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ABSTRACT 

Future low-carbon energy systems are likely to rely on power generation from variable, 
renewable energies (VRE) sources, thus fostering an increased demand for flexibility options 
which can balance mismatches of power demand and supply. Electrical energy storage (EES) is a 
promising option to tackle this matter and its required capacity is typically studied with model-
based assessments. However, such analyses barley account for uncertainties in data assumptions or 
the chosen methodology, and, in consequence, lack an understanding of the robustness of the 
derived EES capacity. Therefore, this thesis aims to shed light on the main drivers for EES demand 
in highly renewable European energy systems in a comprehensive approach, considering 
parametric and methodological uncertainty.  

Using and enhancing the linear optimization model REMix, this study analyzes the required 
storage capacity and its utilization for northern, western, and central Europe in energy scenarios 
with high shares of renewable power generation (> 80%). The robustness of the storage capacity 
was tested against a large set of parameter variations (e.g. cost parameters or the meteorological 
year as input for VRE power) and methodological assumptions. The latter include different levels 
of technological detail (e.g. modeling approaches for thermal power plants), variations in the 
spatial and temporal resolution, as well as more general assumptions (e.g. restricted curtailments). 

In the reference scenario an overall EES capacity of approximately 200 GW and 30 TWh for 
Europe was derived. These results are particularly sensitive to investment costs variations of EES 
and VRE technologies (I) and to assumptions regarding the transmission grid infrastructure (II). 

(I) Reduced costs for storage and higher investment costs for VRE technologies increase the 
need for EES to 270 GW/55 TWh and to 235 GW/38 TWh, respectively. 

(II) Reducing transmission grid congestions can lower the ESS demand considerably, however, 
the analysis also showed that—even in the scenario which favor transmission the most (i.e. low 
investment costs for grid expansion)—around 120 GW of storage converter power and 13 TWh of 
storage unit capacity is still required for temporal balancing. In this sense, grid expansion and 
storage are not complete substitutes, but complementing flexibility options, both essential for 
future energy systems with high shares of VRE power generation. 

Moreover, the model-endogenously derived EES capacity mix in all scenarios is technology-
diverse, underlining the necessity for a balanced storage portfolio. These findings are supported by 
the high dependency of the spatial capacity distribution of storage with the regionally predominant 
VRE technology and its temporal power generation characteristics. In this regard, significant 
correlations between the electricity generation from offshore and onshore wind systems with 
hydrogen storage charging are observed. Onshore wind power production also correlates with 
adiabatic compressed air storage, whereas the generation of photovoltaic systems is predominantly 
balanced by stationary lithium-ion batteries. 

To analyze the impact of the technological detail on storage demand, a comparison of two 
approaches for modeling thermal power plants was carried out: a detailed, mixed-integer unit-
commitment approach and a simplified economic dispatch method. The results indicate that for 
larger observation areas (e.g. Europe) with high VRE shares, in-depth modeling is not necessarily 
required, however, analyses for smaller model regions in combination with lower VRE penetration 
levels can greatly benefit from detailed power plant modeling.  



ZUSAMMENFASSUNG 

Strom aus regenerativen, fluktuierenden Ressourcen (fRE) bildet den wichtigsten Baustein für 
die Realisierung einer weitgehend CO2-neutralen Energieversorgung in Europa. Die begrenzte 
Regelbarkeit der Stromeinspeisung erneuerbarer Erzeuger, wie insbesondere der Photovoltaik (PV) 
und der Windkraft, erfordert jedoch eine erhöhte Flexibilität im Energieversorgungssystem. 
Stromspeicher (SP) können dabei einen wichtigen Beitrag liefern und die Abschätzung ihres 
Bedarfs erfolgt zumeist modellgestützt. Der Einfluss von datenseitigen, als auch methodischen 
Annahmen wird jedoch in diesen Analysen zumeist vernachlässigt. Die vorliegende Arbeit 
untersucht daher die Robustheit der benötigten Speicherkapazität in europäischen Szenarien mit 
hohen Anteilen erneuerbarer Stromerzeugung (> 80%) und identifiziert Haupteinflussfaktoren auf 
den Stromspeicherbedarf. 

Mithilfe des linearen optimierenden Energiesystemmodells REMix, welches im Rahmen der 
Dissertation erweitert wurde, wurde die Robustheit des europäischen Speicherbedarfs hinsichtlich 
einer Vielzahl an Parametervariationen (bspw. Kostenannahmen oder unterschiedliche 
Wetterjahre) und methodischen Annahmen getestet. Letztere beinhalten verschiedene 
Detailierungsgrade hinsichtlich der technologischen (bspw. Modellierungsansätze für thermische 
Kraftwerke), räumlichen und zeitlichen Auflösung. 

Im Referenzszenario für Europa ergibt sich eine Gesamtkapazität an SP von circa 200 GW und 
30 TWh. Diese Ergebnisse sind insbesondere sensitiv hinsichtlich der Investitionskostenannahmen 
für SP und fRE (I), sowie in Bezug auf Annahmen zur Übertragungsnetzinfrastruktur (II). 

(I) Reduzierte Investitionskosten für SP und höhere Kosten für fRE-Technologien lassen den 
Speicherbedarf auf 270 GW/55 TWh beziehungsweise 235 GW/38 TWh ansteigen. 

(II) Eine Reduktion von Netzengpässen im Übertragungsnetz kann den Bedarf für SP deutlich 
verringern. Die Analyse zeigt jedoch auch, dass Netzausbau und SP sich nicht vollständig 
substituieren, sondern vielmehr komplementäre Flexibilitätsoptionen sind. Selbst in Szenarien, die 
den Netzausbau am stärksten begünstigen (niedrige Investitionskosten), verbleibt eine SP-
Kapazität von rund 120 GW und 13 TWh, um zeitliche Diskrepanzen von Strombedarf 
und -erzeugung auszugleichen. 

Die modell-endogen errechneten SP-Kapazitäten unterstreichen zudem die Notwendigkeit 
ausgeglichener, diversifizierter Speicherportfolios, in denen jede Technologie ihre Nische besetzt. 
Die Analyse zeigt, dass eine signifikante Abhängigkeit der räumlichen Verteilung der SP-
Kapazitäten von den lokalen fRE Potenzialen sowie deren zeitlichen Stromerzeugungsprofilen 
existiert. In diesem Sinne ergeben deutliche Korrelationen zwischen der Beladung von 
Wasserstoffspeichern und der Stromerzeugung aus onshore und offshore Windkraft sowie 
zwischen onshore Windkraft und adiabaten Druckluftspeichern. Die Stromerzeugung aus PV-
Anlagen korreliert hingegen stärker mit der Nutzung von stationären Lithium-Ionen-Batterien. 

Um den Einfluss von technologischen Detailierungsgraden auf den SP-Bedarf zu evaluieren, 
wurden zwei Ansätze zur Modellierung konventioneller Kraftwerke verglichen: eine detaillierte, 
gemischt-ganzzahlige Methodik (unit commitment), sowie ein vereinfachter Ansatz (economic 
dispatch). Die Ergebnisse zeigen, dass die vereinfachte Methodik hinreichend ist, solang der Fokus 
auf größeren Betrachtungsgebieten (z.B. Europa) mit hohen fRE Stromerzeugungsanteilen liegt. 
Analysen für kleinere Regionen in Kombinationen mit niedrigen Anteilen von fRE können 
hingegen stark von einer detaillierten Kraftwerksmodellierung profitieren.  
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1 Introduction 

The reduction of anthropogenic greenhouse gas (GHG) emissions is one of the main 

challenges for our society to prevent climate change [1]. An increase of the atmospheric GHG 

concentration not only imposes the risk of severe and irreversible damage to biodiversity and 

human health [2] but also has negative impacts on the economic system. In this regard, GHG 

mitigation is cheaper than to remain in business as usual [3]. To avoid the worst impacts on 

nature and human systems, GHG emissions essentially have to be kept below 450 ppm CO2 

equivalent by 2100 [4]. In 2010, CO2 emissions from fossil fuel combustion and industrial 

processes accounted for 65% of the worldwide CO2 equivalent emissions (49 Gt). To achieve 

decarbonization in the power sector, electricity generation technologies which rely on renewable 

resources (e.g. wind, solar, water) are a promising option [4]. By this means, the main benefits of 

renewable energy (RE) technologies are threefold. First, equivalent CO2 emissions over the 

lifecycle of RE systems are in the order of a magnitude lower than for thermal power generation 

technologies, such as coal or gas-fired power plants (see e.g. [5–8]). Second—opposed to 

conventional power plants which are dependent on exhaustible fossil fuels [9]—the annual flows 

of RE resources exceed the global energy demand significantly [10]. Apart from this supply 

security, RE technologies are therefore also less prone to increases in resource prices. Finally, 

wind and photovoltaic (PV) systems recently have been undergoing significant cost reductions 

(see e.g. [11–14] for PV and [15–17] for wind), making them competitive or even cheaper with 

other, more traditional, power generation technologies. Consequently, the worldwide capacity 

expansion of renewable generation technologies continues to rise, resulting in a growth of 

154 GW for the year 2015, whereas non-renewable technologies grew only by 97 GW [18]. As of 

2015, PV and wind installations account for 654 GW of the worldwide power generation 

capacity, thereby contributing 28% (1,811 GW) of the total installed generation capacity [18, 19]. 

In terms of global electricity generation, RE systems provided 5,660 TWh (24%) in 2015 [20], 

thus tying them as an indispensable part of the current and future electricity infrastructure. 

Nevertheless, the power generation based on intermittent renewable resources, such as PV or 

wind power—hereinafter referred to as variable renewable energies (VRE)—imposes new 

challenges for future energy systems. Concerning this matter, particularly the question of 

handling potential mismatches between the electrical supply and demand caused by the limited 

dispatchability of VRE is subject of current research. Recent studies mutually consent that higher 
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shares of power generation from VRE will most likely result in an increased demand for 

flexibility (see [60]1) and electrical energy storage (EES)2 can help to balance the resulting 

variations in the net load. The question of EES demand3 in highly renewable European energy 

systems is more pressing than ever and this thesis, therefore, delivers novel findings, as it 

 

(I) provides a profound review of existing methods and models which quantify flexibility in 

energy systems, including an analysis of the resulting ranges of storage capacity 

(chapter 2, partially based on Haas et al. [21] and Cebulla et al. [40]), 

(II) gives an overview of electrical energy storage technologies, discussing their core 

principals and typical classifications (chapter 3), 

(III) presents an introduction to energy system modeling and the optimization framework 

REMix (Renewable Energy Mix), including its mathematical representation and the 

implemented model enhancements (chapter 4), 

(IV) takes a closer look in how far modeling approaches for thermal power plants affect storage 

demand and utilization (chapter 5, based on F. Cebulla and T. Fichter [22]), 

(V) quantifies the influence of various parameter and methodological assumptions on storage 

demand and utilization in Europe (chapter 6, based on Cebulla et al. [23]). 

 

To ensure traceability of the results, transparency of scientific work is a key component. For 

the first time, this work therefore uses the method of the transparency list, introduced by 

Cao et al. [53]. 

The structure of this work is summarized in Fig. 1. Chapter 5 and 6—the main contributions to 

current research—each consist of an abstract, a short introduction, a description of the applied 

methods and the data assumptions, a summary of the main findings of the analysis, a discussion 

of limitations, and essential future research. 

 
 
 
 
 

                                                           
1 A more in-depth analysis of flexibility requirements in terms of storage demand is presented in Sec. 2.2. 
2 An overview of different types of EES is provided in chapter 3. 
3 Storage applications which aim to optimize the utilization of thermal power plants (e.g. through load leveling or 

peak shaving) or provide ancillary services (e.g. voltage and frequency control) are beyond the scope of this study. 
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Fig. 1: Structure of this thesis. 
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2 State of knowledge 

This chapter includes two surveys on the state of research on flexibility demand. First, Sec. 2.1 

takes a closer look at existing studies which quantify flexibility demand, focusing on the 

underlying assumptions, methodologies, and models. Second, Sec. 2.2 discusses the ranges of 

derived EES demand in studies which focus on different regions, namely Germany, Europe, the 

U.S., and worldwide observation areas. Tab. 1 at the end of Sec. 2.2 provides a concise overview 

of selected flexibility demand studies, highlighting their characteristics with regard to spatial, 

temporal, and technological resolution. Finally, Sec. 2.3 summarizes the findings of both reviews 

and derives recommendations (e.g. suitable temporal or spatial resolution) for the model-based 

assessment of storage requirements of this study (see chapter 6). 

2.1 Approaches of flexibility demand quantification4 

Current research addresses the question of future flexibility demand typically via model-based 

analyses, often emphasizing the quantification of EES capacity for different energy scenarios 

(e.g. in [51, 132, 148, 164, 165]). These approaches, however, differ significantly in spatial, 

temporal, and technological resolution, modeling methodology as well as in differences in their 

main research focus. Subsequently, a brief discussion of each of the aforementioned aspects is 

provided. 

2.1.1 Research focus 

Two main research pillars can be identified with regard to the quantification of flexibility 

demand. On the one hand, studies focus on the large-scale integration of renewable energies and 

its implications on the future energy system (e.g. in terms of required generation capacity). On 

the other hand, various analyses evaluate flexibility requirements in terms of ramping (ramp 

magnitude and frequency) or gradients of VRE. 

With respect to the first research pillar—large-scale integration of renewable energies or 

sometimes denoted as energy management through EES—studies typically asses the contribution 

of flexibility options to balance renewable power generation in time and space. These studies 

                                                           
4 This section is partially based on J. Haas, F. Cebulla, K. Cao, W. Nowak, R. Palma-Behnke, C. Rahmann, and P. 

Mancarella, “Challenges and trends of energy storage expansion planning for flexibility provision in low-carbon 

power systems – a review,” Renewable and Sustainable Energy Reviews, vol. 80, pp. 603–619, 2017. 
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neglect aspects of ancillary services and typically rely on temporal resolutions greater than 1 h. 

Moreover, they mostly focus on a number of selected flexibility technologies. In this sense, the 

role of flexibility through demand response and flexible operation of combined heat and power 

(CHP) plants in a European supply system, was studied by Gils [146]. The contribution of 

controlled charging of battery electric vehicles (BEV) has been assessed by Luca de Tena [191], 

Dallinger [24, 25], Verzijlbergh et al. [26], or Babrowski et al. [133]. Martínez-Anido et al. [152] 

and Steinke et al. [151] analyze the role of the electricity grid as a flexibility option. Finally, a 

number of studies (e.g. [119, 120, 132, 164, 190]) analyze EES demand for the large-scale 

integration of RE technologies. 

Moreover, such studies typically emphasize in how far flexibility technologies are 

substitutable or complementary options. By this means, Verzijlbergh et al. [26] compare 

controlled BEV charging with transmission grid expansion for a European power system over 

various shares of VRE generation. The authors find that, in the case of similar electricity prices 

between model regions (low arbitrage), controlled charging of BEV is able to substitute grid 

expansion to a certain amount. Increasing the share of VRE generation, however, thus higher 

demand for arbitrage, will foster complementing effects of the two flexibility options. The 

authors argue that while transmission grid capacity is required for spatial decoupling of power 

demand and supply, BEV can function as an absorber of electricity. Moreover, controlled 

charging can flatten the net load through intertemporal arbitrage. Babrowski et al. [133] find that, 

for a German scenario with 46% VRE share (overall RE share of 60%) by 2040, EES capacities 

are not required and flexibility can solely be provided by controlled charging of BEV, the 

transmission grid, and dispatchable generators. 

A comparison of EES and the electricity grid as flexibility options is provided by Martínez-

Anido et al. [152] and Steinke et al. [151]. While the former analyze the interaction of EES and 

grid at relatively low VRE shares5, the latter study examines 100% VRE scenarios. Both studies 

conclude that grid and EES are complement flexibility options, and, especially at higher shares of 

VRE penetration, a combination of both or a higher share of backup capacity (in [151] as high as 

the peak load) is required.  

The second research pillar—flexibility requirements for ramping or power gradients of VRE—

typically relies on hourly or sub-hourly temporal resolutions. Heide et al. [109], for example, 

                                                           
5 The study analyzes the years 2010 and 2025. For 2025 wind capacities account for 13.4% of the generation mix, 

while PV provides approximately 3%. Dispatchable and partially dispatchable renewable power generation is 

considered through biomass and hydropower which account for 16.6% and 2.9% respectively. 
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analyze minimum EES requirements (converter power, storage capacity) in a fully renewable 

European power system. Huber et al. [122] investigate demand for flexibility in terms of ramp 

magnitude, frequency, and response, emphasizing the region's Ireland, Germany, and Italy. 

Weitemeyer et al. [121] analyze the impact of different shares of renewable generation as well as 

wind-to-PV-ratios and furthermore discuss the economic implications of three storage scenarios. 

2.1.2 Model methodology 

Different model methodologies are used to quantify future flexibility demand (a more general 

introduction to different types of energy system models is provided in Sec. 4.1). Some of the 

most prominent approaches are optimizations and simulations which are briefly introduced 

subsequently. 

Optimizations typically consist of an objective function subject to a number of constraints. 

These constraints can be of technical (e.g. technology-specific power plant ramp up gradient), 

structural (e.g. district heating), or social nature (e.g. social acceptance). In addition, some model 

constraints also represent certain policy measures (e.g. CO2 emission targets, limited curtailments 

of VRE). In the context of flexibility demand, main differences between optimization approaches 

particularly exist with regard to the formulation of objective functions. On the one hand, a large 

number of studies (e.g. [134, 145, 146, 165, 190, 191]) quantifies flexibility demand using a 

model which minimizes the total system costs. These approaches usually optimize the dispatch of 

generation units as well as investment decisions for capacity expansion. On the other hand, some 

methods—such as the models presented in Solomon et al. [119] or Krüger et al. [27]—include 

objective functions that aim to achieve high penetration rates of VRE. Solomon et al. [119] 

maximize the RE penetration in combination with minimized EES and backup requirements. The 

study uses an existing transmission grid infrastructure and tests the influence of further flexibility 

options, namely curtailment (energy dumping) and EES. Economic considerations, i.e. the cost-

efficient dispatch or expansion of utilities and flexibility options, are not included. 

Krüger et al. [27] use a non-linear, quadratic target function to minimize the sum of the positive 

net load. This approach aims for efficient integration of RE through the optimized dispatch of the 

flexibility options. 

Simulation models—as for example presented in [100, 109, 110, 120–125]—have a predictive 

or explorative view (i.e. forecasts) on energy scenarios [87]. They primarily rely on energy 

balance accounting methods, dispatch strategies (merit order), or time-series analyses to match 

generation and demand. Similar to optimization models, most simulations rely on weather-based 
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time-series as an input to generate technology-specific VRE dispatch. The main differences 

within simulation approaches can be found in the level of technological detail as well as in their 

spatial and temporal resolution. The model of Inage [123], for example, uses a simplified 

technology modeling with two synthetic electric load profiles (daily, annual), constant base load 

generation and weather-based feed-in time-series for PV and wind generation. However, the low 

degree of detail on the technology side enables a greater temporal resolution (0.1 h) compared to 

other approaches. Another simulation approach can be found in Denholm and Hand [120]. Here, 

a dispatch model is used to quantify the necessary grid and EES flexibility in the U.S. ERCOT 

system with VRE shares up to 80% of the annual demand. 

Often, simulations and optimizations are not used solely but integrated into a sequence of 

different model applications (soft links). In the case of Wrobel and Beyer [124], a simulation 

model first determines the energy balancing demand of each of the 146 regions and then iterates 

the net load for Germany. In a next step, a detailed fossil-fired power plant dispatch is derived, 

and, finally, an optimization model calculates the total EES demand including a grid simulation 

as well as an optimized load and generation flow. 

2.1.3 Time treatment 

In the context of this study, time treatment includes two aspects of the model methodology. 

First, it can refer to the time interval or temporal resolution of the optimization or simulation. If 

flexibility is understood as an option for large-scale integration of RE, simulation as well as 

optimization models typically rely on hourly calculation steps. For flexibility in terms of ancillary 

service to maintain transmission grid stability and power quality, sub-hourly approaches are 

essential. 

