines. With respect to multiple interconnected grid 
levels, the GTEP was considered in [12]. There, the value of coordinated microgrid decision-making 
in terms of investment and operating costs is determined. It was demonstrated that coordinated 
expansion planning adds economic value. In [13], a planning model of microgrids was presented as an 
alternative to co-optimization of GTEP. To minimize costs, the expected cost of undelivered energy is 
integrated along with the investment and operating costs of generators and transmission lines. In 
contrast to the holistically designed integrated GTEP approach, this paper focuses on the 
techno-economic analysis of electricity storage as an alternative to grid expansion. 

1.2. Literature on storage systems as an alternative to grid expansion 

In [14], the storage requirements for increasing electricity generation from RES in Germany were 
analyzed. These include determining the need for storing electricity in the distribution grid as an 
alternative to grid expansion, in the transmission grid for balancing generation and in both grid levels 
for providing system services. The study concludes that electricity storage is not needed until RES 
penetration is very high and that other flexibility options are more favorable. At the same time, however, 
it highlights that storage can already provide some system services cost-efficiently and that grid 
expansion in the distribution grid can also be averted cost-efficiently by grid-serving storage in the 
distribution grid. 

In [15], battery storage systems were modeled in a German distribution grid with aging effects 
being taken into account. The use cases (1) grid support, (2) industrial use and (3) parallel operation 
with PV systems or wind turbines were examined for their economic efficiency. For the grid support 
application, economic viability is considered in relation to the provision of primary control power. The 
paper concludes that the operation of battery storage systems in these use cases is barely economically 
viable, as returns are rather low. 

In [16], battery storage, vehicle-to-grid and flexible demand were integrated in an energy 
management framework to investigate the welfare of the energy community with the use of different 
control strategies. It is highlighted that the examined uncertainties like demand, renewable generation 
or energy pricing have a high influence on the operational cost of the system. Nevertheless, a suitable 
energy management can lead to improved grid operation. 

In [17], battery storage systems, smart energy management and energy flexibility enhancement 
were examined in energy sharing districts. Therefore, several control strategies were implemented. 
Afterwards, a multi-objective optimization was performed to integrate the objectives of the different 
stakeholders like prosumers, utility grid companies or policymakers. It is stated that the provided 
energy sharing system provides an optimized operation of the battery storage system taking the 
dynamic depreciation into account. 

In [18], different use cases of LV and MV battery storage systems were investigated with respect 
to the impact on electricity costs, grid security and externalities in Germany. Examples of use cases 
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were grid-serving applications by distribution grid operators, provision of balancing energy and 
optimized applications. As a result, the cost of electricity is reduced in the first two use cases. In the 
optimized application, the evaluation depends on many factors such as battery costs, grid expansion, 
and grid topology, so no unambiguous answer can be given. In terms of grid security, the use cases 
have a positive effect, except for the application provision of control energy, which is neutral. 
Regarding the provision of control energy, automatic frequency restoration reserve and frequency 
containment reserve were considered. 

Reference [19] investigated different grid configurations of the Swiss power grid and whether the 
use of grid-serving battery storage systems can lead to a financial advantage compared to conventional 
grid expansion, curtailment or more innovative measures. The study concludes that neither in the 
year 2017 nor in the year 2035 battery storage can achieve a cost advantage over the alternatives. The 
result stays the same if an additional market-oriented use of storage is allowed. However, it is stated 
that the use of storage systems can reduce the loads at higher grid levels and thus possibly also avoid 
grid expansion costs. 

In [20], applications of battery storage systems in Germany were examined for their economic 
viability and technical feasibility. The use of battery storage at different grid levels compared to 
avoided grid expansion clearly showed that the latter was not economical under the given conditions. 
For further consideration, the multi-purpose use of storage systems was investigated. Nevertheless, 
these did not represent economic applications in the consideration in 2016. However, it was assumed 
that the significant reduction in the investment costs of battery storage systems will increase their use 
in the future. 

In [21], it was stated that by storing electricity, grid expansion in Germany can be avoided or 
delayed. To achieve this, storage plants should contribute to stabilizing the voltage in the low-
voltage (LV) and MV grid, compensate for reduced feed-ins from RES and provide support in 
situations of grid overload. Storage plants are technically capable of solving the studied use cases. 
However, the alternatives of grid expansion measures, load management, power to heat and high-
dynamic power plants were identified as more economical options, which additionally ensure higher 
supply security. 

In [22–24], several positive effects on the power supply in Austria were demonstrated for battery 
storage systems. In addition to avoiding and delaying the expansion of the grid, they enable a more 
efficient use of grid capacities, reduce the load on operating resources and prevent grid bottlenecks. 
Furthermore, they can serve as flexibility options, contribute to voltage stability and smoothing of 
power peaks and support reactive power management. For this purpose, five grid storage systems were 
installed at a transformer station in Vienna to provide grid services. 

In [25], various use cases of battery storage systems in Germany were investigated. These 
included the avoidance of grid expansion measures and the provision of primary control power. Based 
on the year 2015, the use of storage for the provision of primary control power was assessed as 
economical. The use case of avoiding grid expansion measures examined the costs of battery storage 
deployment, conventional grid expansion with line installing or reinforcement, the deployment of 
controllable local grid transformers and the targeted curtailment of RES, especially PV. With the 
assumptions made, battery storage turned out to be uneconomic in both the LV and MV grids. 

In [26], the optimal use of storage systems for power grid flexibility in Germany was investigated 
on the basis of various use cases. In the context of that work, the application of grid expansion 
reduction in the MV grid by the grid operator and the use of on-site storage in the MV grid were of 
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particular interest. In the first case, a MV grid with limit violations due to PV and wind power feed-
ins is analyzed. The conventional options of the grid operator were compared with the use of battery 
storage. In the result, the costs for storage were significantly higher than for grid expansion. To be 
profitable, the cost of the storage systems would have to fall by 95% if market revenues are not 
considered. In the case of on-site storage, a PV park, which is located in a fully loaded MV grid, was 
equipped with battery storage. With the present dimensioning, the storage cannot contribute to fulfill 
the limits of the grid. Thus, the economic operation of battery storage as an alternative to grid 
expansion was rejected here. 

In [27], conventional grid expansion in the distribution grid in Germany was compared with 
various flexibility options. The options included two control strategies for the reactive power of PV 
systems as well as a home storage system and two large-scale battery storage systems. The focus was 
on the consideration of increasing PV penetration and the associated grid loads. It was shown that the 
flexibility options increase the absorption capacity for PV systems within the grid area, and in this way 
an alternative to conventional grid expansion is created. At the same time, the flexibility options show 
a cost-saving potential compared to grid expansion. 

In [28], the reduction of grid expansion through the use of storage in the distribution grid was 
investigated using the example of grid reinforcement of a grid in Germany. A high-voltage (HV) grid 
was considered, and for that a possible storage dimensioning was determined. From a technical point 
of view, the use of storage to reduce grid expansion is possible, but the costs are four to eight times 
higher than with conventional grid expansion measures. In addition, distributed storage in the MV grid 
were being considered to relieve grid bottlenecks in the HV grid. This requires significantly higher 
total powers and capacities than central storage plants in the HV grid. 

There are several international publications that analyze the optimal dimensioning and positioning 
of storage in a microgrid. However, in most cases, only the costs of the power grid are investigated 
without considering the technical aspects of the grid design. The storage systems are mostly seen 
as an alternative to other generators, so a minimum of power supply costs is sought. The 
publications [29–32] are to be mentioned at this point. In [33], on the other hand, the optimal 
dimensioning and positioning in an independent microgrid were considered. The costs were not 
considered, but the storage system was designed to cover generation and consumption. 

In [34], the operation of distributed energy storage systems in a MV and a LV grid in Australia 
was optimized. The optimization was done considering the costs for the distribution grid and the 
battery storage. In particular, the applications of voltage stability, loss reduction and peak reduction 
were investigated. In both considered grids, storage can be used to reduce voltage fluctuations, as well 
as losses and the maximum power. 

In [35], a storage system with 300 kW power and a capacity of 300 kWh was analyzed for voltage 
stability in two exemplary MV grids. The IEEE 33- and 69-bus MV grids were used. A correlation 
between the centrality of the storage and the voltage fluctuations was established. It was found that the 
more decentralized positioning of the storage unit leads to lower voltage differences and is therefore 
to be preferred. 

In [36], the costs for grid reinforcement and storage systems for voltage stability were determined 
for PV penetrations of 50% and 80%, respectively. It considered a LV grid in Germany, in which both 
the storage systems are optimally distributed over the grid via an algorithm and the grid expansion 
requirement is determined automatically via another algorithm. Depending on the application, the 
storage units were positioned at different grid nodes. The limit of 3% and the limit of 5% were analyzed 
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as permissible voltage deviations. As a result, battery storage was the more favorable alternative to 
grid expansion. 

