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A B S T R A C T

Sector integrated renewable-based energy systems require new concepts for optimal operation and supply se
curity assessment. Using an integrated optimization model of the German energy system, we identify two future 
peak loads: a harvesting peak load of ~287 GW, where flexible sector coupling technologies and energy storage 
maximize renewable electricity use, and a resilience peak load of ~139 GW, which occurs during dark lulls and 
must be met by flexible power plants. Our findings highlight that the flexibility of sector coupling technologies, 
alongside sufficient energy storage, is essential for balancing supply and demand in volatile renewable-based 
energy systems. A sensitivity analysis shows that limiting electrolyzer flexibility – by requiring at least 8000 
full load hours – doubles renewable electricity curtailment and raises system costs by 10.5% compared to the 
reference scenario. Therefore, policymakers should incentivize flexible sector coupling and electricity demand 
while ensuring the expansion of long-term energy storage.

1. Introduction

1.1. Motivation

In ongoing efforts to reduce greenhouse gas emissions, countries 
around the world are transforming their energy systems from fossil fuel- 
based systems to renewable energy-based systems [1]. The European 
Union has set the goal to become greenhouse gas neutral by 2050 [2], 
while Germany has legally pledged to reach this target already by 2045 
[3]. Future energy system designs which achieve ambitious emission 
targets will likely be based on volatile renewable sources such as wind 
and solar power and feature electrification of end-use sectors in order to 
reduce emissions [4]. This electrification is supported by sector coupling 
technologies such as electrolyzers, heat pumps and battery electric ve
hicles [5], which also help to integrate high shares of renewable energy 
into the system [6]. Operational strategies for such sector-integrated 
energy systems present an ongoing research challenge in energy sys
tem modelling [7]. Additionally, as the share of renewables sources in 
the system increases, concerns about the security of supply [8] and the 
resilience of the future energy system to disruptions also increase [9].

1.2. Literature review

As different terms in the research area of security of supply and en
ergy resilience overlap [10], an introduction into relevant terms and 
their application is given. Afterwards, existing studies analyzing energy 
security are presented.

In the context of energy systems, resilience can be seen as the “ability 
to anticipate, absorb, recover from, and adapt to disruptions” [11]. 
Typically these disruptions are unexpected events with low probability, 
but high impact on the energy system [11] like hurricanes, terrorist 
attacks or dark lulls [10]. In contrast, energy system reliability analysis 
focuses on maintaining energy supply during expected conditions [11]. 
Both energy resilience and energy reliability are important parts of the 
security of supply in energy systems, which can be defined as “main
taining energy supply at all times” [10]. However, most existing studies 
neglect the potential impact of the demand side in sector-integrated 
energy systems and only focus on the supply side for analyzing energy 
security [9]. Another related aspect is the system adequacy, which is the 
“ability to meet all demands [..] at every moment in time” [12]. Thus, it 
is apparent that definitions for the different aspects of energy security 
overlap, and, as a result, methodologies to evaluate these aspects 
overlap as well [10]. System adequacy can cover a wide range of time 
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scales, from long-term capacity investment, which are typically 
analyzed with optimization or simulation models [10], to voltage and 
frequency security analyses on a time scale of seconds, which can be 
analyzed with mixed-integer linear programming or bi-level planning 
models [13]. While assessments of security of supply have in the past 
focused on the analysis of supply chains of primary energy carriers [14], 
the impact of weather conditions on the supply security of renewable 
energy systems is now analyzed using simulation and optimization 
models [10]. To assess the resilience of these renewable-based energy 
systems, the usage of optimization under uncertainty approaches is a 
viable option to explicitly capture disruptive events and their impact on 
short- and long-term energy system design and operation [10]. 
Furthermore, stochastic modelling approaches like Monte-Carlo simu
lations are used to model power plant availability and their impact on 
security of supply from a capacity planning perspective [15]. Another 
aspect of energy security is the need for flexibility in renewable-based 
energy systems [16]. This flexibility can be needed for the power sys
tem in the form of frequency or voltage stability, for the energy system in 
the form of matching supply and demand over longer periods and in the 
form of transfer capacity of electricity grids to prevent local bottlenecks 
[17]. Flexibility measures that ensure the balance of the energy system 
include flexible powerplants with fast ramping responses, energy stor
age, sector coupling technologies, grid infrastructures, but also demand 
side management [18].

In existing literature, various studies have assessed the security of 
supply and resilience of energy systems with different methodological 
approaches. First, studies which focus on the supply side of the energy 
system are presented: Grave et al. [19] analyze supply adequacy for the 
German power sector by calculating the secured generation of volatile 
renewable energy sources. To determine the needed capacity of 
hydrogen backup power plants in a carbon-neutral German power sys
tem, Brunner et al. [20] use an electricity market model and show how 
additional flexibility of sector coupling options reduces the maximum 
and minimum residual load. The effects of large shares of volatile 
renewable energy sources on the residual load in Germany are also 
analyzed by Schill [21] with a simple linear cost minimization model 
which optimizes storage investments and operation of power plants. He 
shows that electricity storage and curtailment are options to deal with 
renewable surpluses.

Other existing literature analyzes the needed short- and long-term 
flexibility in renewable energy systems: Suna et al. [22] use a power 
and district heating optimization model to assess the future flexibility 
needs of the Austrian electricity system. Using the concept of residual 
load in this renewable-based energy system in the year 2030, they show 
that pumped hydro power is important for covering daily to monthly 
flexibility needs, but cross-border electricity grids are needed for annual 
balance of supply and demand. The flexibility demand for the German 
transmission grid is analyzed by Büttner et al. [23] using an optimiza
tion model for electricity and natural gas grids. They show that coupling 
the heating and mobility sectors to the electricity sector is beneficial for 
integration of renewable energy sources into the electricity grid. Chyong 
et al. [24] use a European optimization model covering energy supply 
and the demand sectors industry, mobility, residential and commercial. 
They show that, in a decarbonized European energy system, energy 
storage and flexible operation of heat pumps provide temporal flexibility 
while electricity grid expansion is important for spatial flexibility. A 
linear optimization model is used by Göke et al. [25] to show that the 
flexibility of sector coupling technologies helps to integrate volatile 
renewable energy sources and halves the residual peak load in a fully 
renewable European energy system. Additionally, Boehnke et al. [26] 
show in a European case study that decentral flexibility options such as 
battery storage systems, heat pumps and electric vehicles have a high 
value for the energy system. They coupled an electricity market model 
with an optimization model for demand side technologies to analyze the 
possible revenues of local flexibilities, like heat pumps or smart charging 
of electric vehicles. The effects of integrating large electrolyzer 

capacities into the German transmission grid are studied by Lieberwirth 
and Hobbie [27] with an electricity market model. Their results show 
that curtailment of renewable energies is reduced, if electrolyzers are 
sited with respect to grid constraints and can be operated flexibly.

Next, studies that assess the potential contributions of the demand 
side for resilient energy systems are shown: By analyzing the results of 
an expert survey, Papaefthymiou and Dragoon [28] promote an active 
role of the electricity demand in the system management, as well as the 
need for energy storage and expansion of transmission networks in 
100% renewable energy systems. For analyzing the role of demand side 
management for integration of renewable electricity sources Balasu
bramanian and Balachandra [29] develop a mixed-integer linear pro
gramming model which they apply for a case study of the electricity 
system in a South Indian state. Karimi et al. [30] develop an integrated 
multi-energy system model using multi-objective and multi-attribute 
decision making to show that demand side management of electrical 
and thermal demands helps to integrate intermittent renewable gener
ation and simultaneously reduces operating costs. By coupling an inte
grated assessment model with an hourly energy system model, 
Odenweller et al. [31] introduce a method to model demand side flex
ibility in long-term scenarios of integrated assessment models. They 
show that, in a climate-neutral Germany, demand side flexibility can 
achieve system-wide economic benefits and reduces required expansion 
of renewable energy sources.