Deane et al. [126] carry out an analysis where the impact of different time intervals (5 min, 

15 min, 30 min, 60 min) in a cost-minimizing optimization approach for the Irish power system is 

evaluated. The work supports the assumption that higher resolutions are especially beneficial for 

the assessment of ramp flexibility. If system costs are the main evaluation criterion, a 30 min 

resolution seems sufficient. In contrast, Pandzzic et al. [127] compare different unit-commitment 

(UC) methods using a 1 h and 15 min temporal resolution for day-ahead utility scheduling in the 

24 model region IEEE reliability test system. They show that a 15 min resolution is superior in 

terms of a more efficient day-ahead unit-commitment, resulting in lower operational costs. 

O'Dwyer and Flynn [128] use mixed-integer UC modeling for the dispatch of thermal power 

plants and storage technologies, comparing an hourly with a 15 min temporal resolution with 
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regard to power plant operation and the associated costs. Again, the analysis shows the 

importance of sub-hourly modeling, especially in smaller energy systems with VRE shares lower 

than 50%. In this context, the conflict between computational effort and solution accuracy has to 

be stressed, leading to the conclusion that some UC approaches with 15min resolution might be 

impracticable for day-ahead planning due to high calculation times. The examples of [126–128] 

illustrate that the selection of the temporal resolution is strongly depending on the research 

question. However, data availability, computing times, and the required solution accuracy should 

also be taken into account. 

The second aspect of time treatment refers to the methodology of capturing the temporal 

variability of VRE technologies (I) as well as to the time horizon of the analysis (II). 

(I) Haydt et al. [188] introduce three concepts of modeling the intermittent nature of VRE 

generation: integral, semi-dynamic, and fully dynamic methods. Integral methods are typically 

based on accounting frameworks to balance annual power demand and supply. Temporal aspects 

are incorporated via load duration curves or dispatch strategies. One of the most prominent 

models is LEAP (Long-range Energy Alternatives Planning System) [28]. Semi-dynamic 

methods, on the other hand, divide the time frame of the analysis (e.g. one year) into a number of 

representative time periods (e.g. day/night, typical days, weeks or seasons, see [31, 137, 138]). 

Typical models are TIMES (The Integrated MARKAL-EFOM System), MARKAL (Market 

Allocation), or LIMES (Long-term Investment Model for the Electricity Sector). Finally, fully 

dynamic approaches represent power generation and load in a sequential order over the time 

frame of the analysis. Typically, time-steps are in hourly or higher resolutions. An example can 

be found in the REMix model (see Sec. 4.2). 

(II) Within fully dynamic and semi-dynamic time treatment methods, models can either rely on 

static, sequential (myopic), or path optimizing approaches. A static model only considers a single 

time period (e.g. one year) and does not take into account any events preceding or following the 

simulated period. Sequential methods, in contrast, define a time frame which is then divided into 

a number of intervals. The results of the previous interval serve as input for the next interval 

(tn-1→tn→tn+1). In cost minimizing dispatch and investment models, this is often the case for the 

capacity expansion of utilities and flexibility options. At last, path optimization solves a problem 

over a whole time frame which generally considers several years. As such methods can require a 

lot of computation time, models usually rely on simplified temporal resolution using semi-

dynamic methods. 
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A comparison of a static and a myopic approach can be found in Babrowski et al. [29]. They 

conclude that, with steady input parameters from each previous optimization interval, results of 

the static and myopic approach do not differ significantly. However, if high jumps of the 

exogenous parameters occur, distinct variations between both methodologies can be observed. 

Krey [90] carries out a comparison of path and myopic optimization, while Keppo and 

Strubegger [30] discuss the influence of perfect foresight in such models. Ludig et al. [31] and 

Nicolosi et al. [32] analyze the influence of different temporal resolutions of time slices in semi-

dynamic methods. While the former look at climate mitigating strategies in scenarios until 2100, 

the latter examine capacity dispatch and expansion for the Texas ERCOT system until 2030. 

Furthermore, the influence of temporal resolution for utility dispatch in energy scenarios with 

high shares of RE generation is analyzed in Poncelet et al. [129] as well as in 

Nahmmacher et al. [130]. Additionally, Poncelet et al. [129] compare the impact of technological 

detail in power plant modeling against the temporal resolution. 

2.1.4 Spatial examination area and resolution 

Spatial examination area refers to the geographical region of interest of an analysis, whereas 

the resolution provides information with respect to the spatial level of disaggregation within the 

observation area. In the literature, calculations for flexibility demand exist for various 

observation areas (regions). The spatial resolution, i.e. the number of model regions, plays an 

important role, as it defines the distribution of capacities, generation, electricity load, and 

transmission grid topology within the observation area. Tab. 1 provides information with regard 

to spatial examination areas and resolution in different studies. 

To the knowledge of the author, a comprehensive analysis of the influence of spatial 

resolution on flexibility demand has not been carried out so far. For the influence of spatial 

resolution on high-voltage electric grids, however, examples can be found in Shi and 

Tylavsky [33] and Shawhan et al. [34]. Both studies construct simplified representations of actual 

grid infrastructures through a reduced number of model regions. An analysis of the effects of 

various spatial aggregations of electric loads for the U.S. power system is conducted by 

Corcoran et al. [35]. Metzdorf [36] applies a spectral clustering algorithm for a German energy 

system where he aggregates—based on locational marginal pricing—the initial system with 500 

model regions merely to 6 model regions. Though computational efficient, the results indicate 

that—compared to the 500 model regions reference system—large cluster (e.g. 6 model regions) 

will lead to deviations in system costs by around -20%. 
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2.1.5 Technological resolution 

First, technological resolution refers to the abstraction level or technological representation in 

the modeling approach to characterize the technologies relevant for the analysis. In energy 

system modeling, this usually concerns generation units (power, heat), the load (e.g. electricity or 

heat/cooling demand), or the flexibility options. 

Oh [131] describes an abstraction level in his modeling approach which is common for the 

representation of EES in power system optimizations. The EES technology—in the case of 

Oh [131] only one generic type—is described by its rated power, energy as well as the charge and 

discharge efficiencies, sometimes expressed as round-trip efficiency. Some approaches also 

include self-discharge rates for the storage unit, as in the model of Bussar et al. [132, 164]. 

Other examples for technological resolution are different degrees of detail in power plant or 

transmission grid modeling. The influence of power plant modeling on marginal costs is tackled 

by Abrell et al. [104] and Langrene et al. [105]. Its impact on long-term capacity expansion and 

utility dispatch is analyzed in Palmintier [168], Poncelet et al. [129], and Stoll et al. [149]. They 

conclude the detailed power plant modeling (e.g. discrete investment decisions and unit-

commitment dispatch) can have a great influence on capacity expansion planning. However, 

these effects have not been analyzed for storage expansions and systems with high shares of 

renewable energy. 

Munoz et al. [37] study the importance of transmission constraints as well as different 

investments approaches for additional grid capacity (discrete vs. continuous). The authors 

highlight that strong abstractions can lead to significant errors with regard to the derived 

investment costs for transmission and generation capacities. However, the analysis studies only a 

rather small power system (six bus/model region system) with renewable energy shares up to 

50%. 

Yet—to the best knowledge of the author—a systematic analysis of the influence of the 

applied technological resolution in order to quantify flexibility demand has not been carried out 

so far. 

Recently, model-based expansion and dispatch planning started to include an increasing 

number of flexibility options. The technological diversity can be illustrated for the example of 

EES. For non-technology-specific calculations of storage demand, generic representations of one 

single technology are presented in [116, 123, 131]. Other studies introduce generic EES classes 

(e.g. short, mid, long-term) where techno-economic parameters are roughly based on today’s 
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available technologies (see [132]). Finally, numerous approaches include representations of 

actual EES technologies, as in [134, 148, 190]. 

Second, technological diversity also refers to the considered energy sectors in the model-based 

analysis. Most of the mid to long-term energy system optimizations which emphasize the 

integration of renewable energies, analyze only the power sector. Inter-dependencies between the 

power sector and other sectors—such as transportation, heating, or cooling—are mostly 

neglected. If sector coupling is considered, these approaches typically rely on accounting 

frameworks on an annual basis which neglect intra-annual effects (see e.g. [135]). Moreover, 

such approaches do not provide any information on cost optimal capacity expansion and 

utilization. Optimizations which do consider all energy sectors usually rely on a simplified 

temporal resolution in terms of representative time periods (see [137, 138]). 

2.2 Ranges of storage demand6 

As shown in Sec. 2.1 various differences in modeling power system flexibility exit. In 

consequence, the derived demand for flexibility in the literature, especially for the required EES 

capacities, shows broad ranges, depending on the underlying assumptions. An overview in that 

regard is given by Droste-Franke et al. [39], Kondziella and Bruckner [60], and, for global, 

continental, as well as transcontinental scenarios, by Koskinen and Breyer [38]. For a fully 

renewable European power system, Droste-Franke et al. [39] identify a demand in storage 

converter power ranging from 500 GW up to 900 GW (no differentiation between charge and 

discharge power) and a storage capacity up to 520 TWh. In comparison to the upper values of 

these estimates, todays installed EES capacity in the EU-28 (mainly provided by pumped hydro 

storage) is roughly ten times lower for storage converter power (45 GW) and almost 900 times 

lower for energy-related storage capacity (602 GWh) [72]. This indicates a potentially high 

importance of long-term storage with high energy capacities in fully renewable energy scenarios. 

In the literature review of Kondziella and Bruckner [60], furthermore, a differentiation 

between theoretical, technical, economic, and market potential for EES is provided. In terms of 

EES capacity for 100% VRE scenarios, Kondziella and Bruckner [60] identify values ranging 

from 60 TWh to 260 TWh (technical potential) for Europe, depending on the underlying scenario 

assumptions for storage (e.g. types of EES considered or conventional backup capacities in the 

                                                           
6 This section partially is based on F. Cebulla, J. Haas , J. Eichman, W. Nowak, and P. Mancarella, “How much 

electrical energy storage do we need? A synthesis for the U.S., Europe, and Germany,” Journal of Cleaner 

Production, vol. 181, pp. 449–459, 2018. 



2 State of knowledge 13 

 

associated publication). With respect to the required converter power in Europe, Kondziella and 

Bruckner [60] only provide numbers for VRE shares up to 60%, which result in ≈ 65 GW.  

Following, additional recent literature that addresses storage demand is provided, emphasizing 

Europe, Germany, the U.S., and worldwide observation areas. A more in-depth discussion of this 

matter is provided by Cebulla et al. [40]. 

2.2.1 Europe 

For the EU-27 region (27 model regions), Bertsch et al. [145] use the electricity market model 

DIMENSION to analyze flexibility requirements up to the year 2050. The model consists of two 

sub-models: (a) a detailed, hourly dispatch optimization and (b) a capacity expansion planning 

model relying on daily, weekly, and seasonal patterns for VRE integration. Sub-model (a) 

considers fossil-fired power plants in a detailed way (mixed-integer unit-commitment), also 

including firm capacity requirements. Sub-model (b) delivers the derived long-term capacities to 

sub-model (a). The capacities of renewable energies technologies are exogenously pre-defined. 

The analysis includes the following flexibility options: storage (pumped hydropower, compressed 

air storage), VRE curtailments, demand side management, and flexible operation of fossil-fired 

power plants. For a European energy system where renewable capacities provide 75% of the 

gross electricity generation (around 50% are provided by VRE systems), the authors derive a 

demand for storage power of 64 GW in scenario A and 68 GW in scenario B (higher CO2 

emission costs). Assuming a fixed storage energy-to-power ratio of 8 h [41], the study results in a 

storage capacity of 512 GWh and 812 GWh, respectively. 

Bussar et al. [164] take a closer look on storage demand in a fully renewable energy system 

for Europe, the Middle East and North Africa, (EUMENA), using the power system model 

GENESYS. The analysis relies on a greenfield approach where all generation and flexibility 

capacities have to be derived model endogenously. The observation area consists of 21 model 

regions. Moreover, the authors analyze to what extent the temporal balancing of storage can be 

substituted by the spatial balancing of the transmission grid. The model includes the storage 

technologies pumped hydropower, stationary battery systems, and hydrogen storage. The latter 

assumes a conversion of surplus power to hydrogen (H2) via electrolyzer and a reconversion of 

electricity via a combined cycle gas turbine (CCGT). Bussar et al. [164] also include a model 

constraint which fosters that at least 80% of each country’s electricity demand is supplied by 
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national resources. The model derives an overall storage power7 of 1,060 GW and an energy-

related storage capacity of approximately 806 TWh. The latter can be mainly attributed to 

seasonal storage through H2. The storage unit capacity of pumped hydro and battery storage only 

accounts for around 4 TWh. Additionally, Bussar et al. [164] test the influence of transmission 

grid restrictions, the sensitivity of storage demand to technology constraints, and variations in the 

investment costs. The latter decrease storage requirements to around 480 TWh (compared to 

806 TWh in the reference scenario) in case of reduced investment costs for wind turbines and, in 

contrast, increases storage demand to 116 TWh when high investment costs for wind power are 

assumed. The study also finds that storage, to a certain amount, can be substituted by 

transmission capacity. For example, in the scenario that restricts the net transfer capacity (NTC) 

of a transmission grid line to 2.5 GW, the overall converter power is around 36% (+378 GW) 

higher compared to the reference scenario (which does not limited the line NTC), whereas the 

storage unit capacity is increased by 76% (+609 TWh). The EES capacities for all scenarios are 

shown in Tab. A 1 of Appendix A. 

Finally, Scholz et al. [190] use the cost minimizing dispatch and expansion planning model 

REMix (see Sec. 4.2), analyzing, among others, the required power, and energy-related storage 

capacity over different scenarios. The latter differ in their theoretical share (before curtailments 

and storage losses) of VRE generation and the ratio of solar (PV and concentrating solar thermal 

power, CSP) to wind power generation, ranging from 0% to 140% for the VRE share and 20% to 

80% of PV share. Moreover, the authors test the influence of CO2 emission cost scenarios on 

storage demand. The observation area comprises most of the European countries, aggregated to 

15 model regions. The analysis includes three storage technologies: hydrogen (reconversion via 

CCGT), pumped hydro storage, and redox-flow batteries. Scholz et al. [190] derive a demand of 

storage power of 4 GW to 114 GW for a theoretical VRE share of 60%, 10 GW to 200 GW for a 

share of 80%, and 12 GW to 235 GW for a share of 100%. In terms of the energy-related storage 

capacity, the model results in 266 GWh to 814 GWh for a theoretical VRE share of 60%, 

266 GWh to 10,480 GWh for a share of 80%, and 272 GWh to 22,026 GWh for a share of 100%. 

Fig. 2 summarizes the ranges (i.e. spreads) of storage converter power and storage unit 

capacity over different shares of renewable generation of six analyzed studies ([42, 123, 145, 

148, 190]8) and 73 scenarios for a European observations area. Furthermore, the violin plots show 

                                                           
7 This includes short, mid, and long-term storage, but excludes the capacity of the electrolyzer (882 GW). The latter 

operates as the charging unit of the storage converter in the hydrogen storage. 
8 Including the results presented in this study.  
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the median, minimum, and maximum values. Moreover, the plots illustrate the frequency 

distribution of the storage capacity in the current literature, as they include a kernel density 

estimation function. The latter is closely related to histograms, does, however, include smoothing 

and harmonization of the sample data (i.e. storage converter power or storage unit capacity). 

 

 

Fig. 2: Review of storage demand in Europe. Distribution of converter power and storage unit capacity over 

different shares of renewable generation. The figure depicts median, minimum, maximum values, and the 

frequency distribution of storage capacity. 

The conclusions from Fig. 2 are twofold. First, in current literature, model endogenous derived 

storage demand does not increase proportionally with increasing renewable generation shares, but 

shows a more exponential growth, especially for the storage unit capacity. Second, the derived 

ranges or spreads of storage demand increase significantly with growing renewable generation 

share. This again could be interpreted as increasing uncertainty and hence decreasing robustness 

of the results. In that sense, storage demand could be understood as more sensitive to model 

assumptions at higher renewable generation shares. 

2.2.2 Germany 

For an isolated German observation area (no power exchange with the neighboring countries 

through the transmission grid), a few studies exist. 

Hartmann [47] analyzes storage demand using the dispatch and capacity expansion planning 

model E2M2. The considered storage technologies include pumped hydro storage (PHS), 
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diabatic, adiabatic compressed air storage (dCAES, aCAES), and BEV. For balancing the power 

system—i.e. excluding the required storage capacities for BEV—Hartmann [47] derives a storage 

power of 27 GW (367 GWh) for a renewable generation share of 50% (with regard to the annual 

gross electricity demand), 78 GW (6,300 GWh) for 80%, and 139 GW (83,000 GWh) for 100%. 

The analysis applies a greenfield approach (no capacities installed at the beginning of the 

observation year) and assumes no transmission restrictions within Germany (“copper plate”). 

Moreover, in the base scenario, the author does not allow curtailments of VRE power generation. 

In further sensitivity cases, the influence of unconstrained curtailments is shown. For the 50% 

scenario, storage demand decreases from 27 GW to 11 GW, whereas the storage capacity (GWh) 

remains identical. In the case of 80% renewable generation, the storage power of the base 

scenario (79 GW) is reduced to 66 GW; storage capacity decreases from 6,300 GWh to 

5,400 GWh. In the 100% scenario, 106 GW of storage power and 57,000 GWh storage capacity 

are required. 

Kühne [167] quantifies the required storage demand under various shares of renewable 

generation, including different ratios of wind (onshore and offshore) to PV power. Moreover, the 

study evaluates the influence of methodological and input data assumptions—such as cost 

variations (investment or operating costs) or the influence of an overall emission target—on the 

required capacity of H2 storage, aCAES, and PHS. The methodology is based on the optimization 

framework IMAKUS, including sub-models for capacity expansion and dispatch of thermal 

power plants (MOWIKA), storage (MESTAS), and a consideration of required firm capacity 

(MOGLIE). Renewable generation capacities as well as the installed power of CHP, in contrast, 

are exogenously pre-defined. The work relies on a single node representation of Germany, 

assuming no transmission grid restriction within the observation area (“copper plate”). Import 

and export of electricity to neighboring countries is not considered, however, electricity surplus 

can be sold at a fixed price. Furthermore, the optimization differentiates between charging and 

discharging capacity of storage as well as the storage unit capacity. Within the reference scenario, 

the year 2050 is characterized by a share of renewable power generation of 80% (with regard to 

the gross electricity consumption). The endogenously derived storage power capacity results in 

36.3 GW for charging and 15.9 GW for discharging, while the storage unit capacity reaches 

5.2 TWh9. The latter can mostly be attributed to H2 storage (4.7 TWh) and aCAES (0.5 TWh); 

                                                           
9 These storage capacities exclude already existing capacities of PHS. Charge and discharge power are assumed to be 

6.2 GW and 6.5 GW respectively; the storage capacity is 77 GWh. 
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converter capacity in terms of discharging power is more equally distributed over the 

technologies, where PHS provides 2.4 GW, aCAES 9.8 GW, and H2 storage 3.7 GW. The results 

for all scenarios with regard to storage power (charge and discharge) and storage unit capacity are 

shown in Appendix A. 

Zerrahn and Schill [165] apply the hourly dispatch and capacity expansion model DIETER 

(Dispatch and Investment Evaluation Tool with Endogenous Renewables) and analyze the role 

of EES and demand side management (DSM). The baseline scenarios differ by their minimum 

share of renewable generation between 60% and 100%. The analysis relies on a greenfield 

approach where the model can invest into different generation and flexibility options. The former 

comprise coal-fired thermal power plants, CCGT’s, two types of open cycle gas turbines, 

biomass power plants, onshore and offshore wind as well as PV systems. The flexibility options, 

in contrast, include seven storage technologies and DSM. It is assumed that capacity expansion of 

nuclear and lignite power plants, as well as of run-of-the-river hydroelectricity, is not possible. 