In [37], the positioning and dimensioning of energy storage systems were optimized on the basis 
of two reference grids. For this purpose, different scenarios took seasonal differences into account. It 
was shown that, using storage, voltage deviations, line loads, and total operating costs can be reduced 
by an optimal storage design, so that grid expansion measures can be postponed. However, it did not 
consider the impact of increasing RES generation, increasing electricity consumption or decreasing 
storage costs. 

In [38], grid reinforcement was compared to storage deployment. The IEEE 33 bus model with a 
total load of 3.7 MW and different cases of storage positioning were examined, with no RES generation 
considered. The time frame considered was 20 years, and the load was increased by 3% per year, so 
different lines needed to be reinforced at different times depending on the case. The use of storage led 
to a cost reduction compared to the reference case without storage. The use of multiple storage units 
turned out to be more advantageous than a single storage unit. It was recommended to continue the 
investigations under consideration of the expected cost degression of the storage. 

In [39], different storage systems, including battery storage and a hydrogen-based storage system, 
were compared with each other in terms of costs and technical parameters when used as grid storage. 
Fixed power levels and storage durations were assumed, and different points in time were investigated. 
It was indicated that compressed air storage is the most cost-efficient alternative, with battery storage 
becoming increasingly competitive as development progresses. Hydrogen storage often has cost 
disadvantages due to lower efficiencies. 

In [40], battery and hydrogen grid storage systems were compared with respect to their energy 
efficiencies during construction and operation. Hydrogen storage systems have significant 
disadvantages compared to battery storage systems, particularly in the operating phase, due to their 
poorer efficiency. 

In [41], the focus was on the investigation of hydrogen storage systems for stabilizing the grid in 
the event of increased generation from RES. Hydrogen storage systems were compared with battery 
storage systems, pumped storage power plants and compressed air storage systems regarding their 
costs, and a method for dimensioning RES generation technologies as well as the individual 
components of hydrogen storage systems was developed. In terms of cost, hydrogen storage was 
evaluated to have disadvantages compared to the other storage systems. However, it was highlighted 
that increased penetration of RES generation can be implemented through hydrogen storage. 

In [42], a battery and a hydrogen storage system were compared as storage for a grid-connected 
PV system of a multi-party rental building. A pessimistic and an optimistic cost scenario were 
investigated, and different operating strategies were considered. In the pessimistic scenario, battery 
storage resulted in lower costs, while in the optimistic scenario, comparable results were achieved. 

1.3. Summary of literature overview 

The previously presented literature shows a broad scientific foundation in the evaluation of 
battery storage in the distribution grid as an alternative to grid expansion. From a technical point of 
view, it is possible to use battery storage to avoid grid expansion measures. In [21], it was presented 
that storage can stabilize the voltages in the grid by balancing fluctuating generation and in situations 
of grid congestion. The sources [22–24,27,28] also assumed that battery storage systems can avoid or 
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postpone grid expansion from a technical point of view. In this context, the technical grid parameters 
can be optimized by appropriate storage sizing and positioning. In [33], optimization was performed 
in a stand-alone microgrid, whereas in [34], a MV and LV grid was considered. As a result, the 
parameters of voltage stability, loss reduction and peak reduction could be improved by using battery 
storage. In [35], it was indicated that a more decentralized positioning of the storage system can 
contribute more to voltage stability. Reference grids were used in [37] and [38] to investigate 
positioning and dimensioning, which is why a reference grid, which is explained in more detail in 
section 3.2, is also used for this study. To reflect the growing demands on the grids, the effects of 
increasing PV penetration were investigated in [36] by using scenarios. Increasing loads were also 
assumed in [38] and in [19], the year 2035 is investigated in addition to the year 2017. Accordingly, 
scenarios 2022 and 2050 are investigated in this paper to be able to consider the increasing demands 
on the power grids. These are explained in section 4. 

Regarding the economic efficiency of a grid-serving use of battery storage, different results were 
given, whereby a large part of the literature assumed that the use of storage is uneconomical. Examples 
of this are [20,21,25,26]. The author of [15] considered that economic operation is only possible at 
very low interest rates. In [14], it was found that some system services can already be provided 
cost-efficiently. In the result of [38], battery storage deployment was more economical than grid 
expansion. Among other things, the assumed expansion of RES, the revenue potentials in addition to 
the grid expansion and the grid levels considered differed. While in [20] and [21] examination was 
limited to one year, in [19] also a scenario in 2035 was considered, and in [36] increasing PV 
penetration was assumed. Thus, although future developments in terms of loads, generation or storage 
costs were partly included, this was mostly limited to one parameter and leaves out the combined 
investigation of future developments. Furthermore, it must be considered that some works did not 
investigate the MV grid, but instead a storage use in the LV or HV grid, whereby it is not guaranteed 
that the results can be exactly transferred to the MV level. While in [28] the focus was put on the HV 
grid, in [35] the MV grid was considered, and in [36] the LV grid. The authors of [18] included various 
applications of LV and MV battery storage in the analyses. In [25] and [26], different applications at 
LV and MV level were studied. Moreover, the evaluation approaches to economic viability differed. 
While in [20] a multi-purpose use was considered in addition to the use for grid expansion avoidance, 
in [19] d the possibility of grid expansion reduction at higher grid levels was cited without considering 
this in the analysis. 

1.4. Research gap, contribution, and structure 

The literature overview reveals the following research gaps: 
• Overall, hydrogen storage systems have been underrepresented in considerations of the use of 

storage to compensate for grid expansion needs, although they should play a significant role in a 
decarbonized energy system of the future [8]. 

• The existing literature lacks a holistic comparative analysis. While in [39] cost and technical 
parameters of battery and hydrogen grid storage systems were compared, in [40] a comparison of 
them in terms of energy efficiency was performed, in [41] a methodology for sizing the hydrogen 
storage component was developed, and in [42] battery and hydrogen storage were examined as 
alternative PV storage systems. None of these publications considers the impact of hydrogen 
storage on the power grid or compares it to grid expansion and battery storage. 
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• Furthermore, the literature lacks additional revenue potentials that have not been considered so far. 
These include arbitrage trading, heat extraction and grid expansion compensation in superimposed 
grid levels. This enables a better comparison of battery and hydrogen storage. 
This paper therefore examines, considering the research gaps, whether and which electricity 

storage system can most efficiently reduce the need for grid expansion in a future energy system. In 
this context, a battery storage system and a hydrogen storage system will be compared to the classical 
grid expansion from a technical and economic point of view. Furthermore, other revenue potentials of 
the selected storage systems are considered and included in the analysis. The approach to classical grid 
expansion used here is taken from [43]. Other technical options for increasing the power quality in the 
grid, such as enhanced dynamic voltage restorer [44], are not considered due to the focus on electricity 
storage. The focus is on the time-structured control of the active power of the electricity storage 
systems. The possibilities to control the active and reactive power of the converter are neglected [45] 
to ensure the comparability of the scenarios. 

Thus, the main contributions in this paper are: 
1.) Development of two representative configurations of a selected MV grid topology for the year 2022 
based on current data and for the year 2050 based on forecasts for the expansion of distributed RES 
and flexible distributed consumers in Germany. This allows to determine a cost-efficient alternative in 
a low RES and a high-RES grid with respect to Germany without having to change relevant parameters 
such as the grid topology. 
2.) A holistic techno-economic comparison of selected alternatives to reduce grid expansion in the 
assumed scenarios. In addition, both hydrogen and battery storage were modeled in the simulation, 
allowing a comparison between storage solutions. To consider, the additional application possibilities 
of the individual storage systems for the economic analysis, heat extraction, arbitrage from electricity 
transactions and compensation for grid expansion at higher grid levels are considered as additional 
economic parameters. Thus, to the best of the authors' knowledge, this paper provides a unique and 
relevant analysis of this research area. 

This paper is structured as follows: The following section presents the methodology of the 
technical analysis of the work presented here. Then, section 4 provides an overview of the MV grid, 
storage options and their control algorithms. Section 5 describes the methodology and background for 
the economic analysis. Before conclusions are given in the last section, the results are presented and 
discussed. 