Last, the impact of weather conditions and climate change on secu
rity of supply is analyzed by a rising number of studies: Gøtske et al. [32] 
use a sector-coupled, European energy system model and 60 historical 
weather years to show the need for robust design of backup capacities 
and energy storage to bridge challenging weather conditions. Addi
tionally, Kittel and Schill [33] provide methods to analyze energy 
droughts and expand their methodology to negative residual load events 
with renewable surplus generation. Furthermore, Liu et al. [34] use 
global climate models to analyze the impact of climate change on energy 
systems based on wind and solar energy. They conclude that climate 
change will impact the supply-demand matching and should be 
considered in the long-term planning of energy systems. An approach to 
include climate change uncertainty into a European energy system 
optimization model is presented by Plaga and Bertsch [35]. They use 
data from six climate models, a time clustering algorithm and decom
position methods to show that the general design of the European 
electricity system is independent from climate change uncertainty, but 
investment in long-term hydrogen storage varies.

1.3. Research gap

As shown, existing literature has assessed security of supply in en
ergy systems from various perspectives. However, a holistic analysis for 
a renewable-based national energy system, which contains and connects 
the most relevant aspects for security of supply, is missing. Thus, a 
systemic assessment of energy resilience should investigate the required 
expansion and operation of flexible power plants and energy storage, 
explicitly considering challenging weather conditions, like droughts, 
dark lulls, or the impact of climate change on the renewable-based en
ergy system. Furthermore, this analysis should also examine the role of 
sector coupling options for balancing supply and demand, while 
considering other flexibility measures such as curtailment, demand side 
management or grid expansion. Such coherent assessments of security of 
supply in sector-integrated energy systems are currently missing.

Existing research also does not provide operation strategies for 
resilient, renewable-based energy systems. While several studies show 
how specific energy system components should be operated, they do not 
deduce general insights applicable to other sector-integrated energy 
systems. Additionally, existing studies lack strategies for harvesting 
generation peaks by renewable energy sources in sector-integrated en
ergy systems. Therefore, such operation strategies, which are transfer
able to other energy systems with high shares of volatile renewable 
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energies, are needed.

1.4. Contributions

Following this, we assess the resilience of a sector-integrated 
renewable-based energy system in this work from the perspective of 
security of supply. We provide a holistic analysis on a future energy 
system design which ensures security of supply by investment into 
flexibilities and their optimal operation. Furthermore, we show opera
tional strategies for both bridging challenging situations, like dark lulls, 
and harvesting renewable energy surpluses during favorable weather 
conditions.

Key research questions in this work are: 

• What criteria are suitable to evaluate the security of supply in sector 
integrated energy systems?

• What are optimal operational strategies of sector coupling technol
ogies in renewable energy-based systems?

• How does limiting the flexibility of electrolyzers affect a sector in
tegrated energy system?

• How are operational strategies for sector integrated energy systems 
affected by different weather conditions?

We answer these questions using the future German energy system as 
a case study. As Germany has pledged to become greenhouse gas neutral 
already by 2045, answering these research questions and providing 
policy implications is more urgent for the German energy system than 
for other cases where the transformation can take place over a longer 
timeframe. Using the sector integrated optimization model ETHOS. 
Infrastructure, we contribute novel insights to existing literature. 
Considering electricity, hydrogen and heat demand of the entire energy 
system, we can model the operation of sector coupling technologies 
accurately. Modeled sector coupling technologies include electrolyzers, 
heat pumps and power-to-heat applications. Additionally, the model can 
also invest into short-term and long-term energy storage, flexible power 
plants and renewable energy sources like photovoltaic and wind energy. 
Furthermore, the hourly resolution in combination with weather data 
enables identification of critical situations for the security of supply, like 
dark lulls, and enables curtailment of renewable energy in case of sur
pluses. We chose this optimization model to evaluate the resilience of 
the integrated energy system holistically from a systematic view. This 
energy system model allows us to analyze the expansion of technologies 
and their operation, and derive conclusions that are not only applicable 
to the German energy system, but can also be generalized to other sector 
integrated energy systems that rely on volatile renewable energy 
sources.

This paper is structured as follows: In Section 2, the German energy 
system model ETHOS.Infrastructure is introduced and the scenario as
sumptions are outlined. In Section 3, we introduce new concepts for 
analyzing the peak load in sector integrated energy systems, which we 
derived from our optimization results. These results are presented and 
discussed together with the results of the conducted sensitivity analyses 
in Section 4. Finally, the paper is concluded, and strategic implications 
are derived in Section 5.

2. Methodology

To analyze operating strategies for sector coupling technologies and 
to assess the resilience of energy systems, the model suite ETHOS (En
ergy Transformation pathway Optimization Suite) is used [36,37]. 
ETHOS comprises tools and models for energy systems analysis on 
regional, national and global scale, global trade, renewable potentials, 
resources, life cycle assessment, network modeling, macroeconomics, 
socioeconomics and more. The basis of most of the models is the 
open-source, python-based optimization framework ETHOS.FINE 
(Framework for Integrated Energy system assessment) [38]. The 

framework allows the modelling of systems with multiple regions, time 
steps, commodities, and investment periods. The objective function is 
the minimization of the system costs. Within this study, the analyzes are 
conducted with the German energy system model ETHOS.Infrastructure 
[39,40].

2.1. German energy system model: ETHOS.Infrastructure

The model ETHOS.Infrastructure determines the minimum-cost 
spatial and temporal design of electricity, gas, hydrogen and heating 
infrastructure in Germany, taking into account the emission reduction 
targets. The optimization is performed as a linear program for a single 
year at hourly resolution. To investigate the transformation pathway 
from today's energy system to future energy systems, the individual 
optimizations can be connected in series, with the results being trans
ferred to the subsequent optimization. The spatial resolution amounts to 
80 regions. Region definitions are derived from the network buses 
density of the high voltage electricity grid based on an aggregation 
method developed by Hörsch and Brown [41]. In addition, two offshore 
regions are introduced to represent offshore wind farms in the North and 
Baltic Seas and their connections to the mainland. The analysis is per
formed for the target year 2045. It is assumed that Germany will achieve 
its goal of becoming greenhouse gas-neutral by 2045 with a complete 
coal phase-out. An overview of all modeled components, which are 
considered in this analysis, is shown in Fig. 1.

These components include renewable energy sources, e.g. wind and 
solar power, conversion processes, e.g. gas-fired power plants and water 
electrolysis, transmission technologies, e.g. electricity and gas grids, and 
storage technologies, e.g. batteries and underground storage for 
hydrogen. In addition, the model can import commodities from outside 
the model boundaries, e.g. hydrogen and electricity from neighboring 
countries. Each region in Germany has its own predefined demand 
profiles for various commodities, including those required for industrial 
processes, transportation, heating, etc. The model optimizes the sizing 
and operation of the given options, taking into account technical and 
environmental constraints, to always meet the demand profiles in all 
modeled regions.