The baseline scenarios result in storage power ranging from 10 GW to 34 GW with a storage 

capacity of 42 GWh to 436 GWh. Moreover, numerous sensitivity calculations are performed, 

including variations of costs and availability of storage and VRE, different DSM potentials as 

well as requirements for reserves. The authors find that the required storage capacity is 

significantly influenced by the availability of other flexibility options, such as dispatchable 

biomass or DSM. The study, however, does not consider transmission grid as an option of spatial 

balancing and assumes unlimited transmission within Germany (“copper plate”). The results for 

all scenarios with regard to storage power and storage unit capacity are shown in Tab. A 2 in 

Appendix A. 

For lower shares of renewable generation (i.e. 50% in 2030 and 60% in 2040) 

Babrowski et al. [133] take a closer look at the role of short-term (daily) battery storage and the 

influence of controlled charging of BEV. For the German observation area, the hourly, 

deterministic dispatch and capacity expansion model PERSEUS-NET-ESS uses a spatial 

resolution of 440 model regions. PERSEUS-NET-ESS relies on a mixed-integer (MIP), myopic 

approach which uses time slices of representative days and seasons (semi-dynamic approach, see 

Sec. 2.1.3). Apart from battery storage, other flexibility options are curtailments of VRE as well 

as spatial balancing via a given transmission grid infrastructure. While the renewable capacities 

are exogenously pre-defined (based on [143]), model endogenously derived investments into new 

capacities of CCGT, open cycle gas turbines (GT), battery storage, coal, and lignite-fired thermal 

power plants are possible. The study results in 3.2 GW/16 GWh of battery storage in the 
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reference scenario. However, these capacities can be substituted completely through controlled 

charging of BEV (scenario LSP). 

Fig. 3 summarizes the ranges (i.e. spreads) of storage converter power and storage unit 

capacity over different shares of renewable generation of seven analyzed studies ([42, 47, 51, 

133, 199]10) and 62 scenarios for Germany. 

 

Fig. 3: Review of storage demand in Germany. Distribution of storage converter power and storage unit capacity 

over different shares of renewable generation. The figure depicts median, minimum, maximum values, and the 

frequency distribution of storage capacity11. 

Similar to the European perspective (see Fig. 2), the reviewed literature for storage demand in 

Germany shows broad ranges, particularly when considering higher shares of renewable 

generation. Again, the growth of storage demand over increasing shares of renewable generation 

is non-linear, in particular for the storage capacity. 

2.2.3 United States 

For the U.S. Western Electricity Coordinating Council (WECC) area, Mileva et al. [166] carry 

out an analysis of required flexibility options with an emphasis on the role of power storage. 

WECC comprises of 14 U.S. states, the Canadian provinces Alberta and British Columbia as well 

as the northern part of Baja California in Mexico. This observation area again is disaggregated 

                                                           
10 Including the results presented in this study. 
11 The outliers in this figure at renewable shares of 80-100% (140 GW/83 TWh) belong to a study where all VRE 

power generation has to be completely integrated (no curtailment allowed). 
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into 50 model regions (“load zones”). The study is based on the SWITCH model (Solar and wind 

energy integrated with transmission and conventional sources) which optimizes dispatch and 

capacity expansion under the premise of least system costs and greenhouse gas emission 

reduction of 85% by 2050 compared to the level of 1990. The study conducts different scenarios 

(i.e. sensitivity cases), assuming, for example, decreased costs of battery storage. With exceptions 

of the sensitivity case nuclear, all scenarios assume that no nuclear power and fossil-fired 

capacities can be built. Almost all scenarios are characterized by large shares of dispatchable CSP 

(enabled through thermal storage) in order to provide flexibility. Exceptions can be found in the 

scenarios with low costs for battery storage (Low-Cost Batteries, SunShot/Low-Cost Batteries) 

and load shifting (including controlled charging of BEV, scenario Load-Shifting/Flexible EV 

Charging). Here, flexibility is provided by a larger share of battery storage and by DSM. The 

former results in storage capacities of 82 GW/549 GWh and 129 GW/883 GWh, whereas the 

latter is characterized by 18 GW/80 GWh. In comparison, the model derives storage capacities of 

24 GW/184 GWh in the reference scenario. The results for all scenarios with regard to storage 

power and storage unit capacity are shown in Tab. A 3 in Appendix A. 

2.2.4 Worldwide 

The number of worldwide analyses for storage or flexibility demand is very limited. 

Pleßmann et al. [43] for example, use the model MRESOM (Multi-Region Energy System 

Optimization Model) to optimize capacity expansion and hourly dispatch for a 100% renewable 

power system. The study considers 163 countries; each modeled isolated with no transmission 

grid to other regions and no grid restrictions within the countries (isolated “copper plates”). For 

generation technologies, the model includes PV, wind, and CSP with a thermal storage. 

Flexibility can be provided via stationary battery storage (lead-acid and sodium-sulfur), 

renewable methane (power to gas), or high-temperature thermal storage for steam turbines 

enabled through CSP plants or heating rods. Hydropower, biomass, or geothermal power 

generation, as well as CO2 intensive technologies (e.g. fossil-fired power plants), are not 

considered. The results show a power system where almost half of the annual electricity 

generation (46%) is provided by wind power systems. PV contributes by 33%, CSP by 21%. In 

terms of flexibility, the largest amount is provided by thermal storage of CSP or heating rods with 

4,800 TWh of the annual power generation. Electricity from power to gas accounts for almost 

2,000 TWh, whereas battery storage provides only 420 TWh annually. This translates into 

capacities of 73.6 TWh of thermal storage and 1.5 TWh of battery storage. Concerning the gas 
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storage for power to gas applications, the authors include only the thermal storage capacity of 

1,690 TWh. Information with regard to the power-related installed capacity is only provided for 

the re-conversion via CCGT in the power to gas process (2,360 GW) and the power block of the 

CSP plant, but not for the battery storage. 

Inage [123] introduces a simulation model for worldwide required storage capacity from 2010 

to 2050. The underlying scenario is based on the BLUE map scenario of the International Energy 

Agency (see [44]) in which the renewable power generation rises from 19% in 2010 to 46% in 

2050 worldwide. The model calculates the energy balance between electric load and generation 

on a 0.1 h time-step basis (6 minutes), using a simplified consideration of load and generation. 

One key finding of the study is that the storage demand heavily depends on the variability of the 

wind power generation. Assuming wind variation ratios from 15% to 30% storage capacities 

between 189 and 305 GW are required. 



 

Tab. 1: Overview of storage studies. 
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[199] 2012  ●  N/A ●  1 h Germany 1 Short and long-term EES Copper plate, w/o imports/exports DSMa, curtailment 

[133] 2016   ● 
PERSEUS-NET-
ESS 

●  1 h Germany 440 PHS, generic battery Exogenous, w/o imports/exports 
DSM, curtailment, controlled 
charging of battery electric 
vehicles (BEV) 

[145] 2016   ● DIMENSION ●  1 h 
Europe/ 
Germany 

27 aCAES, PHS 
Exogenous, based on scenario B of 
[45] 

DSM, curtailment, controlled 
charging of BEV 

[148] 2016   ● PLEXOS ●  1 h Europe 6 aCAES, PHSb Exogenous, six different cases 
analyzed 

DSMa, curtailment 

[46] 2013   ● RREEOM ●  1 h U.S. PJM 1 Generic battery, H2 Copper plate, w/o imports/exports Curtailment, vehicle to grid 

[132, 164] 
2016/ 
2015 

  ● GENESYS ●  1 h 
Europe/ 
Middle East/ 
North Africa 

21 PHS, generic battery, H2 Endogenous Curtailment 

[134, 153] 
2016/ 
2014 

●  ● POWER ●  1 h U.S. 10 PHS, generic battery 
Endogenous, additionally to 
existing grid 

DSMa, curtailment, controlled 
charging of BEV, CSP 

[47] 2013 ●   E2M2 ●  1 h Germany 1 PHS, CAES, aCAES Copper plate, w/o imports/exports Curtailmentc 

[123] 2009  ●  N/A  ● 6 min U.S./Europe 12 Generic EES Copper plate N/A 

[167] 2016 ●   MESTAS ●  1 h Germany 1 PHS, aCAES, H2 Copper plate, w/o imports/exportsd Curtailment 

[166] 2016   ● SWITCH ●  1 h U.S. WECC 50 PHSb, CAES, generic battery 
Endogenous, additionally to 
existing grid 

DSMa, curtailment, controlled 
charging of BEVe 

[48] 
2014/ 
2012 

 ●  ReEDs ●  1 h U.S. 11 PHS, generic battery, CAES 
Endogenous, additionally to 
existing grid 

DSM, CSP, controlled 
charging of BEV 

[49] 2014  ●  SCOPE ●  1 h 
Europe/ 
Germany 

20 PHS, Lead-acid battery (PbB)e, H2 
Endogenous, additionally to 
existing grid based on [50] 

DSMa, curtailment, cBEVf, 
flexible CHP 

[190] 2016   ● REMix ●  1 h Europe 15 Redox-flow battery (RFB)e, PHS, H2
 Endogenous Curtailment, CSP 

[51, 62] 
2013/ 
2012 

  ● N/A ●  1 h Germany 1 PHS Copper plate, w/o imports/exports DSMg 

[52] 2016   ● 
REMIND/ 
DIMES 

●  1 h U.S./Europe 8 Generic short-term storage Copper plate Curtailment 

[165] 2015  ●  DIETER ●  1 h Germany 1 
PHS, aCAES, H2, lithium-ion battery 
(Li-Ion), sodium-sulfur battery (NaS), 
PbB, redox-flow battery (RFB) 

Copper plate, w/o imports/exports DSMa, curtailment 

a In some model runs DSM is not included (or only partially) to analyze its influence on EES requirements. 
b Only existing PHS capacities. 
c
 Some sensitivity cases restrict curtailment. 

d Electricity surplus can be sold at a fixed price to the neighboring countries. 
e Different configurations of fixed energy-to-power ratios are used; i.e. no independent dimensioning of power and energy capacity of the EES. 
f In some model runs controlled charging BEV is not included (or only partially) to analyze its influence on EES requirements. 

g Load reduction in super-peak hours. 
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2.3 Findings from the state of knowledge 

2.3.1 Limited comparability of storage demand quantifications 

Model-based flexibility and storage demand quantifications result in large ranges (see 

Sec. 2.2) due to different conceptual, methodological, and input data assumptions. In this context, 

the output is only valid within the assumption framework of the study, thus hindering the 

comparability of the results. 

Additionally, long-term energy system models rely on a number of assumptions which are 

associated with uncertainty. According to Kann et al. [56], uncertainty can be classified into two 

types: parametric uncertainty, which exists due to limited knowledge about the future (e.g. 

development of techno-economic parameters of a certain technology), and stochasticity, which 

refers to the intrinsic variability of specific processes (e.g. volatile solar irradiation or wind 

speeds for PV and wind power). Additional to the categorization of Kann et al. [56], the author of 

this study proposes the concept that uncertainty also exists with regard to the chosen modeling 

approach12 as suggested by Cao et al. [53], hereinafter referred to as methodological uncertainty. 

While in theory different methodologies should lead to similar results, the lack of knowledge 

about the future imposes the risk that some approaches might capture specific effects incorrectly. 

In this sense, certain methods are more applicable than others when it comes to the assessment of 

future developments. 

Parametric uncertainty can be tackled by sensitivity analysis and, in optimization approaches, 

can be supported by the interpretation of marginal values based on the duality theory [54] (see 

e.g. Remme [55]). While a sensitivity analysis validates the response to a single input value 

change (ceteris paribus assumption or single-value deterministic, [56]) or to a combination of 

several input parameters (joint sensitivity analysis, [56]), in other words, tests the robustness of 

the modeling result13, the author of this study argues that the main purpose is, in fact, the 

assessment of inter-dependencies of model assumptions and results. To overcome parametric 

uncertainty for future storage demand, broad sensitivity analyses have been carried out, e.g. by 

Zerrahn and Schill [57, 165] and Kühne [167] for Germany, or Mileva et al. [166] for the U.S. 

Western Electricity Coordinating Council.  

                                                           
12 This could also refer to chosen system boundaries or to model simplifications. 
13 Not to be mistaken with robustness analysis, which, in contrast to a sensitivity analysis, investigates plausibility of 

results through different models.  
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Uncertainty caused by the variability of certain processes (stochasticity) can be captured 

through stochastic modeling. Naturally—due to the intermittency of VRE power—such 

approaches can be found in research which studies renewable energy systems, such as recently in 

Soares et al. [58]. The authors perform a day ahead optimization of the utility dispatch, including 

generation from VRE sources (PV, wind) and balancing through storage as well as demand 

response. The analysis is carried out for a 201 bus distribution grid system where about 30% of 

the installed capacity is provided by PV and 22% by wind power systems (other generation units 

comprise of hydro, biomass, and cogeneration systems). Especially if flexibility options (e.g. 

demand response) are scarce within the energy scenario, stochastic modeling was found to be 

superior in comparison to deterministic approaches. However, stochastic modeling is typically 

applied for smaller energy systems, short time periods, or simplified technology representation as 

the computational burden for large-scale, long-term optimizations is too high. In consequence, 

complex deterministic optimizations deal with stochasticity of the VRE generation through 

extensive scenario analyses, varying, for example, the underlying weather years. 

To the best knowledge of the author, methodological uncertainty in the context of storage 

expansion has only been analyzed in Zerrahn and Schill [165], Bussar et al. [164], and 

Kühne [167]. All three studies test the dependency of storage demand on general assumptions 

(e.g. transmission capacity limits or restricted long-term storage), but, however, do not analyze 

the effect of different modeling approaches. The latter has been studied for the impact of thermal 

power plant modeling on marginal costs (see [104, 105]) as well as on long-term capacity 

expansion and utility dispatch (see [129, 149, 168]), but never for storage demand. 

2.3.2 Possible drivers for long-term storage demand 

Although a substantial amount of research in energy system planning has been conducted, 

results for storage demand are broad, as these flexibility requirements have been analyzed under 

various conditions, including aspects of different RE shares, wind-to-PV ratios, weather years, 

different observation areas as well as the influence of cost assumptions in cost optimizing 

approaches. In this sense, Sec 2.1 provides indicators in how far storage demand is sensitive to 

certain assumptions and implications on the modeling approach. With regard to the role of 

storage for large-scale integration of VRE power generation the follow conclusions can be drawn 

and are helpful for the model development and setup: 
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(I) In the European context, storage demand has been studied extensively with regard to 

different PV-to-wind ratios and VRE power generation shares (e.g. in [110, 112, 121, 

190]). Concerning the latter, research agrees that the importance of storage will rise 

significantly with higher shares of VRE power (e.g. > 80%) and analyses, therefore, 

should emphasize such systems.  

(II) Transmission grid and storage can be substitute or complement flexibility options, mainly 

influenced by the share of power generation from VRE [121, 151, 152]. 

(III) For an appropriate representation of the dynamics of VRE power generation, hourly 

resolutions are required (for wind) or desirable (for PV) [188]. Moreover, the benefits of 

sub-hourly modeling are marginal and such temporal resolutions are only essential when 

assessing ramp flexibility or in short-term analyses [122, 126–128]. 

(IV) Despite their computational advantages, semi-dynamic methods are unsuitable for the 

analysis of storage options in long-term scenarios, thus fully dynamic approaches have to 

be used [129, 130]. 

(V) Sequential (myopic) or path optimizing methods are not essential, as the emphasis of this 

study is to analyze inter-dependencies within the system with respect to a range of 

assumptions, not to develop transition scenarios. In this sense, a static approach, 

considering only one year (i.e. 2050) is adequate. 

(VI) To the best knowledge of the author, a comprehensive analysis of the influence of spatial 

resolution on flexibility demand has not been carried out so far. 

(VII) Co-optimization of several flexibility options for large-scale VRE integration 

incorporating an adequate temporal, spatial, and technological resolution has not been 

presented so far. Moreover, current research lacks analyses which quantify the influence 

of different technological abstractions levels on storage demand. 

2.4 Novelty and contributions 

Despite the manifold analyses discussed in the state of knowledge, several aspects of storage 

demand have been omitted to date. Particularly, in the light of increasing uncertainty of the 

required storage capacity at high shares of renewable generation (see Sec. 2.2), a comprehensive 

analysis of the matter seems promising. This study, therefore, expands the existing state of 

knowledge by tackling the subsequent research foci. 



2 State of knowledge 25 

 
2.4.1 Robustness of storage demand14 

As discussed in Sec. 2.3, results for storage demand in model-based approaches are only valid 

within the assumption framework of the study. To assess the robustness of storage demand 

against parametric and methodological uncertainty, a holistic analysis is essential. To the best 

knowledge of the author, such analyses have only been presented in a limited number of studies 

[164–167]. Moreover, for a European scope, only Bussar et al. [164] provide an assessment of the 

sensitivity of storage demand. Though extensive in terms of analyzing the influence of certain 

data input and more general assumptions (e.g. limited transmission grid capacity), the study relies 

on simplified technology representations, strongly aggregates model regions, and neglects the 

aspect of methodological uncertainty. Thus, this thesis contributes to the matter as follows. 

 

� The question of storage demand and utilization for a European observation area is tackled, 

including an adequate temporal, technological, and spatial resolution. 

 

� To ensure the validity against parametric and methodological uncertainty the analysis 

incorporates a systematic consideration of different modeling approaches and data 

assumptions to identify the main drivers for storage demand. 

 

  

                                                           
14 Assumptions for long-term energy scenarios are inherently associates with uncertainties. By this means, the author 

highlights that this thesis is not intended to forecast future energy scenarios, but rather to analyze cause and effect of 

different parametric and methodological assumptions on the future demand for electrical energy storage. 
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2.4.2 Drivers of spatial storage capacity distribution 

Recent research rarely studies in-depth the reasons for the “optimum” spatial distribution of 

storage expansion and its dispatch but takes the optimization model results as granted. Only one 

recent working paper which takes on this aspect was found. While this study of 

Belderbos et al. [97] provides a methodological framework to analyze the interdependency 

between the temporal characteristics of electricity generation (and demand) and the storage 

capacity, the work does not discuss the implications for large-scale European energy systems 

with high shares of VRE generation. By this means, this thesis contributes to the matter as 

follows. 

 

� The optimal spatial, technology-specific distribution of storage capacity in Europe is 

derived. 

 

� The main drivers for the resulting storage distributions over the different model regions are 

assessed. 
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3 Electrical energy storage 

Electrical energy storage is one option to tackle increased flexibility requirements in energy 

scenarios. While various definitions of flexibility exist (see [98, 99, 120]), in this work, it is 

defined as the ability of technical devices to decouple electricity demand and supply in order 

balance variations in the net load, sometimes referred to as residual load. The latter is defined as 

the remaining electricity demand after power generation from VRE sources, or, in other words, 

the electrical load minus the generation from VRE. Lund et al. [59] as well as Kondziella and 

Bruckner [60] give a broad overview of types of flexibility options, including demand response in 

combination with new loads (heating, cooling, battery electric vehicles, and power-to-gas), grid 

ancillary services, supply-side flexibility (flexible power plants, curtailments of power generation 

from VRE), grid extension (transmission and distribution level), and EES. While the latter 

provides flexibility on a temporal level, i.e. allows shifting of energy from one point in time to 

another, the transmission grid can be considered as a spatial flexibility option, as it allows large-

scale balancing of generation and demand between different regions which otherwise have to 

balance internal mismatches themselves.  

As the main research focus of this thesis lays in the assessment of the possible role of EES in 

future energy scenarios, subsequently a review of selected EES technologies is provided (for an 

explanation why these technologies were selected, see Sec. 6.2.2). Other flexibility options will 

not be covered; a profound overview is provided by Luo et al. [202]. The subsequent review of 

EES includes their principal functionality, the main techno-economic characteristics, advantages 

and drawbacks as well as typical applications. 