2. Methodology technical analysis 

In this section, the methodology of the technical analysis is explained. First, the Python 
open-source tool for power system modeling (pandapower) is presented. Then, the methodology used 
to determine the cost-efficient solution is described in detail. Finally, the exogenous data sets used are 
explained. This section of the data basis is divided into two subsections: first, the general data basis, 
which is the same for each scenario, and then the data basis, which changes in the scenarios. This 
section thus demonstrates the robustness of the results through realistic input data and a robust 
methodology. The modeling approach is therefore well suited for a technical-economic comparison of 
the three alternatives for ensuring electrical supply security in the future German electricity system. 
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2.1. pandapower 

The tool pandapower from [46] and [47] is a Python-based open-source power grid analysis tool. 
It is intended for the automated analysis of static or quasi-static power system states or the optimization 
of balanced power systems. The basic functionalities are load flow calculation, power flow 
optimization, topological grid search and short circuit calculations according to IEC 60909. 
pandapower uses an element-based model for the implementation of electrical grids. The individual 
elements, such as lines, transformers, switches, generators or loads, are connected to grid nodes. 
Furthermore, relevant parameters must be defined for the individual elements. These include, for 
example, the nominal voltage and the voltage deviation for the nodes, the active power and reactive 
power for the loads and generators and the rated power and the short-circuit power for the transformer. 
Lines can be parameterized via the line length, the resistance, or the reactance and some other 
parameters. The line current is calculated at both ends of the line, and the percentage load indicates the 
ratio between the actual current and the thermally maximal permissible current. In addition, an external 
grid can be included in the grid modeling as a voltage source. The grids chosen here and described in 
the next sections are already included in pandapower. 

2.2. Methodology for identifying the cost-optimal solution 

The goal of the simulation is the economic comparison of alternatives to solve challenges in the 
grid area. These technical challenges are basically the thermal overload of power cables and the 
violation of voltage bands. The background and definition of the grid parameters are explained in detail 
in the section on power grids in subsection 4.1.3. These challenges arise from the transformation of 
the energy system by the expansion of RES (PV and wind plants) as well as decentralized flexible 
consumers (HPs, EV). For this reason, two reference points are chosen: the energy system in 2022 and 
the energy system in 2050. The detailed description and parameters of these scenarios are presented in 
the next subsection. The challenges resulting from the transformation can be solved in this work either 
by grid expansion in the sense of installing power cables in parallel or by installing and operating a 
grid storage system. Methodically, the procedure is the same for both battery and hydrogen storage 
alternatives. The following description of the methodological procedure for the deterministic and 
iterative approach to determining the cost-optimal solution for each alternative can be taken visually 
from Figure 1. 
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Figure 1. Methodical procedure for the identification of the cost-optimal solution. 

The simulation starts with the definition of the framework conditions, which are presented in 
detail in section 3.3. The simulations can be carried out for the framework conditions of the selected 
MV grid in 2022 and 2050. In addition to the framework conditions, there is a reference simulation. 
This reference simulation is a simulation of the selected grid without grid expansion and storage. It is 
run once for 2022 and 2050, respectively, and is intended to quantify current and future challenges in 
the power grid. In the case of grid expansion, the overloaded lines are gradually reinforced until the 
required conditions derived from the reference simulation are met. The procedure can be seen on the 
left in Figure 1. The reference simulation has already identified the overloaded lines. For the next 
passes of the simulation, an additional line is installed in parallel in this line section. For each 
simulation run, if two overloaded lines are present, only the most heavily loaded line is reinforced. 
This iterative procedure is carried out until the technical restrictions are met. Since only the overloaded 
sections are reinforced, and the number of parallel lines is only ever increased by one, the result can 
be considered the most cost-efficient solution. 

For the solution variants by means of storage positioning, shown on the right-hand side of the 
sequence in Figure 1, a similar procedure is followed. Here, as in the case of the grid expansion, the 
cost-optimal solution is to be found for each storage scenario. First, the storage units are positioned 
both at the transformer to the HV grid and at the nodes of the overloaded lines. For the initial 
dimensioning, a sufficiently large capacity and power are assumed, which in any case, if correctly 
positioned, will lead to compliance with the grid parameters. Therefore, if this positioning still does 
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not provide a solution, alternative positioning must be checked. If compliance with the grid parameters 
is achieved, the technical parameters are to be reduced, comparable to grid expansion, until the grid 
parameters are no longer complied with. Thus, the cost-optimal dimensioning of the storage for this 
positioning can be determined iteratively. To determine that this combination of positioning and sizing 
represents the global minimum of consideration, alternative positionings are to be examined. To do 
this, each node is run at least once to clearly identify the global minimum. 

Table 1 provides a summary of how many simulations are run for each scenario. For grid 
expansion in 2022, a total of 4 simulations with different configurations were carried, and 8 simulations 
were carried out for 2050. To achieve suitable positioning and dimensioning, considering cost 
minimization, 79 simulations were carried out for battery storage in 2022 and 283 simulations in 2050. 
The higher number of simulations required is a result of the complexity caused by increased grid loads. 
For hydrogen storage, a total of 56 simulations were performed in scenario 2050 to find a cost-optimal 
solution. The scope of the simulations is lower than for the battery storage since unfavorable 
positioning was already known from the battery storage simulation. 

Table 1. The number of simulations per scenario. 

Scenario Grid expansion Battery storage Hydrogen storage 
2022 4 79 3 
2050 8 283 56 

As described in the previous section, the simulation was implemented in Python and the grid 
expansion, and the validation of the grid parameters was carried out with the help of pandapower. The 
power grid as well as the generation and load profiles are exogenously given and will be explained in 
detail in the following subsection. 

2.3. Data basis 

To be able to derive statements from the simulations that are as robust as possible, a representative 
exogenous data basis must be selected. Since the load flow simulation is carried out in 15-minute time 
intervals, the power values for each consumer or generator are required for the period under 
consideration in a 15-minute resolution. In the following, these are briefly explained, and the 
consumers, generators and storage plants are discussed. Several LV reference grids are connected to 
the simulated MV reference grid. This consists of 146 residential buildings, including 97 one-family 
houses, 24 two-family houses and 25 multi-family houses. The distribution is based on [48]. 
Furthermore, the household size is based on [49], so that the basic consumption of the households can 
be scaled using the annual electricity consumption from [50]. The standard load profile H0 from [51] 
is varied according to [51] and [52]. For the simulation of the LV grids, different penetration levels of 
relevant technologies, including PVs, home storage, HPs and EVs, are assumed for each of the two 
observation dates 2022 and 2050. These are based on [53] and can be taken from Table 2. 
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Table 2. Penetration of technologies in the LV grid. 

 2022 2050 
PV 26% 76% 
Home storage 2% 29% 
HP 4% 52% 
EV 0.6% 39% 

Since the standard load profile H0 only represents private consumption without special 
applications, heat pumps (HPs) must be considered separately. For this purpose, the standardized load 
profile WP0 [54] is used. To determine the associated quarter-hourly power values, further calculations 
must be made, which are based on the load forecast procedures from [54–57]. The respective required 
daily mean temperature over the course of the year is given for the German city Erlangen in [58]. In 
the context of the simulation, the values for the year 2021 are used. For scaling to electricity 
consumption, the average living space per person of 45.1 m² from [59] and the space heating energy 
demand of 131 kWh/m² according to [53] and [60] are used. Modernization and new construction can 
be expected to reduce this value. As an average value from [61–63], 85 kWh/m² is used for 2050. In 
addition, the hot water energy demand from [64] and an annual performance factor of HPs of 3.5 
according to [65] are used. To simulate the charging profile of the EVs, the profile from [66] is used 
on the one hand, and on the other hand, an individual load profile is created for the individual EVs 
using the average charging capacities from [67] and the restart times from [68]. The electricity 
consumption is determined using the average annual mileage from [69] and the electricity consumption 
of an EV per 100 km from [70]. For business, commerce, services industry (BCS) and industry, the 
standard load profile from [52,71], which gives the weighted average of the total group studied, is used. 
Here, the electricity consumption of commerce, trade, services and industry is calculated using the 
sector net electricity consumption from [72,73] and the consumption of the simulated households. The 
synthetic feed-in profile from [74] is used as the generation profile. The peak powers of the simulated 
PV systems in the LV and MV grid are based on the values from [75]. Likewise, the expected output 
in MWh of the PV system is based on the source just mentioned. Using the installed capacity from [76] 
and the population level from [77], an expected output for the grid area can be determined. For the 
year 2050, the forecast from [78] is used. For the simulation of wind power, the generic feed-in time 
series from [79] are used. These provide normalized feed-in profiles for onshore wind power for the 
base years 2020 and 2050. The normalized profile must be multiplied by the installed capacity of the 
wind turbine to obtain a corresponding generation profile. The turbine capacity is determined by the 
wind capacity installed in Bavaria from [80–82] as well as the population of Bavaria from [77] and the 
inhabitants of the considered grid area. For the year 2050, the forecast from [78] is applied. The 
following Tables 3 and 4 show how the connected LV grids, consumers and generators are distributed 
over the MV reference grid. The main difference here is the increasing generation from RES for the 
year under consideration 2050. 
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Table 3. Distribution of loads and generators in the MV grid in 2022. 