As greenhouse gas neutrality needs to be achieved in Germany by the 
year 2045, the share of renewable energy sources will be high. This will 
likely lead to a highly volatile feed-in from renewable energy sources 
and will require flexibility in the cost-optimal energy system design to 
adapt to the prevailing conditions. The energy system can benefit from 
numerous flexibility options: The modeled options include short- and 
long-term storage that is charged when renewable energy feed-in is high 
and discharged when renewable energy feed-in lags demand. The model 
considers battery storage and hydroelectric pumped-storage power 
plants as options to store electricity. Instead of storing electricity 
directly, it can also be converted into other commodities which can be 
directly used or stored. In combination with storage options, the demand 
can be met flexibly although the conversion processes are geared to 
electricity supply. These options include power-to-gas conversions, e.g. 
hydrogen production via water electrolysis, and power-to-heat conver
sions, e.g. electric boilers. The options can be combined with hydrogen 
and heat storage to meet demand at later time steps. Furthermore, the 
model can decide to curtail the feed-in of renewable energies instead of 
dimensioning flexibility options to the maximum feed-in. This economic 
curtailment follows the model logic of minimizing the energy system 
costs and thus is taken if it is cheaper than installation of additional 
storage capacities or further expansion of flexible sector-coupling 
technologies.

2.2. Model inputs and assumptions

The model results are highly dependent on their input data. As the 
focus of this analysis lies on the target year 2045 and the achievement of 
greenhouse gas neutrality, renewable energy potentials have a great 
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impact on the system design. The underlying renewable potentials for 
wind onshore and photovoltaics were taken from Risch et al. [42]. The 
used wind offshore potential was taken from Caglayan et al. [43]. 
Generation time series are calculated with the open-source python 
package RESkit (Renewable Energy Simulation toolkit for Python) [44,
45]. The time series calculation for the reference scenario is based on the 
weather year data for 2013. The electricity grid is based on the network 
development plan for 2037 with an outlook on 2045 [46]. The potentials 
for electricity import and export are defined by the positive and negative 
residual loads of the connected countries. The residual load values are 
based on the work of Syranidou [47]. The layout of the gas grid was 
taken from Ref. [48]. It is assumed that all existing natural gas pipelines 
can be retrofitted to transport hydrogen in the future. Additionally, new 
hydrogen pipelines can be built along existing pipeline corridors. Cost 
assumptions are aligned with the assumptions of the European hydrogen 
backbone [49]. Hydrogen can be produced domestically via water 
electrolysis, or it can be imported via the import corridors of the Euro
pean hydrogen backbone [50] or by ship to harbors in northern Ger
many. As seasonal storage options, existing salt caverns can be 
retrofitted for storing hydrogen and new salt caverns can be built based 
on the potential analysis of Caglayan et al. [51]. The assumed 
techno-economic parameters are based on the study conducted by Maier 
et al. [52].

Demand projections are taken from scenario calculations with the 
German energy system model ETHOS.NESTOR [52–54]. The model 
optimizes the transformation pathway for Germany with high sectoral 
coverage. The underlying model algorithm allows the selection of the 
most cost-effective reduction measures across all sectors and their 
combination into a coherent national greenhouse gas strategy [37]. Due 
to the lack of spatial resolution in ETHOS.NESTOR, grid restrictions 
cannot be analyzed. Therefore, the optimized demand projections are 
given to the spatially resolved ETHOS.Infrastructure model, which is 
able to model grid restrictions, but with less sectoral coverage.

To be able to use the national demand profiles as input, the profiles 
are regionalized based on individual proxies, e.g. population, employ
ment, and emissions [40]. In the end, every region has its own combi
nation of different demand profiles depending on their characteristics. 
This process has been done for the demand of electricity, methane, 
hydrogen and heat, thereby each end-consumer sector was individually 
regionalized. Demand projections for the energy sector, such as elec
tricity demand for hydrogen production or hydrogen demand for power 
plants, are not included as inputs because they are part of the optimi
zation result of ETHOS.Infrastructure.

Background information and techno-economic parameters of the 
underlying scenario calculations with ETHOS.NESTOR are described in 

Maier et al. [52]. Fig. 2 shows the national demand profiles for elec
tricity and hydrogen from these calculations, which can be interpreted 
as inflexible demand that needs to be met. While electricity demand 
follows a daily pattern, hydrogen demand is almost constant. In the 
summer, there are peaks in electricity demand for cooling applications. 
It is assumed that these applications are not flexibly operable. Demand 
side management, i.e. shifting demand to a time when supply conditions 
are better, is not considered in the model.

In addition to this inflexible demand, the heating demand allows for 
several flexibility options, using heat pumps, thermal power plants, or 
other power-to-heat applications, such as electric boilers combined with 
heat storage. Their demand for electricity, hydrogen, or other com
modities is part of the optimization results of ETHOS.Infrastructure.

To obtain a robust system design, a cold and dark lull was introduced 
for two consecutive weeks in January. In this period, renewable energy 
supply was reduced to 10% of the original generation potential. Addi
tionally, the heating demand was increased by 25% for these two weeks.

2.3. Scenario definition

To define suitable criteria for assessing the security of supply in 
future greenhouse-gas neutral energy systems and to analyze opera
tional strategies of sector coupling technologies, the energy systems cost 
optimization was performed for the target year of 2045 with the 
described input parameters (see Section 2.2). For each hour of the year, 
the operation of supply and demand, including the flexibility options 
described in Section 2.1, is optimized. Based on the annual operation 
time series, the cost-optimal operation strategies for the different sector 
coupling technologies can be determined. Furthermore, the results show 
how the demand is met in times when the feed-in from renewable energy 
sources are low and which measures need to be taken to ensure security 
of supply.

A sensitivity analysis with minimum full-load hours of electrolysis 
operation was performed to analyze how limiting flexibility options 
affects the design of the energy system and system costs. The variations 
are carried out for 4000, 5000, 6000, 7000 and 8000 full load hours, 
reducing the flexibility that can be provided by the electrolyzers, i.e. the 
higher the full load hours of the electrolyzers, the less flexibility they can 
provide to the system. To prevent domestic hydrogen production from 
falling to zero and all hydrogen from being imported, the model is given 
the constraint that at least the same amount of hydrogen must be pro
duced domestically as in the reference scenario. The resulting model 
outputs are analyzed regarding their changes in the composition of the 
design, the total annual costs, and the amount of curtailed renewable 
energy.

Fig. 1. Components modeled in ETHOS.Infrastructure for this analysis (based on [40]). CHP: Combined Heat and Power, AC: Alternating Current, DC: Direct Current, 
PHES: Pumped Hydroelectric Energy Storage.
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Another sensitivity analysis investigates the impact of interannual 
variability of weather conditions on the resilient energy system design 
and its operation. We use weather data from the historical weather years 
from 2009 to 2016 and optimize the energy system individually for each 
weather year. The results are analyzed with focus on peak loads, 
curtailment and installed capacities in the different weather years.

3. Peak load concepts

Accompanying the transformation of the energy system, the criteria 
for evaluating security of supply must change. In mostly fossil fuel-based 
energy systems, an inflexible electricity load was met by flexibly oper
ating powerplants. In contrast, in renewable energy systems a volatile, 
renewable feed-in by photovoltaic plants and wind turbines dominates 
the electricity supply. This forces a paradigm shift from a single peak to a 
double peak energy system: The system must no longer only serve the 
maximum peak load using flexible electricity supply, it now also needs 
flexible load to absorb and harvest energy during the peak supply of 
inflexible and variable renewable energy sources.

Up until recently, the peak load of the electricity system was a 
deciding factor to analyze security of supply [55]. Due to the rising share 
of volatile renewable electricity supply in the German electricity system, 
the residual load is now a more widely used criteria for assessing secu
rity of supply. The residual load is defined as that part of the electric load 
which is not covered by volatile renewable energies and must be covered 
by flexible power suppliers (see Eq. (1)) [55]. 