3.1 Principals and classifications 

EES allow a temporal decoupling of electricity demand and supply, or, in other words, to 

time-shift electricity. The principal process is depicted in Fig. 4. The figure illustrates the hourly 

dispatch of VRE technologies, thermal power plants, and stationary Li-ion batteries for a 

hypothetical energy system. In times of VRE over-generation (a), surplus electricity is used to 

charge a storage unit (b). If electricity is necessary to reliably cover the electrical load (c), the 

storage unit is discharged. 
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Fig. 4: Inter-temporal decoupling of power supply and demand through storage. In times of VRE over-generation 

(a), charging and storing (b) allows shifting energy to a later point in time when energy is required to satisfy the 

electrical demand (c). Storage charging is depicted as negative y-values; storage discharging as positive y-

values. 

Absorbing electricity with the help of storage is enabled through the charging converter unit 

which is characterized by its converter power and charging efficiency. Typical examples for the 

charging converter unit are the pumps of a PHS or the compression unit of compressed air 

storage (CAES). Following, the electrical energy is stored in a storage unit which is affected by 

self-discharging. Typical examples are evaporation in the water reservoir of a PHS or leakage of 

the tanks in a redox-flow battery. Storage losses are time dependent and either linear, as depicted 

in Fig. 5, or exponential (e.g. for flywheels) [61]. Lastly, the energy is reconverted into electricity 

through the discharging converter which again is affected by the discharging efficiency. The 

combination of charging and discharging efficiency (excluding self-discharging), i.e. the ratio of 

the overall electricity output to the electricity input, is sometimes referred to as cycle or round-

trip efficiency. 
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Fig. 5: Schematic illustration of the storage process. Figure adapted from [61]. 

EES can be classified in different ways. Chen et al. [198] for example categorize by 

function (a) and form (b) of EES. 

(a) A higher storage capacity allows EES to respond to longer mismatches of electricity 

demand and supply, while a higher power capacity allows responding to mismatches of higher 

magnitude. First, EES which provide high power but small storage capacity are typically used for 

ancillary services, such as power quality or frequency control in electric grids as well as for 

uninterruptible power supply (UPS). Their higher power capacity enables balancing mismatches 

of high power [202]. Typical examples are superconductive magnetic EES, super capacitors, 

flywheels, and batteries. In terms of storing larger amounts of energy over a longer period of time 

(> 1 h)—referred to as large-scale integration of VRE or energy management through EES—

PHS, CAES, H2, electro-chemical (e.g. Li-ion, lead-acid), or redox-flow batteries are suitable, as 

the greater storage capacity allows to balance longer mismatches [202]. In terms of EES 

application, the size (i.e. volume) of an EES system is a crucial metric, mainly influenced by the 

power (converter) and energy density (storage unit). 

(b) The second classification of EES is based on the mode of operation in EES and in which 

way the electricity is stored in the storage unit. Surplus electricity either can be stored directly 

(electricity-to-electricity) or indirectly (electricity-to-x-to-electricity) (see Fig. 6). 
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Fig. 6: Classification of electrical energy storage and examples. Figure is adapted from [66, 198, 200, 202]. 

Direct storage of electricity can be achieved in magnetic fields in superconductive magnetic 

EES or in a static electric field in super capacitors. Indirect EES can be further categorized into 

mechanical and chemical EES. Examples of the former are PHS or CAES; the latter include Li-

ion, lead-acid, and redox-flow batteries as well as hydrogen storage. 

3.2 Pumped hydro storage 

Pumped hydro storage (PHS) use the gravitational energy potential through the difference in 

elevation of an upper and lower water reservoir. Both reservoirs are connected via a penstock 

through which water can be pumped from the lower to the upper reservoir in times of electricity 

surplus (charging). Typically, the penstock is connected to a Francis turbine which is able to 

pump and turbine water (reversible machine). In discharging mode and when electricity is 

required, the water is released through the turbines which again are connected to a generator.  

The efficiency of a PHS is limited by the maximum efficiencies of the pumps and turbines. 

The cycle efficiency today (excluding self-discharging) typically ranges from 0.70 to 0.80 [65, 

75, 198, 200, 207]. Additional to the high cycle efficiency, advantages of PHS include long 

lifetimes, low operating and maintenance costs, low capital costs per unit of energy, and fast 

response times [75]. As of today, PHS can be considered as one of the most mature storage 

technologies. Worldwide, about 164 GW of converter power and 1.314 GWh15 of storage unit 

capacity are installed [73]. However, some shortcomings exist, including high capital costs, 

difficult and long approval procedures owing to public acceptance issues (see e.g. [62]), and 

                                                           
15 The Global Energy Storage Database of the U.S. department of energy provides installed converter capacity as 

well as a duration. The latter is defined as the amount of time the PHS can discharge at the rated power capacity. 

However, for some sites the discharge duration is not provided. Therefore, a value of 8 h is assumed to conclude 

from power-related to energy-related capacity. 



3 Electrical energy storage 31 

 
evaporation losses. Moreover, the potential of future PHS systems is dependent on the 

availability of suitable sites (in terms of topology). Capacity expansion potentials for PHS in 

Europe are subject of the work of van de Vegte and Huibers [63] as well as of Gimeno-Guitiérrz 

and Lacal-Arántegui [64, 205]. The latter derive a theoretical PHS potential of 54 TWh for 

Europe. In a more restrictive scenario (realizable potential) which includes further constraints, 

such as protected natural areas, this potential is reduced to 29 TWh. 

3.3 Compressed air energy storage 

In compressed air energy storage (CAES) the ambient air is compressed and stored in pressure 

tanks or underground geological formations, such as salt and hard rock caverns, depleted gas 

fields, or aquifers [65]. In discharging mode the pressurized air is released and expands in an air 

turbine connected to a generator which provides electricity [204]. In principle, two types of 

CAES exist: diabatic (dCAES) and adiabatic CAES (aCAES). The main difference between the 

two concepts lies in the way the produced heat during compressing phase is used. Diabatic 

systems waste the compression heat and require co-firing during discharging to avoid 

condensation and icing in the expansion components. Therefore, dCAES typically include a heat 

source to preheat the pressurized air before the expander. Adiabatic systems, in contrast, store the 

generated heat during the compression phase in thermal energy storage (TES). The working 

principle of an aCAES is depicted in Fig. 7. 

 

 

Fig. 7: Working principle of adiabatic compressed air storage. Figure adapted from [204]. 

To date, two large-scale dCAES are operational. The CAES power plant Huntdorf in Germany 

with a converter power of 321 MW and storage unit capacity of 642 MWh and the McIntosh 

CAES plant in the U.S. with a lower converter power (110 MW), but a significantly higher 

discharging duration (26 h) and hence bigger storage unit capacity (2,860 MWh) [73]. Adiabatic 

systems are currently in research and demonstration status. 



32 3 Electrical energy storage 

 
Similar to PHS, CAES is suitable for mid to long-term storage applications with lower 

numbers of cycles. Moreover, fast response times enable applications for ancillary services (e.g. 

frequency and voltage control) [200]. For cost assessments of aCAES systems, somewhat 

discordant conclusions exist in the current research. Connolly [65] states high capital costs owing 

to the dependency on geographically suitable sites, whereas Fuchs et al. [200] or Aneke and 

Wang [66] name relatively low costs of the storage unit as one main advantage. Today, the cycle 

efficiency of dCAES is around 0.54 (Huntdorf plant), whereas for aCAES efficiencies of 0.7 are 

set as a goal for future developments [202, 204].  

3.4 Lithium-ion batteries 

The cathode material of lithium-ion batteries (Li-ion) typically consists of a lithium metal 

oxide (e.g. LiCoO2, LiMO2, LiNiO2), whereas graphite carbon is used as anode material. Both 

cathode and anode are immerged into an electrolyte made of lithium salts (e.g. LiPF6, LiClO4) 

which again are dissolved in organic carbonates [198]. The fundamentals of operation are based 

on the electric potential difference of the electrodes to generate electricity. During charging, 

lithium ions of the cathode traverse through the electrolyte. At the carbon anode the lithium ions 

combine with external electrons and are placed between carbon layers as lithium atoms [198]. 

The reverse process occurs in discharging mode. 

The high gravimetric energy (75–200 Wh/kg) and power density (150–315 W/kg) [198, 202] 

enables compact system sizes of lithium-ion batteries. Additionally, further benefits include 

round-trip efficiencies as high as 97%, storage cycles up to 10,000, short response times 

(milliseconds) [202], and low self-discharge rates (0.1–5%/day [67, 68, 198]).  

To date, main drawbacks include the lifetime and depth of discharge (DOD) of Li-ion storage. 

Both parameters are temperature dependent and aging effects occur if not monitored sufficiently 

[75]. In this regard, a sophisticated battery management system is required [200], which, 

furthermore, ensures optimal operating [75]. In consequence, system costs of Li-ion storage are 

still high, primarily caused by special packaging and the battery management [198]. However, 

recently, substantial cost reductions have been achieved and current costs per cell (as of 2014) 

range from 225 to 800 USD/kWh for utility-scale applications [69]. Moreover, recent reviews of 

cost projections, such as the studies of Nykvist and Nilsson [70]16 or Cole et al. [71], show that 

                                                           
16 Although the study only reviews current costs and cost projections for the application in battery electric vehicles 

(high capacity Li-ion batteries), the values are also transferable the stationary usage of Li-ion batteries. 
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the average costs are likely to fall below 300 USD/kWh by 2025 and even further cost 

degressions are possible. 

For stationary applications, current Li-ion storage installations are usually used for frequency 

control. One of the largest systems in that regard is the KEPCO-owned (Korea Electric Power 

Corporation) EES in Gyeongsan, South Korea with a rated power of 48 MW and 12 MWh17 

storage capacity [73], or the WEMAG Li-ion storage in Germany (5 MW/5 MWh) [72]. As of 

today, Li-ion storage systems whose primary purpose is the large-scale integration of VRE 

generation technologies (i.e. energy management) on utility-scale outside of ancillary services are 

not common. However, some examples exist, such as the Tehachapi Wind Energy Storage 

Project in Southern California which consists of a 8 MW/32 MWh17 system [73].  

3.5 Redox-flow batteries 

In redox-flow batteries two separate tanks store the electrolyte which is pumped through the 

cells of a reactor. An ion-permeable membrane divides the positive and negative electrolyte and 

the proton exchange between both electrodes generates the electric power output [75]. Currently, 

the most common types include Vanadium, Zinc-Bromine, and Iron-Chromium redox-flow 

batteries. 

Opposed to other electrochemical storage options, the converter and storage unit of redox-flow 

batteries are detached from each other. Therefore, power and energy-related capacity can be 

scaled individually and unconstrained (disjoint capacity [97]). In this sense, the energy-to-power 

ratio (E2P) is only determined by the amount of electrolyte in relation to the power rating at the 

cell stack (active area) [198]. This enables a broad range of applications, including the use for 

ancillary services, load leveling, large-scale integration of VRE, or UPS for island grids [74]. 

Moreover, the lifetime of redox-flow batteries is independent from the DOD [75]. 

Main drawbacks of the technology are the low energy density (0.045–0.089 kWh/l) and their 

high investment costs [75], mainly driven by the system complexity of the cell (i.e. converter 

unit) [79] or maintenance of the tanks due to leakage [200]. 

                                                           
17 The Global Energy Storage Database of the U.S. department of energy provides installed converter capacity as 

well as the duration. The latter is defined as the amount of time the storage can discharge at the rated power capacity 

and used to conclude from the power-related to the energy-related capacity. 
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3.6 Hydrogen storage 

Main advantages of H2 are the high heating value of 141.9 MJ/kg18 and its high gravimetric 

energy density of 33.3 kWh/kg. However, compared to other fuels, such as natural gas, the 

volumetric energy density of H2 at atmospheric pressure is rather low (0.003 kWh/l). Therefore, 

H2 is typically stored under pressure (up to 700 bar), improving its volumetric energy density to 

1.9 kWh/l. Furthermore, H2 allows the coupling of different energy sectors, such as 

transportation, heat, and the power sector. 

The main idea of hydrogen storage (H2) is to use surplus electricity for the electrolysis of 

water to hydrogen and oxygen. 

The electrolysis process is comparable to a fuel cell, but with inverse current flow [203]. The 

most common technologies to convert water to H2 are alkaline or polymer electrolyte membrane 

(PEM) electrolyzer19. Both options operate at cell temperatures around 50 to 80 °C and achieve 

efficiencies of 80% at atmospheric pressure [78]. Currently, alkaline electrolysis is the more 

mature technology of both options, allowing H2 production up to 740 m³/h per stack and 

30,000 m³/h for a complete system [76]. As of today, the most efficient alkaline electrolyzer 

require around 4.3 kWh of electricity to produce 1 m³ of H2 [76]. Current systems are designed 

for an optimal operating point (maximum H2 output at constant current), however, in principle, 

alkaline electrolyzer are able to operate in a flexible way, provided that the minimal load rate of 

20–40% of its nominal capacity is ensured. Increasing module sizes are assumed to lower the 

specific energy demand for the electrolysis, thus improving its efficiency [76]. As of today, PEM 

electrolysis is mostly used for smaller systems (H2 production < 30 m³/h, Pel < 50 kW); major 

drawbacks are the limited lifetime of the membranes [77]. However, PEM is assumed to be a 

valuable option in many applications as it benefits from the simple system design (e.g. no pumps 

for circulation of the electrolyte is required). By this means, improvements mainly with regard to 

the lifetimes as well as lower specific investment costs are required [78]. Further advantages 

include the flexible operation, as PEM are characterized by low minimum load rates (5% of the 

nominal capacity) and the possibility of overload operating up to 300% [203]. 

After electrolysis, H2 can either be mixed into the natural gas grid infrastructure (1), stored in 

pressure tanks, underground salt caverns, pressure less in liquid form (-253°C) and in metal 

                                                           
18  Higher heating value. 
19  Solid oxide electrolyzer cells (SOEC) are another technology which is currently only available in laboratory 

 environments. 
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hybrids [79] (2), or converted to synthetic methane with the help of CO or CO2 (3) (see Fig. 8). 

These concepts are also referred to as power-to-X. 

 

 

Fig. 8: Different options for hydrogen storage. Figure adapted from [80]. 

After the storage process, the stored medium can be re-converted to electricity in CCGTs 

(provided the input is a H2/natural gas mix, natural gas, or possibly pure H2), fuel cells (if H2), or 

gas turbines (if H2/natural gas mix or natural gas). Moreover, the H2/natural gas mix can be fed 

into the natural gas infrastructure and used in the transport and heating sector. Similarly, pure H2 

can be utilized in hydrogen mobility (see e.g. [81]). In particular, the existing storage 

infrastructure (natural gas grid) and relatively low costs for additional storage options (natural gas 

storage or underground salt caverns) qualify H2 storage for long-term applications. As of today, 

drawbacks mainly exist with regard to the high costs of the electrolyzer as well as the relatively 

low overall efficiency [200]. 
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4 The REMix energy system modeling framework 

This chapter provides an introduction to energy system models and the modeling framework 

REMix. The fundamental mathematical representation is included as well as a more in-depth 

discussion of the storage and thermal power plant modeling approach. 

4.1 Introduction to energy system models 

As questions of climate change and security of energy supply become more pressing, 

analyzing possible ways of integrating renewable energy technologies into the energy system has 

become a crucial issue. In this regard, “… coherent technical analyses of how renewable energy 

can be implemented, and what effects renewable energy has on other parts of the energy system” 

[85] are necessary. Energy system models can provide such insights and help to understand 

questions of future energy demand and supply structures. 

A large variety of energy system models exists, each developed for different purposes and 

characterized by their very own advantages and drawbacks. Some of the differences with regard 

to the quantification of storage demand have already been discussed in Sec 2.1. An extensive 

review of energy system models that analyze the integration of renewable energies into the 

energy system is provided by Connolly et al. [85]. Hall and Buckley [82] discuss models with a 

focus on energy scenarios for the UK, whereas the review of Krishnan et al. [83] emphasizes 

models that rely on the co-optimization of the transmission grid, storage, and generation 

capacities. 

 

 

Fig. 9: Classification of energy system models. Figure adapted from [84]. 

Commonly, energy system models can be differentiated into top-down and bottom-up models 

(see Fig. 9). 
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Top-down models allow an aggregated, macroeconomic view of the economy and its energy 

sectors, identifying effects of energy or climate policies in monetary units [86]. In contrast, 

bottom-up models are characterized by a higher degree of technological detail, allowing the 

analysis of specific energy technologies [85]. The latter requires simplifications, such as temporal 

or spatial aggregations, to preserve traceability of the results [87]. Moreover, the ability of 

bottom-up models to consider technological progress as well as emerging technologies predestine 

these approaches for long-term analyses with time horizons of more than 20 years [86]. Bottom-

up methods, such as used in the model presented in Sec. 4.2, are therefore an adequate remedy to 

answer the question of long-term storage demand. 

Within bottom-up models, usually, a distinction between simulation and optimization can be 

found. Simulations typically incorporate a number of different methods, such as accounting 

frameworks or utility dispatch strategies. These methods aim to balance energy generation and 

demand over a given time period. Simulations focus on the development of an energy system, 

while optimizations, in contrary, derive possible future energy scenarios [87]. The most 

prominent methods in optimizations are linear programming (LP), mixed-integer linear 

programming (MILP), non-linear programming (NLP), or quadratic programming (QP). All 

approaches minimize or maximize an objective function subject to a number of constraints. A 

profound review of optimization approaches for renewable integration studies is provided by 

Baños et al. [88]. 

Advantages of LP approaches include efficient solution algorithms which allow the 

consideration of complex systems, good traceability of the model results, the ability to efficiently 

identify infeasibilities [89], and the guarantee of mathematical unique solutions [90]. However, 

some shortcomings of LP methods exist. First, these approaches cannot consider non-linear 

relations e.g. economies of scale or part load efficiencies of thermal power plants [90]. Yet, some 

effects, such as the latter, can be approximated via linearization. Second, LPs result in continuous 

values for decision variables. Some of these decision variables, however, might be of discrete 

nature, e.g. power plant starts and shutdowns. Third, LP is prone to penny switching solutions 

where results are extreme solutions which are not robust against parameter variations. In this 

sense, it is of great importance to validate the robustness of the model results against parametric 

uncertainty (see Sec. 2.3). 

The subsequent equations show the standard formulation of LP problems. Eq. 4.1 defines the 

objective function which has to be minimized or maximized. Eq. 4.2 and Eq. 4.3 are constraints 

which restrict the solution space, where x = (x1,…,xn) is the vector of the decision variable, 
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c = (c1,…,cn) the coefficient of the objective function, and b = (b1,…,bm) the vector on the right-

hand side. a is a b × � matrix, characterized by � variables and b constraints [91].  

 
min/max d3�, 4.1 
s.t.  a� = f, 4.2 
  � ≥ 0 4.3 

4.2 REMix 

The energy system model framework REMix consists of two sub-models: On the one hand, 

EnDAT (Energy Data Analysis Tool) allows a global RE resource assessment, providing 

maximum installable RE capacities in a high spatial resolution and, furthermore, hourly potential 

generation time-series of VRE technologies. On the other hand, the optimization model OptiMo 

(Optimization Model) enables least-cost capacity expansion and dispatch in energy scenarios. 

The model framework was initially developed by Scholz [213], and, in the context of several 

PhD-theses, enhanced by aspects of electric vehicles [191], global resource assessment [92], 

demand response, and thermal storage [146]. In the remainder of this work, REMix refers to the 

optimization sub-model OptiMo and is subsequently explained in more detail. 

REMix allows a cost minimizing, integral optimization of utility dispatch and capacity 

expansion. The model minimizes the total system costs of an energy scenario, which are 

comprised of the annuities of the overnight investment costs of capacity expansion as well as the 

operating costs of the utility dispatch. The latter include fuel, emission certificates as well as 

operation and maintenance costs (O&M). The model’s decision variables are hourly capacity 

dispatch and annual capacity expansion, which are optimized for each model interval. A cross-

sectoral approach enables the consideration of the transport, heat, and power sector. In this thesis, 

however, only the latter is examined. The deterministic linear optimization considers techno-

economic constraints, such as resource availability for renewable energy systems or cost and 

efficiency assumptions for generation technologies. The approach relies on an hourly resolution 

and perfect foresight over the optimization horizon. REMix is developed in the mathematical 

programming language GAMS (General Algebraic Modeling System) [93] and solved with 

CPLEX [94]. An overview of the model functionality is provided by Fig. 10, whereas a detailed 

model description including the mathematical framework can be found in Gils et al. [112]. 