Node LV grid(s) 
BCS 
[MWh/a] 

Industry 
[MWh/a] 

PV 
[MW] 

Wind 
[MW] 

1 1 600 1,500   
2   3,600   
3 1 1,700  140  
4 3 500  260  
5 1 1,300  1,950  
6 2 700  240  
7   2,200  1,360 
8 1 900  350  
9   900 440  
10 1 1,000 3,100 150  
11 2 810  190  
12 2 1,600 1,800   
13   830   
14 1 1,100 2,900   

Table 4. Distribution of loads and generators in the MV grid in 2050. 

Node LV grid(s) 
BCS 
[MWh/a] 

Industry 
[MWh/a] 

PV 
[MW] 

Wind 
[MW] 

1 1 600 1,500   
2   3,600   
3 1 1,700  410  
4 3 500  750  
5 1 1,300  3,200  
6 2 700  500  
7   2,200  3,000 
8 1 900  3,500  
9   900 800  
10 1 1,000 3,100 2,100  
11 2 810  550  
12 2 1,600 1,800   
13   830   
14 1 1,100 2,900   

3. Overview of energy systems 

In this section, the technical systems used for this analysis are presented and described. For this 
purpose, the CIGRE MV grid used is introduced first, followed by the relevant economic parameters 
of the grid expansion for the economic analysis. For the technical analysis, the grid restrictions (voltage 
band and current carrying capacity) are described here, which must be ensured in the simulations by 
both the grid expansion and the storage systems. After this overview of the power grids, the storage 
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systems are introduced, and the control algorithm, as well as the technical and economic parameters, 
are described. A comprehensive presentation of these values is necessary to be able to fully compare 
the storage systems with the grid expansion economically and technically in the selected reference 
power grid. Peak shaving was selected as the operating mode of the storage systems that can be used 
as an alternative for grid expansion. Depending on the storage type, peak shaving is either daily (battery) 
or seasonal (hydrogen). 

3.1. Overview of power grid 

This section describes the characteristics of the power grids used. The topology, the grid 
parameters, and the economic parameters of the grid expansion are discussed. It is assumed that the 
power grids described here belong to a grid operator who is faced with the challenge of managing them 
cost-efficiently. This means that the grid parameters described here are adhered to and the costs 
incurred are to be minimized. The grid operator has an existing grid structure on which they can build. 
Anticipating the expansion of RES and decentralized flexible consumers, the grid operator should now 
analyze whether to reinforce the power lines or install the described storage plants and operate them 
in a grid-serving manner. 

3.1.1. Grid topology 

The CIGRE reference grid [83,84] is used as the MV grid. The CIGRE grids have no reference 
to Germany. However, there is insufficient data for selected and representative German medium-
voltage grids to allow for both meaningful results and simple processing in the model presented here. 
For this reason, the CIGRE grids were used. These grids were developed to investigate the economic, 
robust and environmentally friendly grid integration of decentralized energy technologies. Based on 
these reference grids, which represent actual integration challenges, methods and smart grid 
technologies are to be analyzed and validated for their quality and advantages. For this purpose, HV, 
MV and LV grids were developed in sufficient detail. Figure 2 shows the CIGRE MV grid used here 
with the integration of PVs and wind power plants. The CIGRE MV reference grid is basically 
composed of 15 lines and 15 nodes connected to an external HV grid through two transformers. There 
are 18 loads distributed across the grid and eight switches exist to control power flows. This grid is 
supplemented by nine generators to consider PV and wind, which are composed of eight PV systems 
and one wind turbine. As an additional extension, home fuel cells, two battery storage units, one 
combined heat and power unit and one fuel cell each can be integrated, so that three CIGRE grids are 
available for analysis in pandapower. Unlike the original CIGRE reference grids, pandapower uses a 
HV of 110 kV instead of 220 kV to ensure sound transformer data. 
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Figure 2. CIGRE MV grid with PV and wind power plants from [83,84]. 

3.1.2. Economic grid parameters 

In general, grid bottlenecks are to be eliminated by the grid operator using the “NOVA” 
principle [85]. This means that grid optimization is carried out first before the grid is strengthened or 
expanded. In doing so, an attempt is made to fully utilize the potential in the grid at each level and 
only then resort to the next level. In the context of the simulation, it is assumed that the MV grid is 
strengthened by installing power lines in parallel at congested points. The service life of power 
cables in the MV grid is usually given as 40 years [25,86]. The cost of installing MV cables ranges 
from 80,000 EUR/km to 140,000 EUR/km [87], with costs usually varying between 100,000 EUR/km 
and 120,000 EUR/km [25,86,88,89]. Accordingly, a value of 110,000 EUR/km is used in the 
simulation. As detailed breakdowns of project costs, e.g., by population density or line length, are not 
available, these costs are used for all cables in the reference grid. Furthermore, this value is valid for 
the two years of consideration 2022 and 2050, since depending on the source, an increase or reduction 
in costs is assumed and therefore these effects are excluded. The operating costs of power grids are 
one percent of the investment sum per year [86]. The simulation continues to use an equity interest 
rate of 5.64% [80,90]. 
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3.1.3. Technical grid parameters 

To assess whether the simulated grid expansion or the installed and operated power storage is 
sufficient to maintain the power quality in the grid, a load flow calculation is performed. It is also 
checked whether the voltage band has been violated or whether the thermal load capacity of the power 
lines has been exceeded [91]. For the requirement of permissible load flow, it is necessary to investigate 
whether the feeders, transfer powers and loads result in a permissible grid condition [91]. For this 
purpose, the requirement for the continuous thermal load must be fulfilled. This means that the load 
current is always below the thermally permissible operating current, and the currents occurring in the 
grid are permissible for all equipment. This criterion is particularly relevant for power cables, since 
a temperature rise in these can lead to thermal breakdown because of increased losses due to 
heating [91]. In addition, the voltage must lie within a defined voltage band. For the medium and LV 
grid, the permissible deviation is defined in DIN EN 50160 as 10%. It should be noted that the 
permissible deviation is usually divided between the medium and LV levels, since these are usually 
rigidly coupled via unregulated local transformers [91]. Therefore, the limit value for voltage deviation 
in the MV grid is usually only 4% [14,87]. A remedy for this problem is provided, for example, by 
controllable local grid transformers, which allow the permissible ten percent to be utilized in both the 
LV and MV grids [14,92]. Especially in the transmission system, the transmission system operator has 
some possibilities to influence the voltage. These include voltage regulation in power plants, the use 
of compensating reactors in lines, adjustable ratios and corrective switching. However, the grid 
customer, such as large industrial companies, can also compensate for voltage fluctuations, for 
example, with flywheel storage [91,93]. 

3.2. Overview of storage systems 

This section describes the assumed installation and operation of the storage systems. In the first 
subsection, the technical and economic parameters of the storage systems are presented and described. 
After that, the control of the storage systems is described. Before the description, the most important 
parameters are briefly and concisely summarized in the following Tables 5 and 6. 

Table 5. Overview of key parameters of storage systems 2022. 

Component 
Investment cost Operating cost Lifetime Efficiency  
EUR/kW EUR/kWh %/a a % 

Battery storage 120 300 2.5 15 90 
H2 electrolysis 1,200  5 15 70 
H2 fuel cell 1,700  5 15 50 
H2 storage  6 5 30 100 
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Table 6. Overview of key parameters of storage systems 2050. 

Component 
Investment cost Operating cost Lifetime Efficiency  
EUR/kW EUR/kWh %/a a % 

Battery storage 50 160 2.5 20 93 
H2 electrolysis 650  5 20 75 
H2 fuel cell 600  5 20 55 
H2 storage  1 5 30 100 

3.2.1. Technical and economic parameters of the battery storage system 

In the state of the art, lithium-ion technology is a widely used storage technology, so it is 
considered in this work. For the state of the art of battery storage, efficiency data varies between 84% 
and 95% depending on the source [21,94–98], which is why 90% is assumed as the average value in 
the simulation. As development progresses, an increase in efficiency can be assumed. This is also 
reflected in the future efficiencies of 88% to 97% given in the sources [21,39,96,98], so 93% is taken 
as the efficiency for the year 2050. Regarding efficiency, it is important to note that the stated efficiency 
refers to charging and discharging processes. The lifetime of a battery storage system is estimated to 
be 15 years at the time of writing in 2022, since the majority of sources assume lifetimes between ten 
and 20 years [14,21,28,39,96] or directly state 15 or 16 years [26,99] as lifetimes. For the year 2050, 
the range of lifetimes increases to up to 30 years [21,28,96], which is why the lifetimes assumed in the 
simulation are raised to 20 years.  