Residual Load=Demand Load − Variable Renewable Energy Supply
(1) 

In 2024, the German peak load of 75.5 GW [56] occurred on January 15 
between 11 a.m. and 12 p.m., but the residual load during that time was 
only 41.6 GW and thus significantly lower. In contrast, the highest re
sidual load of 66.3 GW occurred on November 6 between 5 p.m. and 6 p. 
m. when wind and solar power together only supplied 0.1 GW [56]. 
Fig. 3 shows the sorted annual load curve and the sorted residual load 
curve for the year 2024 in the German electricity system. The renewable 
energy supply could only cover the electrical load for a few hours. In all 
other hours, additional flexible electricity supply is required to meet the 
electrical load, represented as blue area in Fig. 3.

The residual load is a good indicator of the flexible generation ca
pacities needed, but neglects flexible loads in sector integrated energy 
systems. These sector coupling technologies can adjust their electricity 
consumption according to the available variable renewable energy 
(VRE) supply by wind turbines or photovoltaic plants, and thus help to 
balance demand and supply in the electricity system.

To account for the dual peaks in renewable energy systems, we 
extend the definition of the residual load to the negative range (elec
tricity demand < volatile renewable electricity supply). In addition, we 

focus on the inflexible part of the hourly electricity demand and exclude 
flexible loads such as electrolyzers or energy storage from the equation. 
This brings us to the definition of the inflexible residual load for every 
time step (t) in equation (2). 

Inflexible Residual Loadt = Inflexible Demandt − Inflexible Supplyt

(2) 

With Inflexible Demandt : Electricity demand in time step t,
minus electricity demand from available flexibility options in t
and with Inflexible Supplyt : Volatile renewable electricity supply 

in time step t
The inflexible demand is not a fixed value, but varies throughout the 

year depending on demands from industry, buildings and mobility. 
Furthermore, sector coupling technologies, like heat pumps or power-to- 
heat applications, could be included in the inflexible demand, if they are 
forced to operate due to constraints in heating supply and, in turn, are no 
longer flexible. The inflexible supply in a 100% renewable-based energy 
system is the volatile renewable electricity supply e.g. through weather 
dependent photovoltaics and wind power generation. In energy systems 
with inflexible power plants such as coal power plants, which, if acti
vated, are constrained by minimum production thresholds, the inflexible 
supply could also contain these power plants. However, this is not 
applicable to this work, as no such power plants are in service in a 
greenhouse gas-neutral Germany in the year 2045.

The extreme points of the inflexible residual load during the year form 
two peaks of renewable energy systems. We propose the terms har
vesting peak load (see Eq. (3)) and resilience peak load (see Eq. (4)). 

Harvesting Peak Load=

⃒
⃒
⃒min

t
(Inflexible Residual Loadt)

⃒
⃒
⃒ (3) 

Fig. 2. Inflexible electricity and hydrogen demand profiles in 2045 from ETHOS.NESTOR scenario calculations. Demand for electricity follows a daily pattern, while 
demand for hydrogen is almost constant.

Fig. 3. Sorted annual load curve and sorted residual load curve for the year 
2024 (based on data from Ref. [56]). The blue area represents the load that 
needs to be covered by flexible electricity supply.
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Resilience Peak Load=

⃒
⃒
⃒max

t
(Inflexible Residual Loadt)

⃒
⃒
⃒ (4) 

The harvesting peak load is defined as the absolute value of the 
minimum inflexible residual load which must be absorbed by flexible 
consumers, as shown on the right side of Fig. 4. It describes the 
maximum renewable production surplus, which is harvested by flexible 
loads, including electrolyzers, large-scale heat pumps and charging of 
battery storage. The harvesting peak load is explained in more detail in 
section 4.2.2.

The resilience peak load, on the other hand, is defined as the 
maximum inflexible residual load which must be covered by flexible 
power plants. The inflexible electricity demand exceeds the variable 
renewable energy supply (see left side of Fig. 4). This situation can occur 
during dark lulls. The resilience peak load determines the required flex
ible power plant capacity in the renewable energy-based energy system. 
In the case of a 100% renewable energy system, power plants running on 
hydrogen and bio-based fuels as well as energy storage discharge could 
serve as flexible production options. The resilience peak load is 
explained in more detail in section 4.2.1.

Fig. 4 shows these newly derived definitions for the inflexible re
sidual load as well as the harvesting and resilience peak loads for a 
renewable based energy system.

In energy systems with high shares of renewable energy, the inflex
ible residual load curve moves further into the negative space where the 
inflexible supply exceeds the inflexible demand. Instead of a single peak 
load as shown in Fig. 3, there are two peaks on either side of the 
inflexible residual load curve. The procedure how we derived equations 
(2)–(4) and the terms harvesting peak load and resilience peak load from 
the hourly optimization results is explained in the following section 4.1
with Fig. 6.

4. Results and discussion

The transformation of the German energy system towards green
house gas neutrality by 2045 leads to extensive changes in all sectors of 
the energy system. In particular, the transition of the electricity sector 
from a fossil fuel-based sector to a renewable energy-based sector is key 
for the energy system transformation. It enables emission reductions in 
other sectors of the energy system through sector coupling technologies. 
Thus, our optimization results show that the electricity demand rises 
from 464 TWh [56] in the year 2024 to 1330 TWh in the year 2045 
(Fig. 5). Major drivers for the increase in electricity consumption are 
electrolyzers with 311 TWh/a electricity demand, heat pumps with 
175 TWh/a and power-to-heat applications in industry with 168 TWh/a. 
While heat pumps are used to decarbonize the room heating, 
power-to-heat technologies, such as electric boilers, supply process heat 

for industrial applications. Hydrogen becomes an important energy 
carrier, with a demand of 517 TWh/a in 2045, of which 55% is used in 
industry, primarily as a feedstock in the chemical industry and to pro
duce steel, and 20% is used in the mobility sector, with the largest share 
consumed by heavy duty trucks. Electrolyzers supply 218 TWh/a of 
hydrogen domestically, while 300 TWh/a are imported from other Eu
ropean countries or Northern Africa via pipelines.

To supply the electricity needed, a significant expansion of electricity 
generation capacity is necessary. Thus, the installed generation capacity 
increases from about 264 GW [57] in the year 2024 to 800 GW in 2045. 
Wind energy and photovoltaics (PV) become the backbone of the 
German electricity supply with installed capacities of about 257 GW 
onshore wind energy, 40 GW offshore wind capacity, and 404 GW PV 
(Fig. 5). In total, wind and solar energy have a total installed capacity of 
700 GW and supply 90% of the total electricity in the year 2045. How
ever, flexible power plants with a capacity of 97 GW are installed to 
supply electricity during times when photovoltaics and wind energy 
cannot meet the electricity demand on their own. These power plants are 
hydrogen gas turbines and biomass power plants and only reach about 
1175 full load hours in the year 2045. Furthermore, battery storage has a 
total installed storage capacity of 244 GWh and is mostly charged during 
the day and discharged during the night.

4.1. Derivation of peak loads

Based on the concepts introduced in Section 3, the two peak loads are 
derived for the model results of the year 2045. The deduction of the 
previously introduced inflexible residual load, harvesting peak load and 
resilience peak load is explained in Fig. 6. By ordering the hourly time 
series for electricity supply and demand by the volatile renewable 
electricity generation, we create ordered load curves. To make identi
fying the patterns easier, we included a stylized version of the ordered 
load curves.

When ordered by variable renewable energy supply, three regimes 
become apparent: the harvesting, transition and dark lull period. During 
the harvesting period, the inflexible production is larger than the inflexible 
load. Flexible consumers such as electrolyzers are deployed to harvest 
excess energy. In the transition period, the inflexible production is less 
than the inflexible load. Flexible energy sources such as batteries are used 
to meet the demand. During the dark lull period, the inflexible demand 
does not only consist of the final energy demand of the sector in question 
(here: electricity), but also of loads to supply energy demands in other 
sectors. Heat pumps act as an additional sector coupling load during the 
cold dark lull. In order to serve this load, additional flexible producers, 
such as hydrogen power plants, are used.