Additionally, Appendix D provides a concise model fact-sheet [95]. 
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Fig. 10: Fundamental structure of the REMix modeling framework. Figure is based on [96]. 

Subsequently, the most relevant model equations are explained. This includes a detailed 

description of overarching equations and equations which describe the storage as well as thermal 

power plant modeling approach as they are of particular interest in this study. Variables are 

denoted in italic, whereas for parameters regular font is used. Specific parameters are written in 

small letters, indices in italic and subscript. 

4.2.1 Objective function 

The model minimizes the overall sum Q34%,0  of the investment costs of capacity expansion 

Q�"G discounted through the annuity factor f	!""#$%& as well as the operating costs for annual 

dispatch QE- of all system components � ∈ � and model regions � ∈ �. System components are 

defined as generation or flexibility technologies, such as power plants, VRE systems, storage, or 

grid infrastructure. The operating costs QE- are derived over all time-steps � ∈ � of the observed 

time period. Investments into new capacities Q�"G, in contrary, are only dependent on the 

additional required capacity S�,�QYi_ajjkj to satisfy the electrical load. Moreover, the overall costs 

include a penalty term for the costs of artificial generation Q70,>D, or, in other words, unsupplied 

power. The latter are, identical to the operating costs QE-, derived over all time-steps � ∈ � and 

dependent on the amount of unsupplied energy S�,�X
Ydl(�) over all time-steps. The specific costs of 

unsupplied power or artificial load c	70,>D are typically assigned to very high costs to ensure that 

energy supply or load from other sources is used first, and, artificial generation or consumption is 

dispatched as last option to prevent the mathematical infeasibility of the model run.  
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Q34%,0 = Q�"G + QE- + Q70,>D 4.4 

              s.t. 

Q34%,0 = min o o S	,"+,-_!2212 ∗ c	�"G ∗ f	!""#$%&
"∈;	∈q

 

+ o o o S	,"61"(�) ∗ c	E-
%∈3"∈;	∈q

 

+ o o S"70,>D(�)
%∈3

∗ c70,>D
"∈;

 

 

4.5 

  

Q34%,0 ≥! 0 4.6 

  ∀ � ∈ �, ∀ � ∈ �, ∀ � ∈ �  

4.2.2 Operating costs 

The operating costs consist of several cost components, namely variable as well as fixed 

operations and maintenance costs (QW&t_uYZ, QW&t_vw� ), fuel costs QWi_vxk
, and emission 

certificate costs QWi_QW2. Fixed O&M costs are expressed relatively to the overall investment 

costs, variable O&M costs relatively to the output (e.g. power or heat generation) of a system 

component � ∈ �. The model region-specific capacity of a system component S�,�QYi_ajjkj only 

includes investments into new capacities and excludes already existing capacities. The fuel costs 

QWi_vxk
 derive from the power generation S�,�zk�(�) over all time-steps � ∈ � divided by the net 

efficiency η	;1%  of the system component, multiplied with the technology-specific fuel costs c�vxk
. 
Costs that occur due to ramping processes in terms of wear and tear are incorporated in QWi_{&�. 

The overall change of power due to ramping S	,"B&3_34%,0 is multiplied with the technology-

specific ramping costs c	B&3.The CO2 emission costs consist of the fuel consumption multiplied 

with the specific emission factor f�QW2 for each technology (i.e. fuel type) and the specific CO2 

emission costs c�QW2. A mapping ensures the correct linkage of system components (i.e. 

technologies) to the fuel types and the specific CO2 costs a therefore here shown as technology-

specific. In this sense, open cycle gas turbines, for example, can only be natural gas fired.  
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QE- = QE-_R,8 + QE-_A$	 + QE-_A#10 + QE-_B&3 + QE-_+EF 4.7 

QE- =  o o o S	,"61"(�) ∗ 
%∈3"∈;	∈q

c	E&�_G,8 

QE- + o o S	,"+,-_!2212 ∗ c	�"G ∗
"∈;	∈q

c	E&�_A$	 

QE- + o o o S	,"61"(�)
η	;1% ∗  c	A#10

%∈3"∈;	∈q
 

QE- + o o S	,"B&3_34%,0 ∗
"∈;	∈q

c	B&3  

QE- + o o o S	,"61"(�)
η	;1% ∗ f	+EF ∗ c	+EF

%∈3"∈;	∈q
 

Variable operating and maintenance costs QE&�_R,8 

Fixed operating and maintenance costs QE&�_@$	 

Fuel Costs QE-_@#10 20 

Wear and tear costs QE-_B&3 

CO2 emission costs QE-_+EF 

4.8 

 
∀ � ∈ �, ∀ � ∈ �, ∀ � ∈ � 

4.2.3 Investment costs 

The investment costs Q�"G, sometimes referred to as capital expenditure costs (CAPEX), 

describe the discounted overnight investment costs of a system component �. Investment costs 

are calculated with regard to the model endogenously derived capacity expansion S	,"+,-_!2212 of 

system components at a specific model region �. They are expressed as annuities, i.e. equal 

payments over the technology-specific amortization period N	!I483, for each observation year 

and dependent on the discount rate i. If a system component consists of several sub-components, 

such as for storage technologies which are comprised of the converter and storage unit, the 

annuity factor is derived for each sub-component individually.  

 

Q�"G = o o|S	,"+,-_!2212 ∗ c	�"G ∗ f	!""#$%&}
"∈;	∈q

 4.9 

f	!""#$%& =  i ∗ (1 + i)�������

(1 + i)������� − 1 4.10 

  
∀ � ∈ �, ∀ � ∈ �  

4.2.4 Power balance 

The power balance equation is one of the most important model constraints. It ensures that the 

total generation of all system components equals the power demand in each time-step � of the 

                                                           
20 This equation only applies for the simplified modeling approach for thermal power plants (see Sec. 4.2.10). Fuel 

costs in the more detailed mixed-integer unit commitment include fuel consumption due to start-up processes. 
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observation period as well as in all model regions �. Electricity demand consists of the power 

demand, storage charging, electricity export via the transmission grid, and grid losses at each 

time-step and model region. Moreover, the demand side includes artificial load S"70,>D_;1V(�) in 

case surplus electricity exist that cannot be balanced through storage, grid, or curtailments. The 

generation can be provided by the dispatch S�,�zk�(�) of thermal power plants, VRE systems, and 

discharging from EES S�,�X��Z_�w�(�). If a power generation deficit exists in one model region, 

electricity can also be transferred via the transmission grid infrastructure from regions of power 

surplus S�,�zZwj_�bi(�). Similar to the demand side, the slack variable S"70,>D_�4/(�) ensures the 

feasibility of the model by providing artificial generation in case that the electrical demand 

cannot be satisfied by any other generation technologies, storage discharging, or electricity 

import. 

 
        Demand side 

P"�4,2(�) + S"70,>D_;1V(�) + o S	,"7%48_+<,8(�) + S	,"68$2_U	-(�) + S	,"68$2_�4//(�)
	∈q

 

 

=!
 

 

S"70,>D_�4/(�) + o S	,"61"(�) + S	,"7%48_=$/(�) + S	,"68$2_�I-(�)
	∈q

 

4.11 

 
             Supply side 

 
∀ � ∈ �, ∀ � ∈ �, ∀ � ∈ � 

4.2.5 Capacity constraints 

The model includes constraints that limit the capacity expansion for each model region � and 

system component �. These upper boundaries restrict the overall installable capacity, consisting 

of the already existing capacity P	,"+,-_�"/%,0012 and the additional endogenously derived capacity 

S	,"+,-_!2212. Capacity constraints can be understood as technical potential for certain 

technologies. For VRE technologies for example, capacity limits are based on results of the 

REMix sub-model EnDAT and are subject to resource availability (e.g. wind speeds or solar 

irradiation) or site availability (e.g. exclusion of protected areas or water depth for offshore wind 

systems). However, capacity constraints may also include economic considerations, such as 

minimum wind speed for suitable locations of wind turbines. 
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S	,"+,-_!2212 + P	,"+,-_�"/%,0012 � ! P	,"+,-_34%,0 4.12 

 
∀ � ∈ �, ∀ � ∈ � 

4.2.6 Generation constraints 

Similar to the capacity constraints, generation constraints limit the possible generation (e.g. 

power or heat) from a certain system component �, at a certain time-step �, and model region �. 

Planned and unplanned outages of the generation technology are included by the availability 

factor τ. 

 

S	,"61"(�) � ! (S	,"+,-_�"/%,0012 + P	,"+,-_!2212) ∗ τ	 4.13 

  
∀ � ∈ �, ∀ � ∈ �, ∀ � ∈ �  

4.2.7 Curtailments of variable, renewable power generation 

The subsequent equation defines the amount of energy that is curtailed, expressed in terms of 

surplus. p	,"�4%61"(�) describes the normalized, potential, technology and region-specific power 

generation from VRE technologies. The overall installed VRE capacity is described by the sum 

of S	,"+,-_�"/%,0012 and P	,"+,-_!2212 (i.e. considering already existing and endogenously derived 

capacities). In this standard formulation, curtailments are unrestricted and not associated with any 

costs. 

S	,"+#8(�)  =! (p	,"�4%61"(�) ∗ |S	,"+,-_�"/%,0012 + P	,"+,-_!2212} ∗ τ	) − S	,"61"(�) 4.14 

    Potential power generation from VRE  

  
∀ � ∈ �, ∀ � ∈ �, ∀ � ∈ �  

4.2.8 Restricted curtailments of variable, renewable power generation 

This formulation allows to restrict curtailments technology-specific over the whole 

observation area (e.g. Europe), expressed as a share of the potential power generation from VRE. 

The latter is included via the technology-specific curtailment share dxZ�. 
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o S	,"+#8(�)
%∈3

� ! o�p	,"�4%61"(�) ∗ |S	,"+,-��������� + P	,"+,-�����} ∗ τ	�
%∈3

∗ dxZ	 4.15 

  
∀ � ∈ �, ∀ � ∈ �, ∀ � ∈ �  

4.2.9 Storage modeling 

Subsequently, the most important equations for storage modeling are explained. Opposed to 

other generation technologies21, each storage is comprised of two sub-components: a converter 

unit (power-related) and a storage unit (energy-related). In this sense, the converter unit of a 

pumped hydropower storage, for example, would refer to the pump and turbine, whereas the 

water reservoir can be defined as the storage unit. Similar to all other technologies, the model 

optimizes the hourly dispatch as well as the capacity expansion, i.e. investments into additional 

capacity. 

Storage capacity constraints 

Following the modeling approach of other technologies, investments into additional storage 

are limited by capacity constraints. More specifically, the capacity expansion is restricted for both 

converter S	,"7%48_!2212 and storage unit T	,"7%48_!2212 by the maximum installable converter 

capacity P	,"7%48_34%,0 and storage unit capacity E	,"7%48_34%,0 respectively. The ratio of installed 

power (converter) to energy (storage unit) capacity can either be dimensioned independently 

(disjoint capacity [97]) or via an E2P ratio (integrated capacity [97]). Again, the constraint is 

applied for the sum of already existing capacities (Installed) and capacity expansion (Added).  

 

T	,"7%48_!2212 + E	,"7%48_�"/%,0012 � ! E	,"7%48_34%,0 4.16 

S	,"7%48_!2212 + P	,"7%48_�"/%,0012 � ! P	,"7%48_34%,0 4.17 

 
∀ � ∈ �, ∀ � ∈ � 

                                                           
21 Exceptions being concentrating solar power and conventional hydroelectricity (see Sec. 6.1 and Sec. 6.3 in 

Appendix C). The former consists of a solar field, a thermal energy storage, and a power block; the latter is 

comprised of a turbine/generator unit and optional retrofitted pumps. 
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Charge and discharge constraints 

Similar to the generation constraints (see Sec. 4.2.6) storage charging S	,"7%48_+<,8 and 

discharging S	,"7%48_=$/><,8 for each storage technology � and model region � are limited by the 

overall storage converter power. The latter again includes already existing storage converter 

capacity P	,"7%48_�"/%,0012 and endogenously derived capacity S	,"7%48_!2212.  

 

S	,"7%48_+<,8(�) + S	,"7%48_=$/><,8(�) � ! S	,"7%48_!2212 + P	,"7%48_�"/%,0012  4.18 

 
∀ � ∈ �, ∀ � ∈ �, ∀ � ∈ � 

Storage balance 

The storage balance equation assures that the storage fill level T	,"7%48_�1G10(�) in each time-step 

is equal to the fill level in the preceding time-step T	,"7%48_�1G10(� − 1), considering the discharged 

and charged energy. Additionally, technology-specific charging η	7%48_+<,8 and discharging 

efficiencies η	7%48_=$/><,8 as well as the self-discharge rate μ	7%48_710@2$/><,8  are considered. Self-

discharging is defined through the average difference in the fill level of two time-steps 

U�,�����_�����(%)�U�,�����_�����(%��)
F .  

 
T	,"7%48_�1G10(�) − T	,"7%48_�1G10(� − 1) 

=!
 

�S	,"7%48_+<,8(�) ∗ η	7%48_+<,8 − S	,"7%48_=$/><,8(�)
η	7%48_=$/><,8 � ∗ ∆� 

− 
T	,"7%48_�1G10(�) + T	,"7%48_�1G10(� − 1)

2 ∗ μ	7%48_710@2$/><,8  

4.19 

 
∀ � ∈ �, ∀ � ∈ �, ∀ � ∈ � 

 

The storage level variable T	,"7%48_�1G10(�) could be substituted through an alternative 

formulation, where the storage level is calculated via the sum of charging, discharging, and self-

discharging. However, the calculation times of this approach were found to be significantly 

higher compared to the described method. 



4 The REMix energy system modeling framework 47 

 
4.2.10 Power plant modeling: simplified merit order 

Subsequently, the two different modeling approaches for thermal power plans—LP merit 

order method and MILP unit-commitment with economic dispatch—are explained. Both 

representations are required for the comparison of both approaches with regard to storage 

expansion in chapter 5. 

As for all other system components �, the simplified merit order based thermal power plant 

approach includes equations for operating and investment costs as well as generation and 

capacity constraints. Some specific differences however exist, and are, additional to the power 

plant-specific equations, explained subsequently. 

Generation constraint for thermal power plants 

Similar to the generation constraint in Sec. 4.2.6, the available electrical power supply from 

thermal power plants for every hour is limited by the sum of existing capacities P	,"+,-_�"/%,0012 and 

the endogenously derived, additional capacities S	,"+,-_!2212. Furthermore, due to maintenance 

work and unexpected events, not all of the installed power is available at each time-step. This is 

taken into account through the availability factor τx. The internal consumption of thermal power 

plants, which is mainly caused by the pretreatment of fuels and pumps, is incorporated via the 

division of η	;1%  by η	684//. 

 

S	,"61"(�) � ! |S	,"+,-_!2212 + P	,"+,-_�"/%,0012} ∗ η	;1%
η	684// ∗ τ	 4.20 

 
∀ � ∈ �, ∀ � ∈ �, ∀ � ∈ � 

Fuel consumption 

The fuel consumption of thermal power plants for each time-step � is obtained by the division 

of the electrical power generation S	,"61"(�) with the net efficiency η	;1% . 
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T	,"A#10+4"/(�) = S	,"61"(�)
η	;1%  4.21 

 
∀ � ∈ �, ∀ � ∈ �, ∀ � ∈ � 

Wear and tear costs 

Wear and tear costs describe costs that arise due to positive and negative power changes of 

thermal power plants. First, all positive S	,"B&3_�4/(�) and negative power changes S	,"B&3_;1V(�) 

for each time-step � are derived. If the right-hand side of Eq. 4.22 becomes positive, ramping up 

of the power plant occurs. In turn, if the right-hand side in Eq. 4.22 becomes negative (i.e. down 

ramping), the equation becomes zero as S	,"B&3_�4/(�) is declared as a positive variable. Eq. 4.23 

for negative power changes works invers, as the right-hand side is multiplied by -1. Lastly, 

positive and negative power changes are summed over time to the amount of ramping energy and 

multiplied with the specific cost for ramping .  

 

S	,"B&3_�4/(�) ≥ ! S	,"61"(�) − S	,"61"(� − 1) 4.22 

 
∀ � ∈ �, ∀ � ∈ �, ∀ � ∈ � 

 

S	,"B&3_;1V(�) ≥ ! − 1 ∗ �S	,"61"(�) − S	,"61"(� − 1)  4.23 

 
∀ � ∈ �, ∀ � ∈ �, ∀ � ∈ � 

 

Q	,"B&3_34%,0 = o �S	,"B&3_�4/(�) + S	,"B&3_;1V(�) 
%∈3

∗ cB&3 4.24 

 
∀ � ∈ �, ∀ � ∈ �, ∀ � ∈ � 

4.2.11 Power plant modeling: unit commitment with economic dispatch 

The mixed-integer linear programming (MILP) modeling approach allows an optimized 

piecewise thermal power plant commitment. The method is based on the work of Carrión and 

Arroyo [108] and was initially implemented into the REMix framework by Fichter [150]. During 

this study, the method then was adapted into the sub-model OptiMo of the REMix framework. A 
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comparison of both power plant modeling approaches—simplified merit order and unit 

commitment with economic dispatch—is provided in chapter 5, emphasizing their impact on 

storage expansion planning. 

The MILP methodology enables to model power plant dispatch on a unit or power block level 

and, moreover, incorporates a higher degree of technological detail than the LP approach (see 

Sec. 4.2.10). In this sense, MILP includes part load and temperature dependent efficiencies (via a 

piecewise linear production cost approach), minimum load rates, ramping processes and 

associated costs, minimum offline and online times, increased fuel usage and respectively 

increased costs owing to power plant start-ups as well as different cooling methods influencing 

the internal consumption (sometimes referred to as parasitics) of a power plant. 

Maximal online units or power blocks 

This equation restricts the number of online thermal power plant units, blocks, or power plant 

groups. W��,�(�) is an integer unit-commitment (UC) variable, or, in case of modeling each 

power plant individually, a binary variable [0/1]). The equation is essential for the clustering 

approach (grouped integer modeling) as it replaces the binary UC variable (on/off) from the 

single binary UC approach with the integer variable W��,�(�). The latter describes the number of 

operating units and is restricted by the number of power plants or power units within a cluster, 

which, again, is expressed as the installed capacity P	,"+,-_�"/%,0012 divided by a typical block or 

cluster size δ� and rounded to the nearest integer. A cluster either refers to a power plant group 

(e.g. large coal-fired or midsize gas-fired power plants) or to power blocks within a power plant. 

Note that all blocks or units within a cluster are characterized by identical techno-economic 

parameters. 

 

W�	,"(�) � ! ¡|P	,"+,-_�"/%,0012/δ	}£ 4.25 

 
∀ � ∈ �, ∀ � ∈ �, ∀ � ∈ �  

Initial commitment status 

This equation determines the initial unit-commitment status κ	, or, in other words, if a power 

plant is online or offline before the first time-step of the optimization.  
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W�	,"(�) = κ	 4.26 

 
∀ � ∈ �, ∀ � ∈ �, � = 0  

Power plant start 

The power plant start equation determines if a start-up of a block or unit occurred, thus 

comparing the status of the power plant in the current time-step W��,�(�) with the previos time-

step W��,�(� − 1).  
 

X�YZ�	,"(�) ≥ ! W�	,"(�) − W�	,"(� − 1) 4.27 

 
∀ � ∈ �, ∀ � ∈ �, ∀ � ∈ �  

Possible load range 

The possible load range is a generation constraint which restricts the upper and lower range of 

power generation of thermal units or power blocks. 

Equation 4.28 describes the lower range of power generation dependent on the factor of 

minimum load of a power plant λ	�$" with respect to its nominal capacity expressed by the 

multiplication of the typical block size δ	 with the number of operating units W�	,"(�) and the 

availability τ�. 