The economic evaluation of storage systems requires consideration of both investment and 
operating costs. For the former, the sources again provide a wide range of cost assumptions. The total 
cost is determined by the power and capacity of the storage system. Depending on the source, 
sometimes only power or capacity related costs are given, with the feed-out period having a large 
influence on the parameters in this respect. Other sources give the total cost as a combination of power 
and capacity costs. This type of cost is much more suitable for modelling the storage systems in the 
simulation, as the storage systems can be dimensioned flexibly, and resilient costs can be determined. 
For the state of the art, according to [15,21,28,95], capacity related costs range from 70 EUR/kW 
to 150 EUR/kW. So a value of 120 EUR/kW is considered realistic. The capacity-related costs vary 
mainly between 200 EUR/kWh and 800 EUR/kWh [15,21,28,38,94–96,99,100], using 300 EUR/kWh 
for the simulation. The costs assumed in the simulation are compared with other sources based on a 
storage tank with a discharge time of four hours and are found to be reasonable. For the 2050 values, 
a similar approach is chosen, resulting in a power-related cost of 50/kW and a capacity-related cost 
of 160 EUR/kWh [21,28,94,96,99,101]. Operating costs are sometimes given as a value based on 
production and electricity sales [39,94]. Alternatively, it can be determined as a percentage of the 
investment costs required annually for operation. Sources give values between 2% and 3% [14,99], so 
the simulation is calculated at 2.5%. 

3.2.2. Technical and economic parameters of the hydrogen storage system  

Regarding the efficiency parameters for hydrogen storage, a distinction must be made between 
feed-ins by means of an electrolyzer and feed-outs by means of a fuel cell. Both electrolyzers and fuel 
cells are based on the alkaline or the proton exchange membrane process. Accordingly, the efficiencies 
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are similar but slightly different, with an average value used in the simulation. For the electrolyzer, the 
source data on the state of the art range from 44% to 86% [102,103]. However, in most cases the 
efficiency is around 70% [104–106], so this value is used for the simulation in 2022. The efficiency 
will increase so that 75% [104,105] is considered realistic for 2050. Fuel cell efficiencies are somewhat 
lower overall. In the state of the art, sources indicate 32% to 60% [102], so an efficiency of 50% [104] 
is used for the simulation. The sources also assume an improvement in efficiency for the fuel cell. 
Therefore, the value for the year 2050 is 55% [104]. The storage losses of the hydrogen storage are 
very low, so the efficiency is assumed to be 100%. Thus, the overall power-to-power efficiency for the 
year 2050 is 45% and is also in a source-based range [107]. 

The lifetime of the subsystems electrolyzer and fuel cell are simulated with 15 years at the 
state of the art and with 20 years in 2050, since these values can be regarded as realistic average 
values [102,107,108]. The lifetime of the actual hydrogen storage system is 30 years [39,107]. For the 
electrolyzer, the investment costs at the state of the art are mostly between 1,000 EUR/kW and 1,500 
EUR/kW [102,104,105,109–112], which is why a value of 1,200 EUR/kW is used in the simulation. 
For the fuel cell, prices tend to be somewhat higher, so a value of 1,700 EUR/kW seems realistic [102]. 
The actual hydrogen storage has only low marginal costs of 6 EUR/kWh due to the mostly high 
storage volume [107,108], so the total costs of the storage are in line with the source data of 
about 3,000 EUR/kW [39,108]. By 2050, this value will drop to about 1,300 EUR/kW [39,108], with a 
split between electrolyzer costs of 650 EUR/kW [105,111,112], fuel cell costs of 600 EUR/kW [105,110] 
and storage costs of 1 EUR/kWh [97,107,109]. The operating costs for hydrogen storage are 
generally higher than for battery storage. Taking this fact into account in the simulation, an annual 
share of the investment costs of 5% is assumed, so that the procedure is the same as for battery 
storage [39,94,102,107]. 

3.2.3. Grid-serving operation of the storage systems 

Grid operators in Germany already have various operating resources to ensure their supply tasks. 
For example, compensation coils are used to maintain the quality of the supply of reactive power. For 
this reason, it is a valid use case to use large battery storage and hydrogen storage to maintain voltage 
quality. Therefore, we consider here the technically economical grid-serving use of large battery and 
hydrogen storage favorably positioned in the grid by the grid operator. In order to implement 
grid-friendly control for both storage systems, a grid-friendly charging and discharging strategy widely 
used in the literature is employed, i.e., valley filling or peak shaving [113,114]. This means that for 
each day, the storage mitigates the consumption peaks by discharging the storage at these times. 
Depending on the generation capacity of the RES, which achieves high outputs especially in the 
summer months due to PV feed-in, the storage is either charged at times of maximum feed-in from 
RES or at times of minimum grid draw, should the feed-in not exceed the consumption at any time of 
the day. In this way, peaks are reduced in terms of both maximum consumption and maximum feed-in, 
and overall grid interchange is equalized. Figure 3 shows an example of this charging and discharging 
behavior. 
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Figure 3. Exemplary representation of the operation of the grid-serving control of the 
storage systems based on [115]. 

Hydrogen storage and battery storage can perform this control equally. Battery storage is better 
suited for compensating intraday fluctuations, while hydrogen storage excels at compensating seasonal 
fluctuations. However, hydrogen storage systems have a significantly lower efficiency during storage 
and retrieval since hydrogen generation in electrolysis or electricity generation from hydrogen in fuel 
cells is associated with higher losses. Still, due to the high capacities that can be realized, it is possible 
to use them as long-term or seasonal storage. In this case, generation surpluses from RES are stored in 
the summer months and released again in the winter, mainly at peak load times. In this way, power 
generation and consumption can be balanced throughout the year. This behavior is implemented via a 
corresponding functionality in the simulation. The power determination of the battery storage systems 
for band regulation is performed in the simulation using the logic shown in Figure 4. 
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Figure 4. Methodology for calculating the power profile and dimensioning of the battery 
storage system. 

Based on the power profile at the respective grid node where the battery storage system is installed, 
the maximum and minimum grid power values are determined for each day of the year. Upper and 
lower daily power limits are then defined for each day. For each time interval of the day, the actual 
grid power is determined. If the actual power is above the upper daily power limit, the discharge power 
of the battery storage is set to the difference between the actual grid power and the upper daily power 
limit. Accordingly, if the grid power is below the lower daily power limit of the battery storage, the 
charge power of the battery storage is set to the difference between the actual grid power and the lower 
daily power limit. If the grid power is between the lower and upper daily power limit, the battery 
storage power is set to zero. In this process, the capacity, power and state of charge of the battery 
storage must be considered, as no further charging is possible in the case where the battery storage is 
fully charged, no further discharging is possible in the case where the battery storage is fully discharged, 
and the discharging and charging power cannot exceed the defined power of the battery storage system. 
After setting a battery storage power for each time interval of the day, the power profile of the storage 
system can be derived. It is then checked whether the resulting grid powers at the node are within the 
set power limits. If this is not the case, the upper and lower daily power limits are shifted. If the 
resulting grid power exceeds the upper daily power limit, it must be set to a higher value, as the 
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technical parameters of the storage cannot guarantee that the grid power will remain within the set 
daily limits. Accordingly, if the resulting grid power falls below the set lower daily power limit, the 
daily power limit is lowered. This process is carried out iteratively until appropriate power limits are 
found for the day in question that use most of the available power and capacity of the storage system. 
The determination of the feasibility of the grid state follows Figure 1, and therefore an iterative 
convergence to the optimal dimensioning of the battery storage is also performed. The simulation 
methodology for hydrogen storage differs from that for battery storage because the focus is on seasonal 
storage. The simulation methodology is shown in Figure 5. 

 

Figure 5. Methodology for calculating the power profile and dimensioning of the hydrogen 
storage system. 

The power profile of the hydrogen grid storage is also determined based on the grid power profile. 
Here, maximum and minimum grid power values can be determined over the year. The hydrogen 
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storage is charged when there is a power surplus in the grid, and there would be a feed-in to the higher 
grid level in a certain time interval. Under certain circumstances, electrolysis must take place at partial 
load if the power surplus is less than the maximum electrolysis power of the hydrogen storage system. 
Otherwise, it is a feed-in to the higher grid level if the feed-in grid power exceeds the maximum 
electrolysis power of the hydrogen storage system. Thus, a charging profile of the hydrogen storage 
tank can be determined. If the grid power is above the annual discharge limit, power is discharged via 
the fuel cell to comply with the upper annual power limit. Following the methodology of the battery 
storage the discharge power of the hydrogen storage is set to the difference between the actual grid 
power and upper annual power limit. The main difference between the power limits of the storage 
technologies lies in the applicability of the limits. In the case of the battery storage, an individual power 
limit is set for each day of the year. For the hydrogen storage, the power limit is set for the whole year. 
After setting the charge and discharge powers for each time interval, a hydrogen storage power profile 
can be derived. The final step is to check whether the resulting grid power profile is within the set 
annual power limits. If the resulting grid power exceeds the set upper power limit due to limiting 
technical parameters of the hydrogen storage, the upper power limit is set to a higher value. The 
dimensioning of the hydrogen storage system to ensure a feasible grid state follows the methodology 
in Figure 1.  