The maximum load of the energy system in 2045 is 375 GW. Most of 
this load consists of flexible consumers who operate during periods of 
high renewable electricity supply and are therefore not relevant for 
assessing the resilience of the energy system (see Fig. 6). The critical 
resilience peak load is 139 GW, which is only about a third of the 
maximum load. This shows that in future energy systems, the peak load 
and the critical resilience peak load are more decoupled from each other. 
Still, the resilience peak in 2045 is more than twice as large as the re
sidual peak in 2024 (see Fig. 3), which means that a considerable 
amount of flexible emission-free powerplants have to be installed in 
order to meet the growing demand for electricity, even in dark lull 
periods.

Comparing the residual loads for the year 2024 (see Fig. 3) and the 
results for the year 2045 (see Fig. 6), it is visible that in 2024, the re
sidual load hardly reaches negative values where the renewable supply 
is higher than the demand. In contrast, the model results for 2045 show 
that the inflexible residual load is negative, i.e. there is a renewable 
overproduction, for more than 70% of the hours of the year. This 
overproduction reaches its maximum, the harvesting peak, at 287 GW. 
This means that there is a need for flexible consumers about double the 
capacity of flexible power plants in 2045 and about three times as high 

Fig. 4. Sorted annual load, inflexible load and inflexible residual load curve for 
a renewable based energy system. The blue area represents the load that needs 
to be covered by flexible electricity supply; the green area represents the excess 
power that must be absorbed by flexible consumers.
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as flexible power plants today.
The implication is that in addition to building capacity for renewable 

energy supply, we must also focus on managing the two peaks of the 
future energy system by building flexible capacities: On the one hand, 
there is the need for flexible generation to serve the resilience peak during 
the lull, and on the other hand, there is the need for flexible consumers 
to absorb the harvest peak during the renewable overproduction. Note 
that overproduction refers to temporary overproduction; over the entire 
year, this energy is not excess, but harvest.

4.2. Flexibility as key for electricity supply and demand

Sector-integrated renewable energy systems require both supply and 
demand flexibility. To analyze how flexible generation helps to bridge 
lulls, how flexible demand technologies help to harvest energy and what 
role curtailment can play, we look at these exemplary situations in the 
following paragraphs.

4.2.1. Resilience peak load
As shown in Fig. 6, the resilience peak load occurs during periods with 

low renewable electricity generation. These periods occur during dark 
lulls, when weather conditions limit the electricity generation of pho
tovoltaics and wind turbines to a small share of their installed capacity. 
These situations are critical for a sector integrated energy system. Using 
just one weather year as input data for future resilient energy system 
designs can underestimate the critical impact of dark lulls on the entire 
energy system [32]. Therefore, we conducted an additional sensitivity 
analysis (see section 4.4), in which we optimized the energy system for 
each of eight historical weather years individually. However, this 
approach could still underestimate the impact of dark lulls or climate 
change uncertainty on a renewable-based energy system. Thus, as 
explained in section 2.2, we use a different approach for designing a 
resilient energy system and include a synthetic two-week cold dark lull 
in January. Comparing our added synthetic dark lull with analysis of 
historical dark lulls, Ryberg [58] shows that a two week dark lull with 
this extent is highly unlikely in Germany. Ryberg [58] shows that be
tween the years 1980 and 2016 the longest period in which PV and wind 
energy delivered less than 25% of their average generation in Germany 
was about seven days. Thus, the inclusion of the two-week cold dark lull 
is a pessimistic assumption to ensure a resilient energy system design 
even under extreme future scenarios.

The resilience peak load for the year 2045 occurs during the cold dark 
lull as shown in Fig. 7. During the dark lull, wind energy and PV 
contribute very little to the electricity generation during these two 
weeks. Instead, flexible power plants must supply most of the electricity 
during this period. At the resilience peak load of 139 GW at 5 p.m. on 
January 14th, hydrogen gas turbines provide 64 GW of electricity, 
biomass combined heat and powerplants 32 GW, and energy storage 
48 GW of electricity. It is worth noting that the contribution of battery 
storage during an extended lull is often small, because they cannot be 
completely recharged when renewable electricity generation is low for 
multiple days. During the resilience peak only about a fifth of the elec
tricity storage capacity is used.

On the other side of the energy balance, the load is reduced as much 
as possible during the cold dark lull by shutting down electrolyzers and 
power-to-heat applications as well as reducing the load of heat pumps. 
Thus, the required flexible power plant capacity of 97 GW in the year 
2045 is determined by this inflexible electricity demand during the dark 
cold lull.

The reduction in electricity consumption of flexible sector coupling 
technologies is only possible in 2045 because long-term storage capac
ities for hydrogen and heat are installed. For hydrogen storage, existing 
salt caverns are repurposed and new salt caverns are built, resulting in a 
hydrogen storage capacity of 73 TWh in 2045. These hydrogen storages 
are used during the dark lull to supply the hydrogen demands in the 
sectors industry and mobility, while also providing hydrogen for the 
hydrogen gas turbines to cover the electric load. Furthermore, heat 
storage in district heating networks and combined heat and power plants 
enable the reduction of electricity demand of power-to-heat applications 
and heat pumps. However, for certain heat demands in decentral room 
heating and process heating in industry, no sufficient heat storage ca
pacities are available. This leads to the need to operate heat pumps and 
power-to-heat applications during the cold dark lull (see Fig. 7). Battery 
storage plays a minor role in bridging dark lulls as it is cost-optimally 
designed to balance supply and load during a day or between two 
days with 314 storage cycles in 2045. Therefore, the interplay between 
flexible power plants and flexible sector coupling technologies allows 
bridging the cold dark lull as a critical situation for the security of 
supply.

4.2.2. Harvesting peak load
While bridging lulls requires flexibility to reduce the electricity 

Fig. 5. Electricity demand and installed generation capacities in the year 2024 in Germany [57] and in the model year 2045.
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demand, harvesting renewable peaks in energy supply requires flexi
bility of sector coupling technologies to increase their electricity de
mand. As Fig. 8 shows, the harvesting peak load of 287 GW occurs at 11 
a.m. on March 27th, 2045.

In this situation, the renewable energy sources supply 374 GW of 
electricity, while the inflexible electricity demand is at 87 GW, leaving a 
remaining harvesting peak load of 287 GW. To absorb this load, elec
trolyzers increase their electricity consumption to 97 GW, heat pumps to 

Fig. 6. Deduction of the harvesting and resilience peak load for the year 2045. CHP: combined heat and power plant, PP: power plant.
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41 GW and other power-to-heat technologies to 46 GW. Furthermore, 
battery storage is charged with 80 GW and electricity exports reach 
23 GW. Thus, the flexible sector coupling technologies and storage are 
used to harvest as much renewable electricity as possible. The harvested 
electricity can be converted into hydrogen or heat in order to decar
bonize other sectors of the energy system. In the case of hydrogen, the 
harvested energy can be stored over longer periods and later be used in 
hydrogen gas turbines to produce electricity again and bridge lulls. 
Therefore, the harvesting peak load is not a critical situation for security 
of supply, but instead beneficial for the resilience of the energy system.

4.2.3. Curtailment in sector integrated energy systems
Harvesting all renewable energy supply is not always economically 

feasible. Instead, curtailment of PV and wind energy is necessary in 
highly sector-integrated energy systems. Fig. 9 shows two weeks with 
the maximum curtailment of variable renewable electricity production. 
The maximum curtailment of 152 GW occurs on June 2nd at 9 a.m. As 
the highest solar production is in summer and the highest wind pro
duction in winter, the combined maximum production – and also 
curtailment - occurs in the transitional seasons of fall and spring.