 

if θn,t ≤ 10°C 

if 10°C < θn,t ≤ 25°C 

if θn,t > 25°C 

¤|θ1",%} ∗ λ	�$" ∗ δ	 ∗ W�	,"(�) ∗ τ	 �  ! S	,"61"(�) 

¤|θ2",%} ∗ λ	�$" ∗ δ	 ∗ W�	,"(�) ∗ τ	 �  ! S	,"61"(�) 

¤|θ3",%} ∗ λ	�$" ∗ δ	 ∗ W�	,"(�) ∗ τ	 �  ! S	,"61"(�) 
 

4.28 

 
∀ � ∈ �, ∀ � ∈ �, ∀ � ∈ �  

 
Moreover, the ambient temperature has to be considered as the power output of some power 

plant technologies, such as gas turbines, is heavily dependent on the intake pressure (i.e. density 

of the air22). To incorporate the latter, the time-dependent temperature correction factor f(θn,t) is 

introduced (see [174] and Eq. 4.29). θn,t describes the ambient temperature at the location n at the 

                                                           
22 The air density is furthermore dependent on the geodesic height of the power plant. However, in this approach, 

only the influence of the ambient temperature is considered. 
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time-step t of the power plant. f(θn,t) again is defined by the two coefficients Α1 and Α2 for 

temperature ranges ≤ 10°C (or Α3 and Α4 for 10–25°C or Α5 and Α6 for > 25°C). 

 
¤|θ1",%} = Α1 ∗ θ1",% + Α2 

¤|θ2",%} = Α3 ∗ θ2",% + Α4 

¤|θ3",%} = Α5 ∗ θ3",% + Α6 

4.29 

  
∀ � ∈ �, ∀ � ∈ �  

 
The upper limit of power generation is shown in Eq. 4.30. Similar to the lower limit of power 

generation, the temperature correction coefficients f(θn,t) are considered. 

 

if θn,t ≤ 10°C 

if 10°C < θn,t ≤ 25°C 

if θn,t > 25°C 

¤|θ1",%} ∗ δ	 ∗ W�	,"(�) ∗ τ	 ≥  ! S	,"61"(�) 

¤|θ2",%} ∗ δ	 ∗ W�	,"(�) ∗ τ	 ≥  ! S	,"61"(�) 

¤|θ3",%} ∗ δ	 ∗ W�	,"(�) ∗ τ	 ≥  ! S	,"61"(�) 

4.30 

 
∀ � ∈ �, ∀ � ∈ �, ∀ � ∈ �  

Piecewise linear generation 

These equations derive the overall power generation for each technology (power plant, power 

block) and each time-step t. The piecewise linear approach relies on the concept that the 

generation is divided into several generation ranges, here denoted S	,"61"_��(�) and S	,"61"_�F(�). 

The lower bound of the power output in the first generation range (P1) is defined by the relative 

minimum load of a power plant λ	�$" multiplied with the typical block size δ	. The upper limit of 

the power generation in P1 is described by the relative maximum generation in the first range 

λ	�,8% multiplied with the typical block size δ	. Consequently, the power generation in the first 

range S	,"61"_��(�) has to be lower than the power generation at the maximum generation in P1 

subtracted by the power generation at the minimum generation point. 

 

S	,"61"_��(�) � ! W�	,"(�) ∗ τ	 ∗ �(λ	�,8% ∗ δ	) − (λ	�$" ∗ δ	)  4.31 

 
∀ � ∈ �, ∀ � ∈ �, ∀ � ∈ �  

 
The power output S	,"61"_�F(�) of the second generation range (P2) is limited by the typical 

block size δ	 and the maximum generation from P1. 
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S	,"61"_�F(�) � ! W�	,"(�) ∗ τ	 ∗ (δ	 − δ	 ∗ λ	�,8%) 4.32 

 
∀ � ∈ �, ∀ � ∈ �, ∀ � ∈ �  

 
The overall generation than consists of the power output of the two generation ranges and the 

generation from start-up to the minimum generation. Again, each equation is defined by different 

ambient temperature ranges. 

 
if θn,t ≤ 10°C S	,"61"(�) =  ¤|θ1",%} ∗ �W�	,"(�) ∗ δ	 ∗ λ	�$" ∗ τ	 + S	,"61"_��(�) + S	,"61"_�F(�)  

4.33 if 10°C < θn,t ≤ 25°C S	,"61"(�) =  ¤|θ2",%} ∗ �W�	,"(�) ∗ δ	 ∗ λ	�$" ∗ τ	 + S	,"61"_��(�) + S	,"61"_�F(�)  

if θn,t > 25°C S	,"61"(�) =  ¤|θ3",%} ∗ �W�	,"(�) ∗ δ	 ∗ λ	�$" ∗ τ	 + S	,"61"_��(�) + S	,"61"_�F(�)  

 
∀ � ∈ �, ∀ � ∈ �, ∀ � ∈ �  

Minimum up time 

The minimum up time determines how many hours a power plant must be online before it is 

able to shut down again. The parameter UT	 describes the technology-specific minimum up time 

in hours. Eq. 4.34–Eq. 4.36 also consider how many hours a power plant was online or offline 

before the actual time period of the power plant dispatch. This is implemented through the index 

�	 which represents the number of initial hours (before the actual time period of the power plant 

dispatch) during which the power plant is required to be online. 

 

o|¡|P	,"+,-_�"/%,0012/δ	}£} −
V�

%ª�
W�	,"(�) =! 0 

 

4.34 

 
∀ � ∈ �, ∀ � ∈ �, ∀ � ∈ �  

 

o W�	,"(«) ≥  ! UT	�W�	,"(�) − W�	,"(� − 1)�
%�¬���

®ª%
 

 

4.35 

 
∀ � ∈ �, ∀ � ∈ �, ∀ � = �	 + 1 … � − UT	 + 1  
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o°W�	,"(«) − �W�	,"(�) − W�	,"(� − 1)�±
3

®ª%
≥  ! 0 

 

4.36 

 
∀ � ∈ �, ∀ � ∈ �, ∀ � = � − UT	 + 2 … �  

Minimum down time 

The minimum down time determines how many hours a power plant must be offline before it 

is able to ramp up again. The parameter DT� describes the technology-specific minimum down 

time in hours. Eq. 4.37–Eq. 4.39 also consider how many hours a power plant was online or 

offline before the actual time period of the power plant dispatch. This is implemented through the 

index 
	 which represents the number of initial hours (before the actual time period of the power 

plant dispatch) during which the power plant is required to be offline. 

 

o W�	,"(�)
0�

%ª�
=! 0 

 

4.37 

 
∀ � ∈ �, ∀ � ∈ �, ∀ � ∈ �  

 

o �1 − W�	,"(«)�
%�²���

®ª%
≥  !  DT	�W�	,"(� − 1) − W�	,"(�)� 

 

4.38 

 
∀ � ∈ �, ∀ � ∈ �, ∀ � = 
	 + 1 … � − DT	 + 1  

 

o°1 − W�	,"(«) − �W�	,"(� − 1) − W�	,"(�)�±
3

®ª%
≥  ! 0 

 

4.39 

 
∀ � ∈ �, ∀ � ∈ �, ∀ � = � − DT	 + 2 … �  
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5 Power plant modeling and its influence on storage 

demand 

Merit order or unit-commitment dispatch: How does thermal power plant 

modeling affect storage demand in energy system models?23 

 
As illustrated in Sec. 2.1, the influence of different modeling approaches on storage demand 

for the large-scale integration of power generation from VRE has not yet been analyzed. By this 

means, the following chapter sheds light on the question in how far different thermal power plant 

modeling approaches affect storage capacity expansion and utilization. 

  

                                                           
23 This chapter is based on F. Cebulla and T. Fichter, “Merit order or unit-commitment: How does thermal power 

plant modeling affect storage demand in energy system models?,” Renewable Energy, vol. 105, pp. 117–132, 2017. 
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ABSTRACT 

Flexibility requirements in prospective energy systems will increase to balance intermittent 

electricity generation from renewable energies. One option to tackle this problem is electricity 

storage. Its demand quantification often relies on optimization models for thermal and renewable 

dispatch as well as capacity expansion. Within these tools, power plant modeling is typically 

based on simplified linear programming merit order dispatch (LP) or mixed-integer unit-

commitment with economic dispatch (MILP). While the latter is able to capture techno-economic 

characteristics to a large extent (e.g. ramping or start-up costs) and allows on/off decisions of 

generator units, LP is a simplified method, but superior in computational effort. 

An assessment of how storage expansion is affected by the method of power plant modeling is 

presented and the cost minimizing optimization model REMix is applied, comparing LP with 

MILP. Moreover, the influence of wind and photovoltaic generation shares is evaluated, varying 

the granularity of the power plant mix within MILP. 

The results show that LP underestimates storage demand, as it neglects technical restrictions 

which affect operating costs, leading to an unrealistically flexible thermal power plant dispatch. 

In contrast, storage expansion is higher in MILP. The deviation between both approaches, 

however, becomes less pronounced if the share of renewable generation increases. 
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5.1 Introduction 

With growing shares of VRE generation in power systems, ensuring sufficient flexibility will 

play a crucial role as the temporal and spatial mismatch between demand and supply increases. 

Definitions of flexibility are broad (see [98, 99, 120]), however, the term is commonly 

understood as the ability to decouple electricity demand and supply to balance variations in the 

net load [122] (which, in turn, is defined as the electricity load minus the generation from VRE). 

It is likely that the temporal variability of VRE generation will go along with an increase in 

storage demand to prevent the aforementioned temporal mismatch [100, 132, 151, 164, 190]. 

Moreover, higher shares of VRE generation will require a more flexible operation of thermal 

power plants to meet steeper net load ramps [122].  

5.1.1 Literature review 

Model-based quantifications of future storage demand result in rather diverse ranges (see 

Sec. 2.2), depending on the observation area, spatial, temporal and technological resolution as 

well as the underlying modeling approach (e.g. for thermal power plant modeling in energy 

system models). Understanding such dependencies and quantifying the amount of storage 

demand is, therefore, essential for dimensioning future energy systems. Yet, the influence of 

assumptions in thermal power plant modeling on storage demand has not been considered so far. 

Two main approaches of thermal power plant modeling in optimization models can be found 

in the literature: Detailed mixed-integer linear programming (MILP) approaches that optimize the 

unit-commitment and economic dispatch of the thermal power plant fleet and simplified linear 

programming (LP) where the dispatch of thermal power plants follows solely the merit order. 

Both approaches determine the optimal generation schedule, minimizing the operating costs of 

power plant dispatch, subject to device and operating constraints [101, 102], sometimes denoted 

as operating, dynamic, or unit-commitment constraints. MILP however, includes integer (or 

binary) decision variables, allowing on/off consideration of single power plant units or groups, 

which again enables greater technological detail (e.g. part load efficiencies, ramping behavior, or 

minimum offline times). 

The influence of increasing shares of VRE generation and their effect in different modeling 

approaches for thermal power plants has been analyzed for example by Brouwer et al. [103] or 

Abujarad et al. [102]. The former provide a comprehensive overview of how much VRE 

generation impacts reserve requirements, curtailments of VRE generation, displacement of 

thermal generators, and resource adequacy. Abujarad et al. [102] review different approaches for 
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generation scheduling, such as heuristics (e.g. priority lists), mathematical methods (e.g. MILP or 

LP), or meta-heuristics (e.g. genetic algorithms), providing a qualitative assessment of their 

advantages and short-comings when considering increasing penetration levels of VRE and 

storage systems. The publication underscores the importance of storage as an additional 

flexibility option, which can enable improved power system reliability or smoothing of load 

patterns. As both studies [102, 103] review the current state of research, they cannot, by 

definition, provide a quantitative assessment how electricity storage demand is affected by the 

modeling approach for thermal power plants. 

Other studies specifically compare linear programming with unit-commitment. 

Abrell et al. [104] for example, compare various LP and MILP formulations for power plant start-

ups and ramping, assessing its influence with regard to power plant dispatch and marginal prices 

of electricity generation. The latter is also research focus of Langrene et al. [105], who 

investigate the role of technological detail (dynamic constraints) in a MILP approach on marginal 

prices. Raichur et al. [106] analyze the influence of technological detail (operating constraints) in 

power plant modeling with regard to electricity generation associated emissions for two real 

power systems (New York, Texas). The study mainly relies on scenario data from the year 2010. 

It is, therefore, difficult to transfer their conclusions to power systems with higher shares of VRE 

generation. Through the implementation of an integrated utility dispatch and capacity expansion 

optimization tool, Palmintier [168] shows that the importance of technological detail (operating 

constraints) in power plant modeling increases with greater requirements for flexibility owing to 

higher shares of VRE generation. Neglecting such technical constraints within capacity 

expansion optimization can lead to sub-optimal generation portfolios. Poncelet et al. [129] 

compare the utility dispatch through LP (merit-order model) with a MILP model, evaluating 

whether the influence of the temporal resolution or the influence of the technical detail in power 

plant modeling is more striking. The analysis is performed for different observation years which, 

in turn, are characterized by different shares of VRE generation up to 50%. Most recently, 

Stoll et al. [149] provide a broad comparison of a MILP power plant approach with LP for 

temporal resolutions of 1 h or 5 min and for differently sized energy systems (Colorado-based 

test system versus Western Interconnection model). Using PLEXOS [107], their analysis assesses 

the impact on production costs, VRE curtailment, CO2 emissions as well as generator starts and 

ramps. Though comprehensive in terms of evaluated modeling assumptions on various metrics, 

the study only analyzes the dispatch of an exogenous capacity mix with a relatively low share of 

VRE penetration (up to 30%). Moreover, the two compared energy systems also show several 
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differences in the relative installed capacity of some technologies (e.g. coal-fired power plants, 

gas turbines). By reason of the latter, it can be argued that some effects, therefore, cannot be 

solely attributed to the power plant modeling approach. 

5.1.2 Novelty and contributions 

As energy system models become more diverse, their complexity grows, imposing new 

challenges with regard to computational effort and solution accuracy. As a result, the following 

questions arise: To which extent do simplifications affect the model’s outcome? Under 

consideration of the model calculation times, which degree of detail is sufficient, without 

generating large errors? To the best knowledge of the author, the influence of the modeling 

approach for thermal power plants on storage demand (i.e. storage expansion) and utilization, 

especially in highly renewable energy scenarios, has not yet been analyzed. It is therefore 

assumed that dynamic behaviors and associated costs of thermal power plants—such as start-ups, 

ramping, and minimum down times—might have an effect on storage demand. Furthermore, a 

certain amount of resolution with regard to technical parameters of power plants and the number 

of represented units is probably needed since neglecting technical restrictions and aggregating too 

heavily might lead to a significant deviation from the optimal solution. By this means the future 

storage expansion in exemplary energy systems is quantified, emphasizing the influence of the 

modeling approach for thermal power plants, the degree of aggregation in a MILP unit-

commitment clustering approach and the influence of different VRE and PV generation shares. 

5.2 Methodology and data 

5.2.1 Modeling approach 

The methodology is based on the linear bottom-up optimization model REMix which 

minimizes the total system costs of an energy system under perfect foresight. An in-depth 

description of the basic functions and its mathematical representation is provided in Sec. 4.2. 

5.2.2 Power plant modeling in REMix 

REMix provides two different methods for thermal power plant modeling: a MILP unit-

commitment approach with economic dispatch and a LP merit order method, both described 

subsequently. 

The MILP method is based on a piecewise unit-commitment approach as described by Carróin 

and Arroyo [108]. At the highest level of detail it allows a generation-unit-specific consideration 
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of the following techno-economic parameters: part load and temperature dependent efficiencies 

(via a piecewise linear production cost approach), minimum load rates, ramping processes and 

associated costs, minimum offline and online times, increased fuel usage and respectively 

increased costs owing to power plant start-ups, different cooling methods influencing the internal 

consumption (parasitics) of a power plant. Moreover, each power plant (or power block) is 

characterized by its construction year which allows the consideration of power plant 

decommissioning based on the technical lifetime. This again allows to account for construction-

year-based efficiencies. For all MILP model runs a relative MILP gap of 0.01% was used. A 

more detailed description of this modeling approach can be found in the work of 

Fichter et al. [183] and in Sec. 4.2.11.  

The LP approach relies on the merit order and economic scheduling. As for MILP, the 

dispatch optimization is based on the operating costs (fuel and variable O&M costs, CO2 

allowance certificate costs), including the efficiencies of each technology. Ramping costs are 

incorporated via costs of power change in terms of wear and tear (€/kWel), whereas the power 

plant’s parasitics are implemented via the ratio of net to gross efficiency. Similar to the MILP 

approach, power plant technologies are described by their lifetime and construction year to 

include decommissioning and learning curves in terms of efficiencies. 

MILP modeling is a suitable method to consider each power plant or power block of an energy 

system in detail. For complex power systems, however, the approach struggles with long 

calculation times. A self-evident solution to this problem is to reduce the number of binary 

variables by aggregating single power plants into groups with similar techno-economic 

parameters. Though computationally efficient, the approach fails to consider minimum load rates 

and start-up costs properly [168]. All power plants within one group are either on or off, due to 

the binary variable which describes the unit-commitment for each time-step (see [b] in Fig. 11). 

In consequence, the method systematically underestimates the flexibility of the power plant fleet. 

Therefore, a clustering approach (grouped integer modeling) is applied as described by 

Palmintier [168], which replaces the binary decision variables with integer commitment 

variables. The value of the latter describes the number of power plants (or power blocks) within 

each cluster. Opposed to the classical MILP method (binary variable), the grouped integer 

modeling allows each power plant to start or ramp down individually (see [a] in Fig. 11). 
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Fig. 11: Grouped integer modeling approach and binary unit-commitment. The figure is adapted from [168]. 

In this analysis, the power plant portfolio of Germany based on the Platts World Electric 

Power Plants Database (WEPP) of the year 2010 [210] is used. Furthermore, each power plant is 

aggregated into different groups (cluster) based on their technology type and plant size. 

Subsequently, 15 clusters are obtained (see Tab. 2) with an overall installed capacity of 

96.18 GW. The clusters encompass fossil-fired (lignite, coal, natural gas) and nuclear power 

plants. Furthermore, a classification by technology and typical power plant size is applied (i.e. 

capacity ranges: large, midsize, and small). Within natural gas-fired power plants an additional 

distinction between gas turbines (GT) and combined cycle power plants (CCGT) is provided. All 

other techno-economic data for fossil and nuclear fired power plants as well as the assumptions 

regarding fuel prices and CO2 emission costs can be found in Sec. 5.2.3. 

Tab. 2: Cluster with regard to thermal power plant technology type and plant size. 

Technology 

group 

Capacity 

group 

Capacity range 

[MW] 
Number of 
blocks [-] 

Installed 
capacity [MW] 

Nuclear Large > 800 17 20,400 

Nuclear Midsize  - - - 

Nuclear Small - - - 

Lignite Large > 800 4 3,800 

Lignite Midsize 400 ≤ 800 18 9,900 

Lignite Small < 400 74 7,400 

Coal Large > 550 12 9,000 

Coal Midsize 350 ≤ 550 20 8,000 

Coal Small < 350 116 11,600 

CCGT Large > 350 15 6,750 

CCGT Midsize 150 ≤ 350 26 6,500 

CCGT Small < 150 237 4,740 

Gas turbine Large > 150 2 400 

Gas turbine Midsize 50 ≤ 150 57 3,990 

Gas turbine Small < 50 370 3,700 

Total   968 96,180 

 

Power plant/ Power plant/Power plant cluster
Power plant cluster

Block 1 Block2 Block 3 Block n

Block n ON ON ON ON
OFF OFF OFF OFF

Block 3
Block 2
Block 1

[a] Grouped integer UC [b] Binary UC
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5.2.3 Scenario assumptions 

As the main research focus lies in the analysis of the influence of different conceptual 

approaches in thermal power plant modeling on storage demand, not a real world energy scenario 

is modeled, but a simplified, hypothetical case study. All dispatch optimizations of the VRE 

technologies and the thermal power plants rely on exogenous capacity mixes, while the storage 

capacity is endogenously determined by capacity expansion. LP modeling is used for VRE and 

storage dispatch as well as storage capacity expansion. The thermal power plant modeling, in 

contrast, distinguishes between unit-commitment with economic dispatch (MILP) and simplified 

merit order dispatch (LP). A single node power system with no transmission to other regions or 

transmission constraints within the region (“copper plate”) is assumed. The optimization period is 

divided into 8,760 hourly chronological time-steps of one observation year. Moreover, shares of 

VRE generation and the ratio of PV-to-VRE generation are pre-defined, subsequently denoted α 

and β, as described for example in [109, 110, 121, 122, 125, 190]. The VRE share α describes the 

ratio of theoretical annual electricity generation from VRE in relation to the annual electricity 

demand (see Eq. 5.40). The actual VRE share resulting from the optimization can be lower than 

the theoretical share owing to curtailments of VRE or storage losses. In this analysis, VRE 

curtailments are not restricted or associated with any costs. The theoretical PV-to-VRE ratio β is 

defined in Eq. 5.41. 