4. Methodology economic analysis 

In addition to the unconditional compliance with the grid restrictions, the various alternatives are 
to be compared economically. Here, storage systems offer further advantages above grid expansion 
measures, as they can generate additional revenue from arbitrage, heat extraction and avoidance of 
grid expansion in superimposed grid levels. After these revenue options have been presented in the 
following subsections, the last subsection discusses how these cash flows with different payment 
horizons are transferred into a common valuation unit. In this way, the investment costs mentioned in 
the previous sections can be added to the operating costs and revenue potentials based on the different 
depreciation periods and thus compared across measures. 

4.1. Arbitrage 

This section explains arbitrage trading for revenue generation of storage systems and the 
associated electricity price assumptions. Fluctuations in electricity prices can be used for arbitrage 
trading. In this process, electricity is purchased at times of low prices, stored, fed out and sold at a later 
time at higher prices [18,20]. Accordingly, the simulation assumes the possibility of participation in 
the spot market. It is assumed that the average price minus the standard deviation can be realized as 
the purchase price and the average price plus the standard deviation of the respective electricity price 
scenario as the sales price. To show the effects of fluctuating electricity prices, three price scenarios 
are used to determine the realizable revenues. 

From 2018 to 2020, the average wholesale electricity prices on the European Power Exchange 
ranged from 30.5 EUR/MWh to 44.5 EUR/MWh, and the average standard deviation ranged from 9.0 
EUR/MWh to 9.8 EUR/MWh [116]. In 2021, there was a sharp price jump that raised the average 
wholesale price to 96.9 EUR/MWh [117]. Price fluctuations also increased significantly, resulting in a 
standard deviation of 24.5 EUR/MWh for 2021 [116]. The maximum price was 620 EUR/MWh [117]. 
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Previous forecasts have predicted such electricity prices and price fluctuations only for the year 2030 
or even 2050, assuming increasing prices and fluctuations overall [118]. In this context, an electricity 
price of 70 EUR/MWh to 100 EUR/MWh and a standard deviation of about 25 EUR/MWh are given 
for the year 2050 [119–122]. Therefore, three price scenarios are considered in the simulation, which, 
however, are not to be assigned to any years due to the current price situation but only serve as a cost 
comparison. A price of 60 EUR/MWh and a standard deviation of 15 EUR/MWh are assumed as the 
low-price scenario. In the mid-price scenario, the previous forecasts are incorporated, so that a price 
of 85 EUR/MWh and a standard deviation of 20 EUR/MWh are used. In the high-price scenario, a 
price of 100 EUR/MWh and a standard deviation of 25 EUR/MWh are assumed to reflect current 
prices and on the assumption that prices will tend to rise. 

4.2. Heat extraction 

In the process of the hydrogen storage, major losses occur both in the generation of hydrogen by 
electrolysis and in the conversion of hydrogen back into electricity by means of a fuel cell. These occur 
mainly in the form of waste heat, which can be used for heating in winter and cooling in summer [123]. 
Due to the power class of the hydrogen storage system, it is assumed that the waste heat will be fed 
into an existing district heating grid and that a sufficient heat sink and pipe sizes are available. In this 
way, revenues can be generated by selling the heat. The economic value of heat is 92 EUR/MWh [124]. 
This price is constant because the heat is mostly sold to residential customers who have long-term 
contracts at fixed prices. 

4.3. Compensation for grid expansion at higher grid levels 

By balancing generation and consumption locally, grid expansion at higher grid levels can be 
avoided or reduced [125]. Since the MV grid is considered in this simulation, there is a reduced need 
for expansion in the HV and extra-high-voltage (EHV) grid. To specify this, the maximum feed-in and 
powers of the reference grid are used and compared with the maximum powers of the solution 
alternatives. In this way, a difference can be determined that indicates the extent of the reduction. The 
costs of the "SuedLink" route are used to estimate the savings. Investment costs of around 10 billion 
EUR are estimated for this, with a transmission capacity of 4 GW to be realized [126–128]. This results 
in investment costs of 2.5 million EUR per MW of transmission capacity. This value is used for the 
simulation to map the cost avoidance in the HV and EHV grid. Subsequently, the avoided investment 
costs are annualized. 

4.4. Methodology for adding costs from different periods 

To be able to compare the costs and revenues of the alternatives on a uniform valuation basis, 
they are determined for one year in each case. The associated methodology is explained in this 
subsection. The investment costs of grid expansion at the various levels and of storage systems are 
annualized using (4.1). This is done by considering service life and equity interest rate [88]. 
 

Ca  = CI * r
(1 - (1 + r) -L)

                                 (4.1) 
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Ca = Annualized costs [EUR/a] 
CI = Investment costs [EUR] 
r = Equity interest rate [%] 
L = Lifetime [a] 

The operating costs are given as an annual percentage of the investment costs and can accordingly 
be easily calculated as annual operating costs. The revenues from arbitrage trading relate in each case 
to the energy handled in a year by means of the storage systems, so that annual revenues can be 
determined with the price assumptions used. The same applies to the revenues from waste heat 
utilization, which are also determined on an annual basis, using the feed-ins and feed-outs of the 
hydrogen storage system over the course of the year. In the case of cost avoidance in the HV and EHV 
grid, investment costs can be determined, which in turn are converted to annualized costs via (4.1) to 
obtain the valuation basis of one year. 

5. Results 

In this section, the results of the reference simulations are first explained to show the initial 
situation in the two scenarios investigated. Based on this, the identified alternative solutions for grid 
expansion, battery storage and hydrogen storage are presented and finally compared in the last 
subsection. The first subsection shows the situation in 2022, which represents little stress for the power 
grid. In contrast, the next subchapter for the scenario in 2050 shows the massive impacts because of 
the energy system transition in Germany. Then, in the next three subsections, the alternatives are 
presented and compared with each other. In the following subsection, it is shown that battery storage, 
in contrast to grid expansion, can generate revenues and is therefore the more economical alternative. 
Hydrogen storage, on the other hand, is significantly more expensive than grid expansion. 

5.1. Reference scenario 2022 

The parameters of the simulation of the reference scenario 2022 were presented in section 3.3. 
This reference scenario is used to represent a current grid load and the resulting search for the most 
cost-efficient solution to remedy the violation of grid restrictions. The grid load of this scenario is 
shown in Figure 6 as the minimum and maximum power per day. 
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Figure 6. Overview of the aggregated key parameters of the MV grid in scenario 2022 
over the year of the simulation. 

As can be seen in the figure, the grid supply from the HV grid and the consumption power 
correlate. In winter, both values are at their maximum, as this is when the highest electricity 
consumption for households, EVs and HPs occurs due to the temperature. At the same time, PV-based 
power generation is the lowest here. Therefore, especially in winter, to supply all consumers, electricity 
must be drawn particularly strongly from the HV grid and distributed within the MV grid. In this 
process, line overloads occur, which are shown in the following Figure 7. There are slight violations 
of the maximum load capacity of the line in winter. 

 

Figure 7. Daily maximum line load of all lines in scenario 2022. 
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The seasonality of the line load is also reflected in the voltage curve in Figure 8. The voltage 
drops are triggered by consumption, whereas the voltage increases result from generation and feed-in. 
Accordingly, the voltage drops are significantly higher in winter than in summer since this is also when 
the maximum consumption of power occurs. 

 

Figure 8. Daily maximum voltage differences of all buses in scenario 2022. 
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Figure 9. Overview of the aggregated key parameters of the MV grid in scenario 2050 
over the year of the simulation. 

As for the shape of the graphs, they are comparable to the reference scenario 2022. However, the 
curves are significantly more pronounced, i.e., the maximum and minimum values are significantly 
increased. This, in turn, ensures a significantly more frequent and stronger violation of the grid 
parameters, as can be seen for the power line overload in Figure 10 and the voltage band in Figure 11. 

 

Figure 10. Daily maximum line load of all lines in scenario 2050. 
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Figure 11. Daily maximum voltage differences of all buses in scenario 2050. 