Multiple conditions must be met for curtailment to take place. First, 
high wind energy supply during the night allows the operation of all 

sector-coupling flexibility options. Second, there is no need for dis
charging battery storage during the night. Finally, high solar and wind 
energy supply during the day allows the operation of all sector-coupling 
flexibility options. In this case, the battery storage is not discharged at 
night, thus there is no need to charge the battery during the prior day. By 
not charging the battery during peak renewable energy supply, the 
system loses flexible load and relies on curtailment as a last resort. This 
means that curtailment is an additional flexibility option that is used as a 
substitute when other options are not available, such as when Li-Ion 
batteries reach their maximum state of charge. When it comes into ef
fect, it is the most economical option for dealing with inflexible pro
duction, as curtailment itself does not cost anything. During the year 
2045, a total of 28 TWh of electricity is curtailed, representing only 
about 2.1% of the total electricity generation.

4.3. Sensitivity of inflexible demand: minimum full load hours of 
electrolysis

The previous results indicate that flexible loads play an important 
role in balancing out energy systems with high shares of variable 
renewable energy sources. To test this, a sensitivity analysis is per
formed, depriving the system of some of its flexibility. In this sensitivity 

Fig. 7. Resilience peak: minimum inflexible production at maximum inflexible demand in 2045. CHP: combined heat and power plant, PP: power plant.

Fig. 8. Harvesting peak: maximum inflexible production at minimum inflexible demand in 2045. CHP: combined heat and power plant, PP: power plant.
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analysis electrolyzers are required to operate at a specific minimum 
number of annual full load hours (FLH). In the reference scenario, the 
optimum FLH of electrolyzers are 3200 with an installed capacity of 98 
GWel related to electricity input, resulting in an electricity demand of 
311 TWh/a and a hydrogen output of 218 TWh/a. Thus, electrolyzers 
show the largest flexible electricity demand in the energy system, and in 
turn, influence the energy system design and operation more than heat 
pumps or power-to-heat applications. Additionally, delivery contracts 
with hydrogen consumers could enforce operators of electrolyzers to 
deliver a constant hydrogen supply, which would prevent a fully flexible 
operation, as it was shown in the reference scenario. In this sensitivity 
analysis, the minimum FLH of electrolyzers are set to 4000, 5000, 6000, 
7000, and 8000 (see Fig. 10). Electrolyzers are chosen because of their 
large flexible capacity and thus their impact on the energy system. 
Additionally, sector coupling technologies which supply heat are 
sometimes constrained in their flexibility by limited options to store heat 
or inflexible heat demands (see Fig. 6). Due to the hydrogen storage 
capacity of 73 TWh, electrolyzers can be operated much more flexible 
and thus are more suited for this sensitivity analysis.

A further reason for carrying out this sensitivity analysis comes from 
a policy standpoint: In the current German energy system, large-scale 

energy consumers are incentivized to operate in a constant manner 
throughout the year at 7000 to 8000 FLH in order to pay reduced grid 
fees [59]. This sensitivity analysis shows the effect of applying these 
base-load-orientated incentives to a future sector integrated energy 
system. The produced hydrogen is set at a fixed value of 218 TWh/a. 
This value is derived from the reference scenario and ensures compa
rability of the scenarios.

With higher minimum FLH, the electrolyzer capacity is reduced by 
up to 60% while still producing the same annual amount of hydrogen 
(Fig. 10). On the other hand, there is an increased capacity expansion of 
battery storage from 244 GWh in the reference scenario to 699 GWh in 
the scenario with 8000 FLH. Furthermore, the installed capacities of 
offshore wind energy and solar energy increase by up to 25%. The total 
annual system costs already increase by 4% in the scenario with 6000 
FLH compared to the reference scenario, and by 10.5% in the scenario 
with 8000 FLH (Fig. 11).

In the latter scenario, the decreased size of the electrolyzer capacity 
leads to cost reductions of 2.9%. But, to account for the true cost of the 
continuous operation, the other system costs must also be considered. It 
becomes clear that the reduced electrolyzer costs are offset by higher 
costs for additional Li-Ion battery-, PV- and offshore wind-capacities as 

Fig. 9. Two weeks in 2045 with the highest curtailment of variable renewable energy. CHP: combined heat and power plant, PP: power plant, VRE: variable 
renewable energy.

Fig. 10. Change in installed capacities (left axis) and total annual system costs 
(TAC, right axis) based on the minimum must-run hours of electrolysis.

Fig. 11. Change in total annual system costs (TAC) between the reference and 
the 8000 h must-run electrolysis scenario.
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shown in Fig. 11. In total, this results in an increase of 10.5% of the total 
annual system costs. Fig. 12 shows the ordered load curve for the 8000 
FLH scenario.

Compared to the reference scenario shown in Fig. 6, these are the key 
differences that can be identified: In the optimal case, electrolysis is 
operated at times of favorable variable renewable energy (VRE) pro
duction. For continuous operation at 8000 FLH, the electrolysis must 
also be operated during times of unfavorable VRE production, especially 
at night, as shown in Fig. 13. Electrolyzer operation during unfavorable 
VRE periods must be provided by battery storage. The resilience peak load 
of the system does not change significantly as the electrolyzers do not 
operate during the dark lull. However, the proportion of the year when 
flexible production and storage discharge is required increases from 
28% in the reference scenario to 39%. Therefore, the system becomes 
more dependent on flexible energy suppliers as the harvesting regime 
shortens and the transition regime lengthens (cp. Fig. 6).

To charge the batteries, additional renewable energy supply capac
ities are added to the system, which increases the volatile production 
peaks. The peak electricity supply rises from 375 GW in the reference 
scenario to 443 GW in the 8000 FLH scenario, resulting in an increase in 
harvesting peak load from 287 GW to 317 GW. This means that the more 
continuous operation of electrolysis, with a lower nominal power 
requirement of 39 GW, leads to an increase in the overall peak load in 
the energy system.

As a result of the increase in renewable electricity supply, while final 
energy demand remains the same, curtailment and the use of inefficient 
technologies increase: Curtailment increases from 28 TWh/a to 45 TWh/ 
a. At the same time, the use of power-to-heat applications is increased 
from 168 TWh/a to 316 TWh/a, whereas the operation of more efficient 
heat pump systems is reduced from 176 TWh/a to 146 TWh/a. The 
reason for these measures is to eliminate excess energy and to 
compensate for the loss of flexibility, as electrolyzers with a minimum of 
8000 FLH provide an inflexible, rather than a flexible, load to the energy 
system.

To conclude, electrolysis operation with a high number of full load 
hours leads to a double burden on the system: (1) During unfavorable, 
volatile renewable energy supply, more inflexible base load must be 
supplied. (2) During favorable volatile renewable energy supply, higher 
volatile production peaks must be absorbed by the system. Overall, the 
system with higher must-run electrolysis becomes more expensive, more 
inefficient, and has higher peak loads.

4.4. Sensitivity of inflexible generation: weather year dependency

The previous results highlight the dependency of sector-integrated 

energy systems on weather-dependent renewable energy generation. 
As future energy systems should not be designed for a single year, but for 
long-term secure supply of energy, a resilient energy system design 
needs to take varying weather conditions into account. Therefore, this 
sensitivity analysis addresses the impact of interannual variability of 
weather conditions on the energy system design and operation. The 
following optimizations are done with renewable generation time series 
calculated with an updated and improved workflow introduced by 
Dunkel et al. [44] for historical weather years from 2009 to 2016. In 
contrast to the weather data used in the reference scenario, a synthetic 
dark lull has not been included in these weather years to avoid over
lapping effects. All other scenario assumptions and model input data 
remain the same.