 

∝=  ∑ PB$"2(�) + ∑ P�R(�) %ªµ¶·¸%ª�  %ªµ¶·¸%ª� D ∗ ∆t 5.40 

β =  ∑ P�R(�)%ªµ¶·¸%ª�∑ PB$"2(�) + ∑ P�R(�) %ªµ¶·¸%ª�  %ªµ¶·¸%ª�
 5.41 

  
where  PB$"2(�) Theoretical electricity generation from wind power in each time-step t [GWh/h]  P�R(�) Theoretical electricity generation from PV power in each time-step t [GWh/h]  ∆t Length of one time-step [h] D Annual electrical demand [GWh] 

 
Three main and two sub-scenarios for each main scenario are analyzed. The main scenarios 

distinguish between each other by the VRE share α (0.33, 0.66, 1.00), whereas the sub-scenarios 

are characterized by different PV-to-VRE ratios β (0.4, 0.6). 

Exogenously pre-defined generation capacities include all thermal power plants (clustered as 

described in Sec. 5.2.2) as well as all PV and wind power capacities, subject to α and β. For the 

sake of comparing the influence of the power plant modeling approaches, the installed thermal 
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power plant capacity per cluster is identical in all scenarios, although higher VRE shares most 

likely would imply a change in the power plant portfolio. To derive the cost optimal dispatch of 

VRE, REMix requires the potential, technology-specific, hourly renewable electricity generation 

as input. These potential renewable generation time-series are a result of the REMix sub-model 

EnDAT (Energy Data Analysis Tool) and rely on solar irradiation and wind speeds of the weather 

year 2006, including technical constraints as well as the characteristic curves of wind power 

plants and PV systems (see [213]). These profiles are scaled with VRE capacities to reach the 

theoretical VRE share α and the PV-to-VRE ratio β (see Tab. 3). The optimized VRE input is 

derived from the potential generation less the curtailments. 

Tab. 3: Exogenous installed PV and wind capacities for all considered scenarios.  

Scenario PV [GW] Wind [GW] 

α = 0.33 β = 0.4 51 63 

α = 0.33 β = 0.6 76 42 

α = 0.66 β = 0.4 101 126 

α = 0.66 β = 0.6 152 83 

α = 1.00 β = 0.4 153 191 

α = 1.00 β = 0.6 230 127 

Tab. 4: Fuel price scenarios for each fuel type. 

Fuel type Cost scenariob Fuel costs 
[€/MWhth] 

CO2 costs 
[€/t CO2] 

Source 

Coal low 77 27  [192]a 

Lignite low 60 27 
 

[192]a 

Natural gas low 76 27 
 

[192]a 

Uranium low 3.3 27 
 

[145] 

Coal medium 117 60  [192]a 

Lignite medium 86 60  [192]a 

Natural gas medium 113 60  [192]a 

Uranium medium 3.3 60  [145] 

Coal high 136 75  [192]a
 

Lignite high 100 75  [192]a 

Natural gas high 131 75  [192]a
 

Uranium high 3.3 75  [145] 
a Price path A. 
b Low cost scenario uses the values of the year 2020, medium of the year 2040 
and high of the year 2050 of the cited sources. 

 

For modeling thermal power plants, the analysis includes three fuel price and emission 

certificate cost variations (see Tab. 4). In the cited sources of Tab. 4, for fuel prices and CO2 

costs, the low cost scenarios are used in the scenarios with α = 0.33, medium cost scenarios for 

α = 0.66 and high cost scenarios for α = 1.00. 
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High fuel prices might trigger a reduction in the number of CO2 emissions certificates since 

they can lead to a decrease in the utilization of thermal power plants. As a result, decreased 

utilization of thermal power plants will increase the number of available emission certificates 

which lowers their costs. However, in this analysis, such inter-dependencies for the cost 

assumptions were not considered. The techno-economic parameters of thermal power plants for 

the LP and MILP modeling approach can be extracted from Tab. B 1 and Tab. B 2 in the 

Appendix. Note that the MILP modeling approach requires more parameters, as its degree of 

detail is much higher than in the LP approach. 

The model uses an hourly load profile of Germany for the electricity demand, based on the 

load profiles from 2006 of the European Network of Transmission System Operators for 

Electricity (ENTSO-E) [111] which are scaled with an annual electricity demand of 500 TWh. 

For storage expansion the model is only allowed to invest in one representative technology, 

whose techno-economical parameters are loosely orientated on the characteristics of stationary 

lithium-ion-batteries (Li-ion), assuming a significant decrease of power (converter) and energy 

(storage unit) related investment costs. The expansion of storage is based on a LP approach in all 

model runs. REMix optimizes the storage dispatch and furthermore allows for an individual and 

independent dimensioning of the storage converter size (kWel) and the storage unit capacity 

(kWhel), implying no pre-defined storage-unit-to-converter ratio (E2P). The E2P value describes 

the time in hours the storage needs for a complete cycle with its nominal power and allows an 

identification whether a storage technology is mainly used for short, mid, or long-term 

applications. A detailed description of the methodology for storage modeling is provided in 

Scholz et al. [112] as well as in Sec. 4.2.9, whereas the main techno-economic parameters are 

shown in Tab. 5. No constraints regarding the technical potential (both maximum installable 

converter power and storage capacity) for Li-ion were assumed. 
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Tab. 5: Techno-economic parameters for the representative storage technology. Parameters are loosely based on 

stationary Li-ion batteries [113, 193]. 

 Parameter Unit Li-ion 

Investconverter [€/kWel] 50 

Investstorage [€/kWhel] 101 

Amortization timeconverter  [a] 25 

Amortization timestorage  [a] 25 

Interest-rate  [-] 0.07 

O&Mfix [% Inv./a] 0.009 

O&Mvar [€/kWhel] 0.00001 

ηcharge [-] 0.93 

ηdischarge [-] 0.93 

Self-discharge rate [1/h] 0.00007 

Availability [-] 0.98 

5.3 Results and discussion 

5.3.1 Storage expansion and utilization 

Fig. 12 illustrates the amount of storage capacity expansion (in terms of converter power) and 

storage utilization (in terms of annually discharged electricity) comparing the MILP and LP 

power plant modeling approach over the scenarios with different VRE shares α, while the PV 

share is fixed (β = 0.40). 

 

The following observations can be made: 

i. Storage expansion and utilization increase with increasing VRE share α, as the growing 

temporal mismatch between generation and demand has to be balanced in some way. 

While one option is storage, VRE over-generation also can be balanced through 

curtailments. 

ii. Storage expansion and utilization is always higher when using MILP modeling 

compared to LP. This observation also holds for the scenarios with a PV share β of 0.6 

(see Fig. B 1 in Appendix B). 

iii. With increasing VRE share α, the differences between LP and MILP in terms of storage 

expansion and utilization decrease. 
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Fig. 12: Storage converter capacity expansion and storage utilization. Both metrics are compared with regard to the 

scenarios (β = 0.4) with increasing VRE share (α) and over the different modeling approaches (MILP, LP) for 

power plants. 

While observation i is trivial and fostered by the high shares of VRE, observations ii and iii 

seem to be influenced by the modeling approach for thermal power plants as all others parameters 

are almost identical. Subsequently, the differences in system dispatch and annual utilization are 

analyzed. 

5.3.2 Simulation of system dispatch 

Fig. 13 compares the system dispatch between the LP and MILP approach in the scenarios 

with a VRE share of 0.33 and a PV share β of 0.4. Note that in the following analysis all capacity 

groups of a thermal power plant technology (cluster, see Tab. 2) are aggregated by technology 

type. 
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Fig. 13: Comparison of the simplified merit order and unit-commitment. Both approaches (LP, MILP) are compared

for the hours 4320–4560 and for the scenario with a VRE share of 0.33 and a PV share β of 0.4. The letters in 

brackets refer to the observations described in the text below. 

It can be observed that the LP modeling approach overestimates the flexibility of thermal 

power plants in comparison to the MILP methodology, mainly owing to neglecting technical 

restrictions, such as minimum load rates or ramping constraints. As shown in Fig. 13, especially 

the flexibility of lignite-fired power plants is overestimated in the LP approach, as they are able 

to ramp very rapidly (a), are not restricted by any minimum up or down times (b) and are not 

characterized with minimal load rates of the power plants (c). The specific operating expenditure 

costs (OPEX) result in the following merit order of power plant dispatch (sorted OPEX of power 

plant clusters): nuclear, lignite, CCGT, coal, and gas turbines. Slight changes in the merit order 

can occur depending on the scenario and its assumed CO2 prices, fuel costs, and improvements in 

efficiency (see Tab. B 3 in Appendix B). Moreover, since power plants are categorized into 

different capacity groups (see Tab. 2), the merit becomes more diverse (see Tab. B 2 in 

Appendix B).  

In contrast, the MILP approach shows a more realistic dispatch of the thermal power plants, 

where base-load power plants, such as nuclear systems, mainly provide electricity at a constant 

level with little to no power changes (d), while lignite-fired power plants and CCGT are more 

flexible in their dispatch (e), operating as mid and peak-load power plants. Additionally, Fig. 13 

indicates a significantly higher utilization of storage capacities (f). In Fig. 13 and all following 

dispatch plots, storage charging is illustrated by negative y-values, while storage discharging is 

shown by positive y-values. 

 

Fig. 14 illustrates the generation share σ similar as defined in [129] (see Eq. 5.42) for thermal 

power plants, renewable energy systems, and storage, comparing LP and MILP over the different 

renewable shares in the scenarios. Moreover, the figure illustrates the differences between MILP 

and LP with regard to the generation share (see Eq. 5.43), which is denoted by ∆ σ and defined as 

the deviation of the technology-specific generation share σ between the MILP and LP approach 

in percent. 
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Scenario α = 0.33 β = 0.4 Scenario α = 0.66 β = 0.4  Scenario α = 1.00 β = 0.4 

   
  

 Technology ∆ σ [%] 

Li-ion 3.1 

VRE 0.2 

Mid/peak-load 6.0 

Base-load 2.7 

  
 

  

 Technology ∆ σ [%] 

Li-ion 2.5 

VRE 0.9 

Mid/peak-load 2.2 

Base-load 1.1 

  
 

  

 Technology ∆ σ [%] 

Li-ion 2.0 

VRE 0.8 

Mid/peak-load 0.7 

Base-load 0.5 

  
 

Fig. 14: Comparison of technology-specific generation shares σ. The figure shows the scenarios with different VRE 

share α, comparing the simplified merit order dispatch (LP) to the unit-commitment with economic dispatch (MILP) 

modeling approach. Li-ion refers to the share of discharged electricity within the observation year. Moreover, the 

deviation of the generation share between LP and MILP is expressed as a percentage and denoted ∆ σ. 

 

σ	 =  ∑ P	�%ªµ¶·¸%ª� (�)
∑ ∑ P	�(�) %ªµ¶·¸%ª�	

, ∀� ∈ � 5.42 

  
where  � Technology index P	�(�) Actual electricity generation from technology � in each time-step t [GWh/h] 
 ∆ σK =  |σK»¼ − σK½¾»¼ | ∗ 100, ∀x ∈ X 5.43 
  
  
where  � Technology index σ	�� Generation share in LP approach of technology � σ	���� Generation share in MILP approach of technology � 

 

Within each scenario, the ratio of thermal to renewable generation does not differ significantly 

due to α. Furthermore, the PV share is similar in each scenario due to β. Distinct variations, 

however, can be observed in the composition of the generation share of thermal power plants and, 

as a result, the utilization of Li-ion storage: 
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(1) σ LP < σ MILP for base-load power plants (nuclear, lignite) in all scenarios. 
 
(2) ∆ σ for all thermal power plants and storage decreases with increasing VRE share α. 
 
(1) In LP the stronger simplifications of operating constraints allows relatively inflexible base-

load power plants to ramp up or down more frequently, and, for the scenario with low VRE share 

(α = 0.33), typically observed continuous operation of base-load power plants occurs only for the 

technology with the lowest operating costs (in this case electricity generation from nuclear power 

plants, see Fig. 13). Slightly higher operating costs, as for lignite-fired power plants, will result in 

a more discontinuous dispatch, following the characteristics of the hourly electrical demand. In 

scenarios with the highest VRE share (α = 1.00), even nuclear power plants are operating in a 

flexible way as a consequence of high VRE generation and a low or even negative net load as 

depicted in Fig. 15 (a). 

 

Simplified merit order dispatch (LP) Unit-commitment with economic dispatch (MILP) 

 

 

Fig. 15: Comparison of the simplified merit order and unit-commitment. Both approaches (LP, MILP) are compared 

for the hours 4320–4560 and for the scenario with a VRE share of 1.00 and a PV share β of 0.4. The letters in 

brackets refer to the observations described in the text below. 

In contrast, the dispatch consideration in the MILP approach is characterized by a higher 

utilization of storage, facilitated by higher storage converter capacity expansion (see Sec. 5.3.1, 

enumeration ii). This enables more continuous operation of base-load power plants with less 

ramping events and results in higher generation shares of base-load power plants in MILP. The 

effect is illustrated in Fig. 16, which shows the dispatch of all utilities for the scenario α = 0.66, 

β = 0.4 and the hours 0–240. In the LP approach, for example, lignite and coal-fired power plants 

are able to follow the load in the hours 110–115 (a), whereas in MILP, it can be observed that 

(a) 
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charging of storage ensures a continuous operation of lignite and coal-fired power plants as well 

as CCGT (b). In some hours (c), the generation from power plants (in this case CCGT) even 

exceeds the electrical load. In these situations, the model favors the continuous dispatch through 

storage utilization over a flexible operation of the power plant, which again leads to the higher 

storage utilization (and expansion, see Fig. 12) for the MILP approach. 

 

Simplified merit order dispatch (LP) Unit-commitment with economic dispatch (MILP) 

  

 

 

Fig. 16: Comparison of the simplified merit order and unit-commitment. Both approaches (LP, MILP) are compared

for the hours 0–240 and for the scenario with a VRE share of 0.33 and a PV share β of 0.4. The letters in brackets 

refer to the observations described in the text below. 

(2) It has been pointed out that, when comparing LP and MILP, the differences in storage 

capacity expansion and utilization decrease with increasing VRE share α (see Sec. 5.3.1, 

enumeration iii). This observation is in line with the results shown in Fig. 14, where ∆ σ 

decreases with increasing VRE share α. In other words, the amount of discharged electricity of 

Li-ion storage converges between MILP and LP if the amount of renewable electricity generation 

increases. Similar observations can be made for base, mid, and peak-load power plants. On the 

one hand, thermal power plants become less important (i.e. their generation shares decrease) with 

higher VRE shares (i.e. increasing α). On the other hand, the dispatch patterns of thermal base 

and peak-load power plants also change with higher α. While scenarios with low shares of VRE 

are characterized by the continuous dispatch of power plants with low operating costs (i.e. base-

load), enabled through storage utilization, in scenarios with higher VRE shares, mid and peak-

load power plants almost completely disappear, as the renewable generation is sufficient to cover 

the electric load. More specifically, generation from coal disappears in scenarios with α = 0.66, 

whereas the generation from almost all lignite capacities disappears in the scenario with α = 1.00. 

In these high-share VRE scenarios, flexibility is mainly provided by storage utilization, whereas 

 

(b) 

 

(c) 
(a) 
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nuclear power plants remain the only base-load technology, characterized by a more flexible 

dispatch (see Fig. 15, (a)). 

5.3.3 Influence of power plant portfolio granularity 

Next, it is tested whether the influence of the MILP approach on storage expansion and 

utilization is dependent on the flexibility of the power plant portfolio within the system (i.e. the 

number of power blocks). The analysis showed that—when incorporating endogenous storage 

expansion and dispatch into the optimization problem—the importance of a detailed MILP unit-

commitment modeling approach decreases with increasing VRE shares. However, this might 

change if the assumed power plant portfolio only consists of a limited number of power 

blocks/units (as for example in small regions or countries). Consequently, the relative influence 

of technical constraints might increase as the system is less flexible. Likewise, the decreased 

flexibility might foster greater storage expansion and utilization.  

Since in LP the number of blocks (Nb) can be considered unlimited, as the size of one block is 

infinitely small, LP is the most flexible system (see e.g. Fig. 13). Nevertheless, the reference 

power plant portfolio in the MILP approach (see Tab. 2) is already quite flexible, as it contains a 

rather high number of blocks (968) which enables numerous possible combinations of on and 

offline power blocks. To assess the influence of the power plant portfolio granularity, the number 

of power blocks is lowered from 968 of the reference case to 485, 20, and 5 blocks as shown in 

Fig. 17. The overall installed capacity remains identical in all scenarios (see Tab. B 4 in 

Appendix B). 
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  96.18 GW         Nb5         Nb20        Nb485 Nb968 (Reference UC) 

 

    

Fig. 17: Power plant granularity in terms of number of blocks. The exact number of blocks for each 

power plant cluster can be extracted from Tab. B 4. 

To illustrate the effects of different granularities of the power plant portfolio, Fig. 18 shows 

the dispatch for two extreme cases: a capacity mix with 968 blocks (Nb968) and 5 blocks (Nb5). 

As expected, the inflexibility of Nb5 causes increased storage utilization at some hours (a), 

whereas in the system with 968 blocks, lignite power plants and CCGT provide flexibility during 

the same hours, preventing most of the storage charging (b). Again, CCGT operates as mid-load 

generation owing to the OPEX cost assumptions.  
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Nb968: unit-commitment with economic 

dispatch (MILP), 968 blocks 

Nb5: unit-commitment with economic 
dispatch (MILP), 5 blocks 

 

  

 

 

Fig. 18: Comparison of the simplified merit order and unit-commitment. The figure shows the hourly electricity 

generation of the unit-commitment with economic dispatch (MILP) power plant modeling approach consisting of 

968 and 5 blocks. Moreover, the time period of hour 4320–4560 for the scenario with a VRE share of 0.33 and a PV 

share β of 0.4 is depicted. The letters in brackets refer to the observations described in the text above. 

Fig. 19 depicts the annual, technology-specific generation shares σ dependent on the power 

plant portfolio granularity (Nb968–Nb5) over the scenarios of different VRE shares α and for the 

PV share β = 0.4. The most granular capacity mix (Nb968) is defined as benchmark and 

subsequently, the deviation of generation shares of less granular capacity mixes (∆ σNb485, 

∆ σNb20, ∆ σNb5) are derived. 

 

 

(a) 

 

(b) 



5 Power plant modeling and its influence on storage demand 75 

 
Scenario α = 0.33 β = 0.4 Scenario α = 0.66 β = 0.4  Scenario α = 1.00 β = 0.4 

    

 Technology ∆ σ;ÀÁµÂ ∆ σ;ÀF¸ ∆ σ;ÀÂ 

Li-ion 0.8 0.7 1.0 

VRE 1.3 1.1 1.6 

GT - - - 

CCGT 0.2 3.5 7.4 

Coal 0.2 2.6 2.6 

Lignite 1.2 0.1 4.6 

Nuclear 0.5 1.2 4.6 

    
 

   

 ∆ σ;ÀÁµÂ ∆ σ;ÀF¸ ∆ σ;ÀÂ 

0.4 0.1 0.4 

0.0 0.2 0.1 

- - - 

0.1 0.3 1.8 

- - - 

0.3 0.9 2.5 

0.1 0.3 0.4 

   
 

   

 ∆ σ;ÀÁµÂ ∆ σ;ÀF¸ ∆ σ;ÀÂ 

0.3 0.1 0.3 

0.0 0.5 0.1 

- - - 

0.1 0.2 0.1 

- - - 

0.0 0.2 0.5 

0.3 0.6 0.3 

   
 

Fig. 19: Comparison of technology-specific generation shares σ. The figure depicts the technology-specific generation 

shares σ in the scenarios with different VRE share α, comparing the unit-commitment with economic dispatch (MILP) 

modeling approach, containing different numbers of blocks. Li-ion refers to the share of discharged electricity within 

the observation year. Moreover, the deviation of the generation share between LP and MILP is expressed as a 

percentage and denoted ∆ σ. 