5.3. Grid expansion 

In this subsection, the results for the solution alternative grid expansion are presented. First, 
the simulations for the year 2022 and then for the year 2050 are discussed. In the reference 
simulation 2022, line 0 emerged as the line with the highest load. Accordingly, only this line is initially 
reinforced via a parallel line. In this way, line overload can be avoided. After that, line 1, which 
connects grid nodes 1 and 2, proves to be the most loaded line. The maximum voltage increases at 
node 7 and is also reduced from 2.3% to 1.9%, although this is never in an impermissible range. The 
feed-in and reference values are not affected, apart from slightly lower line losses. To install a cable 
along line 0, which has a length of 2.82 km, investment costs of 310,200 EUR are incurred according 
to the cost assumptions from section 4.1.2. Annualizing these costs over a service life of 40 years [86] 
results in annualized costs of 19,689 EUR. In addition, annual operating costs of 3,102 EUR arise, so 
in total additional annual costs of 22,790 EUR are to be expected to ensure grid stability in the MV 
grid under consideration for scenario 2022. By increasing the maximum feed-in capacity it cannot be 
assumed that grid expansion costs in the HV and EHV grid can be avoided. 

Since line 1 is the most heavily loaded line in the reference simulation of the 2050 scenario, it is 
reinforced in the first step, as shown in Figure 12 as an example. However, in this way, an overload 
occurs in line 0, so this line also must be reinforced. This means that line overload no longer occurs in 
the simulated reference grid. However, the voltage increase at node 7 on one day in summer is 4.7% 
and thus outside the permissible range. Therefore, additional reinforcement of line 9, which connects 
node 3 with node 8, takes place. This reduces the maximum voltage increase at node 7 to 4.3%, but 
the limit is still violated. Therefore, line 1, which is again the most loaded line in this case, is reinforced 
by another parallel line. In this way, all grid conditions can be met. Overall, lines 0, 1 and 9 will be 
reinforced, with line 1 being reinforced twice. This will result in investment costs of 1,425,600 EUR. 
Supplemented by the operating costs of 14,356 EUR, the grid expansion of the power lines results in 
additional annual costs of 104,739 EUR. This value is almost five times higher than the value for 
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scenario 2022. The feed-in capacity also increases in scenario 2050, so that there is no avoidance of 
expansion costs in the HV and EHV grid. 

 

Figure 12. CIGRE MV grid with two parallel cables between node 1 and node 2 [83,84]. 

5.4. Battery storage 

This section summarizes the results of the battery storage solution alternative. To ensure grid 
security in the scenario 2022, two storage positions are investigated. On the one hand, smaller storage 
systems are distributed and simulated across all grid nodes, and on the other hand, a central battery 
storage system is investigated. For the battery storage scenario 2022, it is shown that to fulfill the 
stability criteria within the grid area by means of distributed storage, a storage system with 0.15 MW 
power and 0.45 MWh storage capacity must be built at each grid node. For the central storage 
positioned at node 3, different dimensions are investigated until the storage system with the lowest 
cost is found that ensures grid stability. For this purpose, the storage is gradually reduced in size. A 
suitable storage dimensioning results in a power of 0.8 MW and a capacity of 2.4 MWh. A further 
reduction of the capacity or the power leads to the fact that the grid conditions are no longer fulfilled. 

When comparing the battery storage alternatives for scenario 2022, the positioning of storage at 
node 3 is shown to be a better solution compared to the distributed storage plants, as significantly 
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lower investment costs are incurred. This is particularly because the storage capacity and power 
required in the grid area are significantly lower than for distributed storage. At the same time, all 
relevant stability criteria are fulfilled by both alternatives, and the occurring losses are lower due to 
the smaller amount of stored electricity. This is particularly relevant because the electricity often must 
be drawn from the HV grid. This can be explained by the fact that there is rarely a power surplus in 
the grid area. The mentioned storage at node 3 causes investment costs of 816,000 EUR. Annualization 
and consideration of the operating costs of 20,400 EUR result in annual costs of 102,453 EUR. 
Assuming arbitrage trading, which exploits price differences, annual revenues of between 18,881 EUR 
and 31,469 EUR can be realized, depending on the cost scenario. In addition, annual costs of 76,032 
EUR can be avoided by reducing the need for expansion in the HV grid because of the low purchase 
and feed-in capacities. If the costs are also examined under the cost assumptions for the year 2050, 
the values are slightly better, since the investment costs would, because of cost degression, be 
reduced to 424,000 EUR. 

For the battery storage scenario 2050, it is shown that a single, centrally positioned storage cannot 
contribute to keeping the grid parameters within an acceptable range. This is true regardless of the 
positioning and dimensioning chosen. The storage cannot compensate for voltage fluctuations to the 
extent necessary to meet grid conditions. Therefore, a solution using distributed storage is developed 
for scenario 2050. If the storages are to be of the same size at each grid node, the power of the storage 
system would have to be 1.18 MW and the capacity 8 MWh. However, this is not the optimal solution 
in terms of cost, since the storage systems can be significantly smaller in some cases, or the storage 
systems at nodes 12 to 14 can be dispensed with completely. The technical parameters of the distributed 
storage systems are based on the power of the respective node, so that the power of the distributed 
storage systems is between 0.4 MW and 1.3 MW, and the capacity is between 1.2 MWh and 6.0 MWh. 
In this way, the grid parameters can be kept within the permissible limits using peak shaving. This 
storage configuration incurs an investment cost of 6,298,000 EUR, which can be annualized to an 
annual cost of 533,151 EUR. The annual operating costs amount to 157,450 EUR, resulting in total 
annual costs of 690,601 EUR. The storage systems allow arbitrage trading, which can generate annual 
revenues of between 180,899 EUR and 301,498 EUR. In addition, annual costs of 568,591 EUR are 
avoided in the HV and EHV grid. 

5.5. Hydrogen storage 

This section presents the results of the alternative solution of hydrogen storage. In addition to the 
positioning at the grid node to the HV grid, the positioning at a central node within the grid area is also 
examined. For the hydrogen storage scenario 2022, it is shown that hydrogen storage is not to be 
considered useful, since only 29.7 MWh is fed into the HV grid, and almost all the 5,260 MWh fed 
into the MV grid is consumed at the time of generation. Under these circumstances, there are no 
generation surpluses in the summer months that can be stored, so seasonal hydrogen storage is not 
practical. Winter loads could indeed be mitigated somewhat by storing RES generated electricity in the 
summer. However, this would significantly increase the amount of power drawn from the HV grid in 
the summer months. Due to the low efficiency of hydrogen storage system, additional energy would 
be lost in this way. Therefore, the construction of a seasonal hydrogen storage system is not examined 
in detail in scenario 2022. 
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For the hydrogen storage scenario 2050, it is shown that positioning at the node to the HV grid 
does not make sense, since the grid parameters within the MV grid do not improve in this way. Instead, 
the hydrogen storage system must be positioned at a central node within the MV grid. By means of 
simulations (for methodology, see section 3.2), it is determined that node 8 is best suited for this, since 
a hydrogen storage system can be dimensioned smallest at this node. Larger storage systems would be 
needed at other nodes to meet grid parameters. The hydrogen storage system at node 8 must have an 
electrolysis capacity of 4.5 MW, a fuel cell capacity of 2.8 MW and a storage capacity of 3.5 GWh. 
This means that the grid parameters considered are kept within the permissible limits, so that security 
of supply is guaranteed. 

The investment costs for this hydrogen storage system amount to 8,105,000 EUR. This results in 
annual costs of 1,039,636 EUR, of which 405,250 EUR is accounted for by operating costs. 
Annual revenues from the use of waste heat of 218,571 EUR can be realized. In addition, annual 
costs of 498,401 EUR are avoided in the HV and EHV grid. Arbitrage trading leads to additional costs 
between 11,243 EUR and 21,802 EUR due to the low efficiencies of the hydrogen storage system. 
Therefore, participation in arbitrage trading does not appear to make sense for the hydrogen storage 
system. 

5.6. Comparison of the alternatives 

In this section, the results for the three scenarios considered are compared for 2022 and 2050. 
Scenario 2022 shows that the costs for grid expansion are significantly lower than for battery storage. 
However, a positive contribution margin for the battery storage system can be generated via additional 
revenues. At 310,200 EUR, the investment costs for the grid expansion solution are significantly lower 
than for the battery storage system, which requires 816,000 EUR. The operation of hydrogen storage 
system does not make sense in this scenario, as explained in section 5.5. The annual operating costs 
are 3,102 EUR for the grid expansion and 20,400 EUR for the battery storage system. This results in 
the lowest total annual costs of 22,790 EUR for the grid expansion, followed by the battery storage 
system with 102,453 EUR. This shows that state of the art storage systems incurs higher investment 
and operating costs to meet critical grid conditions than conventional grid expansion. 