Table 1 summarizes the modelling results for the selected weather 
years. In general, all energy system designs rely on a combination of PV 
and wind energy, backed up with flexible power plants and energy 
storage. The ratio of installed capacities for PV and wind technologies 
varies from 1.35 (2009) to 1.65 (2015), showing the effect of varying 
solar irradiance and wind conditions on a cost-effective energy system. 
Compared to the results of the reference scenario, with 40 GW of 
offshore wind energy installed, significantly less offshore wind energy is 
installed. This is only partly due to the impact of the dark lull, but also 
stems from the updated workflow for time series generation, as the used 
workflow now includes an additional validation step, which leads to 
more realistic, but lower capacity factors of offshore wind in the German 
North Sea.

Comparing the results for the weather year 2014 with the other 
years, we can see that higher wind offshore capacities reduce the 
required expansion of flexible power plants. Furthermore, fewer elec
trolyzers and less hydrogen storage are built in the year 2014, which 
results in a lower hydrogen demand for electricity generation. We can 
also see that energy systems with a high PV/Wind ratio need more 
battery storage capacities for daily balancing of electricity supply and 
demand. Additionally, the results show that even without a synthetic 
dark lull, a significant investment into flexible powerplants and long- 
term hydrogen storage is needed. Compared to the installed 97 GW of 
flexible power plants in the reference scenario, most weather years 
install slightly less flexible power plants (74 – 90 GW if the year 2014 is 
excluded), and the resulting hydrogen storage capacity with a maximum 
of 57 TWh (2009) is also lower than the 73 TWh in the reference sce
nario. This shows that the inclusion of a synthetic dark lull in a single 
weather year ensures enough flexible power plant expansion and long- 
term storage capacity for a resilient energy system design in multiple 
historical weather years.

Table 2 shows the harvesting and resilience peak loads for the 

Fig. 12. Ordered annual load curve of the scenario with 8000 FLH of electrolysis. CHP: combined heat and power plant, PP: power plant.
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different weather years. Results for the weather year 2014 show that the 
resilience peak load is lower than for other weather years, which ex
plains why less flexible power plant capacity is needed. The highest 
resilience peak load occurs for the weather year 2011. To cover this peak 
load, the maximum of flexible power production is required. Never
theless, this does not mean that there is no electricity generation by 
renewable energy sources for this time. As shown in Table 1, the amount 
of installed flexible powerplants is with 70 GW lower than the resilience 
peak load of 160 GW. Additionally, Table 2 summarizes the curtailment 
of PV and wind power. For all weather years, curtailment varies from 30 
to 46 TWh. This is higher than in the reference scenario (28 TWh), 
showing that there is a higher need to curtail PV and wind onshore 
electricity generation than wind offshore electricity generation in 
renewable-based energy system configurations.

Fig. 14 shows the ordered summed electrical load for the optimiza
tion results with the selected weather years. The depicted pattern is very 
similar for all weather years, and only the weather year 2014 can be 
clearly distinguished due to its lower electrical load for roughly 50% of 
the year. The weather year 2010 shows the highest electrical load over 

the year, and consequently, it is further analyzed together with the year 
2014.

Fig. 15 shows the electricity mix for these two weather years. The 
electricity mix is similar, with the largest share produced by wind 
onshore and PV. Differences can be seen for the higher share of 8% 
electricity produced by offshore wind energy in the year 2014 compared 
to 2010. In turn, hydrogen and biomass power plants only supply 5.6% 
of electricity compared, to 7.9% in the year 2010.

Fig. 16 depicts the ordered annual electricity load curves for the two 
weather years. The three operational regimes of harvesting, transition 
and dark lull are still visible, but the dark lull regime is significantly 
shorter without explicit addition of a synthetic dark lull. In comparison, 
the dark lull regime is shorter in the year 2014 compared with 2010, due 
to less weather patterns during which renewable energies have no sig
nificant generation, and the installation of offshore wind energy which 
provides a more stable electricity generation. Comparing the length of 

Fig. 13. Electrolyzer operation in the reference scenario (left) and the 8000 FLH scenario (right).

Table 1 
Installed capacities for the selected weather years. PHES = pumped hydro energy storage, H2 UGS = underground gas storage for hydrogen.

2009 2010 2011 2012 2013 2014 2015 2016

Wind onshore (GW) 288 278 252 253 272 224 236 261
Wind offshore (GW) 8 8 12 11 9 25 11 9
PV (GW) 401 437 384 398 438 399 408 441
Electrolyzer (GWel) 96 96 85 84 95 66 82 82
H2 Gas Turbines (GW) 54 47 55 61 57 33 55 54
Biogas PP/CHP (GW) 27 34 19 29 31 19 20 25
Batteries (GWh) 403 473 376 415 403 426 488 537
PHES (GWh) 49 49 49 49 49 49 49 49
H2 UGS (GWh) 57,274 50,840 51,116 52,348 53,558 44,840 50,664 52,012

Table 2 
Harvesting and resilience peak loads as well as occurring curtailment for the 
different weather years. Calculations without integrated synthetic dark lull.

Harvesting Peak Load 
(GW)

Resilience Peak Load 
(GW)

Curtailment 
(TWh)

2009 286 112 46
2010 273 116 38
2011 270 160 45
2012 258 132 31
2013 258 134 42
2014 249 98 32
2015 276 131 46
2016 278 126 41

Fig. 14. Ordered electrical load for the scenario calculations with different 
weather years (rolling median trendline).
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harvesting regimes, no difference can be observed between the reference 
scenario and the years 2010 and 2014. Thus, the derived operating re
gimes are valid for the depicted weather years.

Differences between the weather years 2010 and 2014 are also 
visible in the operation of electrical storage, which are significantly 
more operated in the year 2010 and thus provide more balance between 

Fig. 15. Electricity mix of the scenario with weather year 2010 (left) and weather year 2014 (right). Calculations without integrated synthetic dark lull.

Fig. 16. Ordered annual load curve of the scenario with weather year 2010 (top) and weather year 2014 (bottom). Calculations without integrated synthetic 
dark lull.
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supply and demand. Furthermore, the higher electrical load of electro
lyzers in the year 2010 is shown. However, the operation strategy for 
electrolyzers is consistent between the two historical weather years and 
the reference scenario.

The conducted sensitivity analysis shows that, in all investigated 
historical weather years, flexibility provided by power plants, energy 
storage technologies and flexible operation of sector-coupling options 
are key for security of supply. Furthermore, the optimization results 
show that energy systems with higher shares of PV typically need more 
short-term energy storage capacity. Additionally, we show that signifi
cant investment into flexible power plant capacity and long-term 
hydrogen storage is needed in all investigated weather years, but is al
ways lower compared to the reference scenario with included synthetic 
dark lull.

5. Conclusions

This study introduces two new concepts for characterizing the peak 
load in sector-integrated energy systems with high shares of volatile 
renewable energy sources. One of these concepts is the harvesting peak 
load, which occurs when maximum volatile renewable electricity gen
eration is met by maximum electricity demand by flexible sector 
coupling technologies, like electrolyzers, heat pumps and power-to-heat 
applications. Energy storage and sector coupling options harvest as 
much renewable energy as possible to feed it back to the electricity 
system at a later point in time or decarbonize the other sectors of the 
energy system. Thus, the harvesting peak load is beneficial for the en
ergy system and not a critical situation for supply security. In contrast, 
the concept of resilience peak load characterizes a critical situation for 
the security of supply. In this situation a maximum inflexible electricity 
load must be met by flexible generation options, such as hydrogen or 
biomass power plants. Typically, the resilience peak load occurs during 
dark lulls, which characterize periods with minimum electricity supply 
by volatile renewable sources. To bridge these dark lulls, the flexibility 
to reduce the electricity demand by sector coupling options and long- 
term storage capacities are crucial for a resilient energy system. How
ever, limitations regarding the final energy demands for heat and 
hydrogen have to be considered. Such limitations could be operational 
constraints, like ramp-up times or minimum output thresholds, or 
contractual constraints, which enforce a steady supply of heat or 
hydrogen. These constraints limit the flexibility of sector coupling 
technologies, but installation of heat or hydrogen storage can relieve 
these constraints through decoupling of supply and demand for heat or 
hydrogen. Thus, installation of short- and long-term energy storage in 
sector-integrated energy systems increases the security of supply.