However, the battery storage system can be used for arbitrage trading and thus generate income 
and avoid costs for the expansion of the HV and EHV grid by balancing the grid supply and mitigating 
the feed-in and feed-out peaks. The revenue from arbitrage trading here depends on the electricity price 
scenario used, so that this is generated for the battery storage system for the low-price scenario 18,881 
EUR, for the mid-price scenario 24,776 EUR and the high-price scenario 31,469 EUR. The cost 
avoidance in the higher grid levels amounts to 76,032 EUR for the battery storage, so in this way the 
incurred costs of the battery storage are covered in most cost scenarios. In total, this results in annual 
costs of 22,790 EUR for the grid expansion, whereas the annual result of the battery storage is 
between −7,540 EUR and 5,048 EUR. Thus, battery storage represents an economic alternative to 
conventional grid expansion. In Table 7, the economic parameters of the solution alternatives are 
presented. 
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Table 7. Comparison scenarios 2022. 

Parameter 
Grid 
expansion 

Battery storage Hydrogen storage 

Investment costs [EUR] 310,200 816,000 - 
Operating costs [EUR/a] 3,102 20,400 - 
Overall costs [EUR/a] 22,790 102,453 - 
Revenue arbitrage trading [EUR/a] - 18,881–31,469 - 
Revenues from heat [EUR/a] - - - 
Cost avoidance HS grid [EUR/a] - 76,032 - 
Result [EUR/a] −22,790 −7,540–5,048 - 

For scenario 2050, the costs are again lowest for grid expansion, but the battery storage systems 
can be operated economically via additional revenue and cost avoidance. As in scenario 2022, the 
investment costs for grid expansion are the lowest at 1,425,600 EUR. This is followed by battery 
storage at 6,298,000 EUR and hydrogen storage at 8,105,000 EUR. This also affects the operating 
costs, which in the same order are 14,256 EUR, 157,450 EUR and 405,250 EUR. This results in annual 
costs of 104,739 EUR for the grid expansion, 690,601 EUR for battery storage and 1,039,636 EUR for 
hydrogen storage. 

Revenue can be generated through arbitrage trading of the storage units, the avoidance of grid 
expansion at higher grid levels and the waste heat utilization of the hydrogen storage. For the solution 
alternative grid expansion, no grid expansion costs at higher levels can be avoided, leaving annual 
costs of 104,739 EUR for grid expansion in the MV grid. In the case of battery storage, it can be 
assumed that economic operation is possible for all cost scenarios. This is achieved through arbitrage 
revenues of 180,899 EUR to 301,498 EUR, depending on the price scenario, and the avoidance of grid 
expansion at higher grid levels of 568,591 EUR per year. Thus, the total result for battery storage is 
between 58,889 EUR and 179,488 EUR. Due to the low efficiencies of the hydrogen storage system, 
it incurs annual costs of 11,243 EUR to 21,802 EUR through arbitrage trading. However, there are 
annual revenues from the use of waste heat of 218,571 EUR, and the grid expansion avoidance at 
higher grid levels is monetized by 498,401 EUR per year. This leaves annual costs for hydrogen storage 
between 333,907 EUR and 344,466 EUR. Overall, it must be emphasized the advantage of storage for 
balancing consumption and generation. Its importance increases with the increasing penetration of 
RES and thus fluctuating power generation. Hydrogen storage is also a way to store surplus electricity 
in the summer months and reuse it in the high-consumption winter months. In Table 8, the economic 
parameters of the solution alternatives in 2050 are presented. 
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Table 8. Comparison scenarios 2050. 

Parameter Grid expansion Battery storage Hydrogen storage 
Investment costs [EUR] 1,425,600 6,298,000 8,105,000 
Operating costs [EUR/a] 14,256 157,450 405,250 
Overall costs [EUR/a] 104,739 690,601 1,039,636 
Revenue arbitrage trading [EUR/a] - 180,899–301,498 −21,802–−11,243 
Revenues heat [EUR/a] - - 218,571 
Cost avoidance HS grid [EUR/a] - 568,591 498,401 
Result [EUR/a] −56,639 58,889–179,488 −344,466–−333,907 

6. Discussion and limitations 

In this work, different scenarios are simulated in two different configurations of a MV grid. These 
MV power grids were developed and published specifically for research into the economic, robust and 
environmentally friendly grid integration of distributed energy technologies. However, power grids 
represent a very complex system in which almost every MV grid has a different configuration and 
different connections to HV and LV grids. These interconnected higher and lower grid levels were not 
fully modeled in this work, which meant that interactions with them could not be considered in this 
work. Furthermore, the results are highly dependent on the framework and assumptions used. 
Therefore, this work considers profiles at high levels of aggregation and averages. These do not 
represent extreme scenarios, which means that further simulations are necessary to answer the question 
for these scenarios. RES deployment can also vary significantly by region within Germany. The 
modeling of generation capacities carried out here is based on average values and therefore, 
comparable to the grid topology, cannot be used to describe extreme scenarios. 

Furthermore, this work is limited to the investigation of storage systems as an alternative to grid 
expansion. However, there are several other possibilities to reduce grid loads and thus contribute to a 
more cost-efficient solution. These include, for example, the regulation of generation surpluses or local 
energy markets. However, there are also several additional technical and regulatory alternatives. In 
most cases, combinations of the individual options are also implemented, which could not be depicted 
here due to the focus on storage systems. Furthermore, the grid parameters voltage band and thermal 
load capacity of the power lines were mainly investigated here. In the power grid, however, there are 
other technical constraints that could be included in the simulation. Therefore, this analysis is to 
be related to the technical challenges during RES expansion. To provide comparability of results, 
daily (battery storage) or seasonal (hydrogen storage) peak shaving was implemented for the storage 
systems. However, there are other algorithms for optimizing the feed-ins and feed-outs of the storage 
systems. In further work, it is therefore appropriate to perform a similar analysis on this trade-off, 
designing a control algorithm for the storages that produces the desired grid relief at the lowest possible 
cost. 

This article has shown that storage systems need additional revenue sources to be economically 
superior to grid expansion. For this purpose, heat extraction, arbitrage and compensation of grid 
expansion in higher grid levels were used. This list is not exhaustive, which means that by 
incorporating further potentials, the storage plants should further improve economically. To date, no 
scientific basis exists to rank the additional revenue sources of storage. Other work may therefore reach 
different conclusions if different exogenous price time series and transmission projects are used as the 
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economic basis. Also, if other revenue sources, such as power balancing services, are used, there could 
be discrepancies in the overall analysis. To ensure that the results presented here are robust, scenarios 
for these economic parameters were therefore used to show the sensitivities of the influences. 

7. Conclusions 

In this work, a techno-economic analysis of different storage systems as an alternative to classical 
grid expansion was carried out in a selected MV grid with representative RES data from Germany. The 
technical part of the analysis shows that both grid expansion and storage systems, when properly placed 
and sized, can ensure compliance with grid constraints and thus provide reliable supply at high 
penetration levels of RES. Based on scenarios investigated here, consisting of reference grids and 
selected consumers and generators, it could also be shown that grid expansion represents the 
cost-optimal solution, provided that additional revenue potentials of storage systems are neglected. 
This corresponds to the results of the literature reviewed in chapter 1.2. However, most literature lacks 
in integrating additional revenue potentials. If heat extraction, the avoidance of grid expansion at 
higher grid levels, and arbitrage trading on the electricity market are integrated into the economic 
analysis, battery storage technologies are economically superior to grid expansion. The direct 
comparison of hydrogen storage and battery storage is one of the main contributions of this analysis. 
In both scenarios with low penetration and high penetration from RES, battery storage is economically 
superior to hydrogen storage. Grid expansion is more economical than hydrogen storage in any 
scenario. In the case of hydrogen storage, arbitrage trading is considered uneconomic since no positive 
contribution margin can be generated due to the low efficiencies. The present analysis has thus shown 
that it is economically preferable to replace grid expansion with battery storage. This contrasts with 
the literature review which states that battery storage is uneconomical to avoid grid expansion 
according to the state of the art. To achieve this, however, the regulation of the electricity grids must 
first be changed in such a way that there is no longer any obligation to expand the grid, but instead 
battery storage systems are encouraged to behave in a way that serves the grid, or grid operators are 
allowed to compensate for grid expansion with battery storage systems. Additional potential for the 
use of electricity storage systems must also be developed or permitted by regulation. Only when battery 
storage systems exploit their full potential, they can represent a more cost-efficient alternative to grid 
expansion and thus contribute to an economically efficient energy system. Without exploiting these 
use cases, the classic grid expansion is the cost-efficient alternative. 
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