Furthermore, our optimization results for the future German energy 
system show that a paradigm shift from fossil fuel-based energy systems 
to renewable-based systems takes place. In sector integrated, renewable 
energy systems, the electricity load must adjust to the volatile renewable 
electricity supply. Thus, the flexibility of sector coupling technologies to 
adjust their demand is a key aspect of optimal operation strategies of 
such energy systems. However, it is not economically feasible to use the 
entire renewable energy supply. Thus, economic curtailment of renew
able energy sources is necessary if the maximum flexibility of sector 
coupling technologies is already used.

Additionally, we show that limiting the flexibility of electrolyzers 
leads to a significant increase in the total system costs by up to 10.5%. To 
replace the lack of flexibility, significantly more storage capacities have 
to be built, and curtailment of renewables increases.

Finally, we show that our operation strategies for sector-integrated 
energy systems are also valid for other historical weather years. An in
clusion of a two-week synthetic dark lull leads to higher needed flexible 
power plant and long-term storage capacities compared to all eight 
investigated weather years. Thus, the energy system design is potentially 
more secure and resilient than it would need to be from a cost-optimal 
point of view.

We deduce four main strategic implications from the results, which 
are relevant for decision-makers and policymakers involved in national 
energy system planning:

Incentivize flexibility of electricity demand: To ensure a resilient 
energy system design, policymakers should support the flexible opera
tion of sector coupling technologies, such as electrolyzers or heat pumps, 
depending on volatile renewable energy supply. This would reduce 
national energy system costs and the need for additional storage ca
pacities. Thus, incentives for a continuous operation of sector coupling 
technologies should be removed and no additional burdens should be 
introduced which could negatively affect the flexibility of the electricity 
demand. Similarly, existing grid fee reductions for large-scale energy 
consumers to operate in a constant manner throughout the year should 
be removed or converted into financial incentives, which support more 
flexibility of the electricity demand.

Ensure sufficient expansion of storage capacity: Bridging dark 
lulls and ensuring the flexible operation of electrolyzers is only possible 
with sufficient hydrogen storage capacity. However, given past and 
future implementation gaps, decision-makers must prepare for pro
longed green hydrogen scarcity [60]. As business models for hydrogen 
storage operators are currently unclear, policy support should secure 
hydrogen investments while prioritizing applications where hydrogen is 
indispensable. Furthermore, expansion of electricity and heat storage is 
also crucial for sector integrated energy systems. Policymakers should 
make sure that taxes and fees do not hinder the usage of these storage 
options and instead incentivize additional investments in storage 
capacities.

Consider dark lulls in energy system planning: As emphasized in 
this study, dark lulls are critical for the security of supply in renewable 
energy systems. The development of resilient energy system designs 
should ensure that dimensioning of flexible power plant capacities and 
planning of long-term energy storage take dark lulls into account during 
the planning phase. This approach can make sure that even under 
extreme conditions, the security of supply is guaranteed, and sufficient 
flexible power plant capacities and storage capacities are built. Possible 
options for taking dark lulls into account are calculations of needed 
power plant and storage capacities with a multitude of different his
torical weather years or introducing new sets of weather patterns to 
define energy system stress. Relying on a single historical weather year 
in energy system modelling can potentially lead to energy system de
signs which can't ensure security of supply under different weather 
conditions. However, for determination of needed flexible power plant 
capacities and long-term energy storage, model runs with a single 
weather year, which includes a synthetic dark lull, can lead to robust 
results.

Curtailment of renewable energy should be accepted to a 
certain extent: Efforts to use the entire energy supply from renewable 
sources are not economically feasible, even with highly flexible sector 
coupling technologies. Instead, decision-makers should accept that a 
share of renewable energy will be curtailed throughout the year. This 
should only occur when other flexibility options are not available or 
already entirely used. While curtailment should not be incentivized, 
likewise, it should not be prohibited by additional fees.

While this work provides valuable insights, it is limited in some re
spects. We only address the security of supply in sector integrated 
renewable-based national energy systems from the perspective of a so
cial planner. Thus, using a national energy system model, business cases 
for operators of electrolyzers or other sector coupling technologies 
cannot be analyzed. Additionally, market power, taxes, business risks, 
and subsidies are not part of the macroeconomic perspective of the 
applied optimization model. Consequently, the derived policy recom
mendations are directed at decision-makers in the field of national en
ergy system design. Against this background, electricity market models 
should be applied to identify quantitative recommendations for sub
sidies or analyze the effects of the proposed policy implications on 
electricity prices.
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Regarding the modeled flexibility options, demand side management 
and bi-directional charging of battery electric vehicles were not yet 
included in the used version of the optimization model. This could lead 
to an overestimation of needed expansion of electricity storage and 
flexible power plant capacity. Therefore, additional analyses are needed 
to quantify the contribution of these technologies to the flexibility in a 
resilient energy system. Model coupling approaches such as presented 
by Odenweller et al. [31] could be used to investigate the contribution of 
demand side management to a resilient energy system design.

Furthermore, an expansion of the European electricity transmission 
grid could reduce the need for national power plant capacity to bridge 
dark lulls. As the length and depth of dark lulls decrease if the size of the 
investigated region is increased [58], it is possible that increased elec
tricity imports from neighboring countries could assist in bridging a dark 
lull in Germany. This contribution of enhanced European interconnec
tion could be analyzed with European energy system models such as the 
one used by Chyong et al. [24].

While we considered several historical weather years and a synthetic 
dark lull and their impact on a resilient energy system design, the un
certainty induced through climate change is not addressed. A possible 
approach to investigate this influence could be the usage of future 
weather data from climate models as input for the energy system model. 
However, first results by Plaga and Bertsch [35] show a limited impact 
of climate change on a European electricity system design.

The findings of this work show that operation and design strategies 
for future resilient sector integrated energy systems are, in part, signif
icantly different from past strategies. This is also reflected in the policy 
implications, which show the need to adapt regulations and incentives 
valid for fossil fuel-based energy systems for renewable energy-based 
systems. In particular, the paradigm shift from continuous demand to 
flexible demand is a key aspect. As this work takes the perspective of an 
energy system planner, the effect of the policy implications on operators 
of sector coupling technologies or on large industry consumers was not 
part of the analysis. Thus, all policy implications stem from the 
perspective of the energy system. Although consideration of dark lulls 
and expansion of hydrogen storage are not yet relevant for today's en
ergy system, policymakers should include these aspects in planning 
processes for future national energy systems. Our newly defined con
cepts, which go beyond previous concepts for measuring security of 
supply, such as peak load and residual load, provide decision-makers 
with further means of assessing the optimal design of energy systems.
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[9] J. Jasiūnas, P.D. Lund, J. Mikkola, Energy system resilience – a review, Renewable 
Sustainable Energy Rev. 150 (Oct. 2021) 111476, https://doi.org/10.1016/j. 
rser.2021.111476.

[10] R. Schmitz, F. Flachsbarth, L.S. Plaga, M. Braun, P. Härtel, Energy security and 
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