As shown on an hourly basis in the dispatch plots (Fig. 18), the effect of increasing storage 

utilization with decreasing number of blocks is also consistent on an annual basis to compensate 

the inflexibility of the power plant capacity mix. Additionally, instead of providing flexibility 

through the combinations of on and offline power blocks (as in NB968), Nb5 provides flexibility 

by the technical ability of mid and peak-load power plants to follow the net load. This is reflected 

by higher generation shares σ of CCGT in the less flexible scenarios (Nb5, Nb20). In contrast, the 

generation shares of lignite-fired power plants decreases over higher Nb, as their technical ability 

to provide flexibility is insufficient to follow the temporal variability of VRE generation. The 

described effects are visible for all scenarios but become less pronounced (decreasing ∆ σ) with 

increasing VRE share α. In other words, under the premises of model endogenous storage 

expansion, MILP approaches are particularly important if the analysis focusses on smaller 

regions (i.e. a limited number of thermal blocks) in combination with low shares of VRE. This 
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also applies for larger energy systems, where the model user heavily aggregates the number of 

blocks. In turn, the aggregation of power blocks and the importance of MILP is less important in 

high share VRE scenarios.  

5.3.4 Comparison to the state of research 

The results corroborate some findings of the existing research. In terms of the deviation of the 

thermal power plant generation shares between the two modeling approaches (LP versus MILP), 

the results are in line with the work of Poncelet et al. [129], as ∆ σ (Generation mix error merit 

order dispatch in [129]) is relatively low (max. 6.0%, see Fig. 14). The model results also 

indicate an increased utilization of storage in the MILP approach as shown by Stoll et al. [149]. 

This is especially the case in scenarios with low shares of VRE generation. 

Differences exist, however, with regard to the importance of MILP depending on the VRE 

share Ã, and, more specifically, the trend of ∆ σ over the different VRE shares α. Palmintier [168] 

finds that, in contrast to the results presented in this paper, the importance of operating detail in 

thermal power plant modeling increases with higher shares of VRE generation (and stricter CO2 

emission limits). The latter can be explained since Palmintier [168] performs an integrated 

optimization of dispatch and capacity expansion which leads to different initial power plant 

portfolios, whereas the analysis at hand uses identical generation portfolios, only optimizing their 

dispatch and storage expansion. Similar to Palmintier [168], the results of Poncelet et al. [129] 

show an increase of ∆ σ with increasing α, i.e. detailed power plant modeling which considers 

operating constraints becomes more important with higher VRE shares. However, two important 

assumptions distinguish this work from Poncelet et al. [129]. First, the present analysis conducts 

optimization calculations up to a theoretical VRE share of 100%, whereas VRE shares in 

Poncelet et al. [129] reach 50% in the year 2050. Yet, the importance of power plant modeling 

might decrease as the share of thermal generation in highly renewable scenarios also decreases. 

Second, Poncelet et al. [129] do not include storage expansion as a flexibility option in their 

calculations. Consequently, all balancing of the intermittent VRE generation has to be provided 

by dispatchable power plants. As flexibility requirements increase with higher VRE shares (e.g. 

in terms of hourly or multi-hour ramp requirements, see e.g. [122]), technical constraints with 

regard to the dispatchability of power plants (as considered in the MILP approach) have a great 

influence and explain ∆ σ between the LP and MILP approach in Poncelet et al. [129]. 
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5.4 Conclusions 

The influence of thermal power plant modeling (simplified merit order dispatch (LP) versus 

unit-commitment with economic dispatch (MILP)) on storage demand has been examined, using 

the cost minimizing capacity expansion and dispatch model REMix. The analysis was conducted 

for scenarios with different shares of PV and wind power generation, ranging from 33% up to 

100% of theoretical generation share with regard to the annual power demand.  

It was shown that LP systematically overestimates the flexibility of thermal power plants, thus 

leading to lower storage expansion and utilization compared to MILP in all scenarios. If 

endogenous storage expansion is considered in the capacity planning and dispatch optimization 

(and flexibility provision does not solely rely on the existing power plant portfolio), MILP 

modeling is superior in terms of realistic storage consideration. Power plants are restricted by 

minimum load rates or ramping constraints, consequently fostering an increase in storage 

utilization to ensure continuous operation of the thermal units. However, it was also found that—

owing to the decreasing share of thermal power plants that are modeled either by LP or MILP—

the differences of LP and MILP in storage expansion and utilization as well as the generation 

shares of thermal power plants merely decrease with increasing VRE shares. This leads to the 

conclusion that a high degree of detail in power plant modeling becomes less important in 

scenarios with high shares of VRE if network constraints are neglected.  

Similar relations were observed for smaller energy systems with a lower number of available 

generation units. For low share VRE scenarios and in the case of very few units, significant 

deviations with the highly granular energy system become visible, especially for nuclear and 

lignite power plants as well as for combined cycle power plants. The differences in storage 

utilization are rather small. Again, the differences become less distinct with increasing shares of 

VRE. 

There are limitations of the analysis and future work should carefully consider these. First, 

storage expansion and dispatch of a single technology was used as a proxy for flexibility demand. 

However, other options are possible and, for example, enable balancing of intermittent renewable 

generation through spatial balancing by the electricity grid or through changes in the electric load 

curve (i.e. demand response). As the fundamental functionalities of these alternative flexibility 

options vary quite heavily from the ones of storage, power plant modeling might have different 

effects as the results of this work show. Moreover, the hourly resolution of the REMix model 

does not capture sub-hourly flexibility requirements, such as frequency control. 
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Second, both in LP as well as in MILP, storage capacity expansion relies on linear 

programming. Similar to LP power plant modeling and as described in Sec. 4.2 the approach is 

not able to consider on/off behavior of single storage units or to capture some techno-economic 

characteristics as it would be possible with mixed-integer methods. For storage these constraints 

are heavily technology dependent, e.g. batteries include limitations in terms of depth of discharge 

or cycle stability, whereas pumped hydro storage is restricted by minimum storage levels or 

turbine power [114, 115]. Similar to the argumentation of power plant granularity in Sec. 5.3.3, 

the necessity of mixed-integer storage modeling depends on the granularity of the overall 

installed storage capacity and the typical capacity size of one storage unit. In this sense, mixed-

integer approaches might be desirable for large-scale storage technologies and in smaller energy 

systems, whereas linear programming is likely to be sufficient in large energy systems in 

combination with smaller storage units. 

Third, solely electricity was considered and no model interactions to other energy-related 

sectors—such as the transportation or heat sector—were modeled. Especially the latter might be 

affected by assumptions of power plant modeling, as some units operate as Combined Heat and 

Power Plants (CHP). In combination with heat storage, CHP units have the potential to operate in 

a more flexible way as shown in [146]. 
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6 European storage demand 

Storage demand, spatial distribution, and storage dispatch in a European power 

supply system with 80% variable renewable energies24 

 
This chapter aims to shed light on the causes for the optimum spatial distribution of storage 

capacity expansion and storage dispatch in Europe for scenarios with high shares of non-

dispatchable power generation from renewable energies. For this purpose, the linear, cost 

minimizing optimization model REMix is applied to a European energy scenario, endogenously 

determining all generation and storage capacities as well as their dispatch. With the help of 

correlation and extensive sensitivity analyses the research questions of robust storage demand 

and drivers for spatial storage capacity distribution are tackled (see Sec. 2.4). 

  

                                                           
24 This chapter is based on F. Cebulla, T. Naegler, and M. Pohl, “Electrical energy storage in highly renewable 

European energy systems: Capacity requirements, spatial distribution, and storage dispatch,” Journal of Energy 

Storage, vol. 14, pp. 211–223, 2017. 
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ABSTRACT 

One of the major challenges of renewable energy systems is the mismatch between electricity 

generation and load caused by the limited dispatchability of intermittent electricity generation. A 

promising option to increase system flexibility is electrical energy storage (EES). 

In this chapter, the optimum spatial distribution of storage capacity is analyzed as well as its 

dispatch for five types of EES in a European energy system based on high shares of fluctuating 

renewable power production. The analysis applies the linear optimization model REMix, which 

endogenously determines both expansion and dispatch of all electricity generation and storage 

technologies. 

The results indicate a high dependency of the spatial distribution of storage with the regionally 

predominant renewable technology and its temporal power generation characteristics. In this 

regard, significant correlations between the generation from offshore and onshore wind power 

with hydrogen storage charging can be observed. Onshore wind power production correlates with 

adiabatic compressed air storage, whereas the generation of photovoltaic systems is 

predominantly balanced by stationary lithium-ion batteries. Spatial storage capacity distribution 

in the model is furthermore influenced by assumptions on the ratio of energy and power-related 

storage investment costs (€/kW to €/kWh) as well as the region and technology-specific technical 

potential of storage and renewable electricity generation technologies. 
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6.1 Introduction 

The reduction of greenhouse gas emissions is one of the main challenges of our society 

towards more sustainable energy supply. Electricity generation based on renewable resources 

represents a promising option to tackle this problem. However, the mismatch of electricity 

generation and load caused by the limited dispatchability of intermittent electricity generation 

such as PV or wind power (hereinafter referred to as variable renewable energies (VRE)) requires 

an increase of flexibility of future energy systems. 

Flexibility might be provided, for example, by EES or the electricity grid [134, 145, 146, 148, 

165, 190, 191]. While the former option provides flexibility on a temporal level, i.e. allows 

shifting of energy from one point in time to another, grid expansion can be considered as a spatial 

flexibility, as it enables large-scale balancing of generation and demand between different 

regions. 

In this work, the focus is on flexibility demand provided by electricity storage which is 

characterized both in terms of necessary power (charge and discharge unit, e.g. pump and turbine 

of a pumped hydropower plant (PHS)) and energy-related capacity (storage unit, e.g. water 

reservoir of a PHS). 

6.1.1 Literature review 

Current research addresses the question of future storage demand typically via model-based 

analyses, often emphasizing the quantification of storage capacity for different energy scenarios 

(e.g. in [132, 134, 148, 164, 165, 190]). 

Broad ranges of storage demand estimates in the literature exist (see Sec. 2.1 and Sec. 2.2), 

indicating the necessity of a thorough examination of the underlying assumptions in the original 

studies. For example, different RE shares [116, 120, 121, 125, 134, 145, 148, 151, 190], different 

wind-to-PV generation ratios [121, 125], weather years [121, 122, 125, 151], cost assumptions in 

cost optimizing approaches [164, 165] as well as the representation of the electric grid [119–121, 

151, 164] might affect estimates of storage demand. Moreover, differences in storage demand 

quantifications exist with regard to the applied modeling approach (I), different temporal (II), 

technological (III), and spatial resolutions (IV). An in-depth discussion of these aspects is 

provided in Sec. 2.1. 

(I) Concerning the modeling method, storage demand has been analyzed with the help of 

various modeling approaches; some of the most prominent ones are optimizations (see [117–119, 

134, 145, 146, 148, 165, 190, 191]) and simulations (see [120–125]). 



6 European storage demand 83 

 
(II) The influence of the temporal resolution has been studied in an optimization model for 

ramp flexibility and system costs in Deane et al. [126], for day-ahead utility scheduling through 

unit-commitment in Pandzzic et al. [127] and in O'Dwyer and Flynn [128], and for utility 

dispatch in energy scenarios with high shares of RE generation in Poncelet et al. [129] as well as 

in Nahmmacher et al. [130]. 

(III) Technological resolution refers to the abstraction level in the modeling approach to 

characterize the technologies and to the considered energy sectors in the model-based analysis. 

With regard to the technological representation of storage, the literature shows numerous 

approaches, ranging from representations of a single generic storage (e.g. see [131]), to storage 

classes (e.g. short-, mid-, long-term, without further details on the assumed technologies, see 

[132]), or detailed representations of actual storage technologies, as in [133, 134, 148, 190]. 

Regarding the considered energy sectors for storage demand quantification, models typically 

analyze the power sector. If sector coupling is considered (e.g. with transportation, heating, or 

cooling), the approaches mostly rely on accounting frameworks on an annual basis (see [135, 

136]) or optimizations which use a simplified temporal resolution in terms of representative time 

periods (see [137, 138]). 

(IV) Storage demand has been analyzed for several observations areas with different spatial 

resolutions within the models, i.e. the number of model regions. The latter plays an important 

role, as it defines the distribution of capacities, generation, electricity load, and transmission grid 

topology within the observation area.  

6.1.2 Novelty and contributions 

As illustrated in the literature review, the question of storage demand has been tackled by a 

substantial amount of studies for various energy scenarios and under different assumptions, 

applying a broad spectrum of methods. Despite these manifold analyses, the number of studies 

which analyze storage demand for Europe with an adequate spatial resolution is limited. 

Furthermore, recent research rarely assesses the reasons for the “optimum” spatial distribution of 

storage expansion and its dispatch, but takes the model results as granted. 

This chapter, therefore, aims to analyze the optimum spatial resolution and dispatch of 

different storage technologies in European energy systems with high shares of non-dispatchable 

renewable power production and sheds light on the underlying causes for both optimum spatial 

distribution of storage capacity and storage dispatch. For this purpose, the linear, cost minimizing 

optimization model REMix is applied, which endogenously determines all generation and storage 
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capacities as well as their dispatch. Furthermore, the consequences of different VRE scenarios as 

well as the sensitivity with respect to main input parameters and model assumptions are analyzed, 

in order to answer the aforementioned research questions. 

6.2 Methodology and data 

6.2.1 Modeling approach 

The analysis relies on the cost minimizing energy system model REMix. A detailed model 

description can be found in Sec. 4.2. 

6.2.2 Scenario assumptions 

The main application of REMix is the dimensioning of a least cost supply system that can 

reliably cover the electric load at any time. For this analysis, a partial greenfield approach is 

incorporated, which optimizes the expansion and dispatch of all storage and most of the power 

generation capacities for the year 2050. Optimized power technologies comprise VRE 

technologies (PV, onshore and offshore wind, run-of-the-river hydroelectricity), dispatchable RE 

(biomass, conventional hydroelectricity, CSP), and fossil-fired power plants (lignite, hard coal, 

combined cycle gas turbine (CCGT), and gas turbine (GT) power plants). Additionally, the model 

encompasses geothermal and nuclear power plants, whose capacities are exogenously pre-defined 

(based on Trieb et al. [195]). Since the installed capacities of those technologies are relatively 

small (see Tab. C 3), their influence on the storage capacity distribution is expected to be small. 

Furthermore, this simplification reduces the solving time of the model. Curtailments of electricity 

generation from VRE technologies are not associated with any costs. In detail descriptions of the 

modeling approach and the underlying assumptions for each technology are provided in 

Appendix C. 

The partial greenfield methodology is based on the assumption that almost no capacities are 

installed at the beginning of the observation year and investments are necessary to reliably cover 

the electric load at any time. The approach is valid since most of the existing capacities at the 

present will not last until the observation year 2050. However, due to their long lifetime, some 

technologies will prevail until 2050, including some fossil-fired and conventional hydropower 

plants (see Farfan and Breyer [139]). For this purpose, the decommissioning of generation 

capacity based on its technology-specific lifetime is considered (see Tab. C 4). 

The analysis focusses on the electricity sector and excludes interactions with the transportation 

and heat sector. Therefore, heat extraction from combined heat and power plants is not 
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considered and the approach solely includes their electrical generation capacity. Moreover, the 

modeling approach for thermal power plants relies on a simplified linear programming 

methodology (no integer unit-commitment). This approach is sufficient as generation mix 

differences to the more detailed mixed-integer unit-commitment approach are rather small in 

energy scenarios with high shares of VRE generation, as shown in chapter 5. 

As the objective of the analysis is to assess the role of electricity storage in scenarios with high 

shares of VRE, a model constraint which enforces at least 80% of electricity generation to come 

from VRE (averaged over the whole observation area) is included, hereinafter denoted by 

80%constr (see Eq. 6.44). 

 

∑ PE"/<481 `$"2� (�) + ∑ PE@@/<481 `$"2� (�) %ªµ¶·¸%ª� + ∑ P�R� (�) %ªµ¶·¸%ª�  %ªµ¶·¸%ª�
D ∗ ∆t ≥ 0.8 6.44 

  
where  
  PE"/<481 `$"2� (�) Actual electricity generation from onshore wind in time-step t [GWh/h]  PE@@/<481 `$"2� (�) Actual electricity generation from offshore wind in time-step t [GWh/h] P�R� (�) Actual electricity generation from PV in time-step t [GWh/h] 
∆t Length of one time-step [h] D Annual electrical demand [GWh] 
 

Although dispatchable RE (e.g. biomass or CSP with thermal storage) can also reduce CO2 

emissions, their availability in Europe is limited and 80%constr is, therefore, a valid assumption. 

For a detailed analysis of the influence of this model constraint see Sec. 6.3.5. 

For the analyzed year 2050, the optimization period is divided into 8,760 hourly time-steps. 

The observation area comprises northern, western, and central Europe (see Fig. 20). While larger 

countries are generally represented by individual model regions, smaller European countries are 

aggregated (e.g. Poland, the Czech Republic, and Slovakia are grouped to the model region 

PL + CZ + SK). In contrast, Germany is split into 20 sub-regions, resulting in 29 overall model 

regions for this analysis (see Fig. C 1). 

The model uses exogenous, hourly and model region-specific load profiles of the electricity 

demand. They are based on the load profiles from 2006 of the European Network of 

Transmission System Operators for Electricity (ENTSO-E) [140]. All profiles are scaled through 

estimates of the development of the total electricity demand for the year 2050 for each country, 

based on [192, 194, 195] (see Tab. C 14). This implies that the shape of the 2050 load profiles is 

identical with the 2006 ENTSO-E profiles. A change in form, for example through new 

consumers, such as an increased use of BEV or higher shares of heat pumps, is not considered. 
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A simplified representation of the transmission grid (exogenously specified in the standard 

analysis) allows electricity import and export between the model regions (see Sec. 2 in 

Appendix C). Within each region, a perfect grid without any transmission constraints is assumed 

(“copper plate”). In the sensitivity analysis, furthermore, an endogenously calculated 

transmission grid expansion between the model regions is allowed (see Sec. 6.3.5). 

The model includes five storage technologies which are characterized by different possible 

charging and discharging efficiencies, investment costs for the converter and storage units, and 

O&M costs. These technologies are comprised of pumped hydropower (PHS), hydrogen storage 

(H2), adiabatic compressed air (aCAES), stationary lithium-ion (Li-ion), and redox-flow batteries. 

For H2 storage it is assumed that electricity is converted to H2 via alkaline water electrolysis, 

stored in underground salt caverns and reconverted via a CCGT.  

Although a large number of storage technologies is available, the aforementioned options have 

been selected as they are (a) representatives of different storage classifications (see Sec. 3.1), (b) 

considered to be suitable candidates for the large-scale integration of VRE power, and (c) 

characterized by distinct differences in their energy and power-related investment costs. 

Furthermore, high numbers of alternative expansion options, i.e. storage technologies, impose the 

risk of penny switching solutions (see Sec. 4.1). An overview of all relevant storage technology 

parameters can be found in Tab. C 15, whereas a more in-depth description of the modeling 

approach of storage is provided in Sec. 4.2.7. 

Apart from storage expansion, REMix also optimizes the storage dispatch and furthermore 

allows an individual and independent dimensioning of the storage converter size (GWel) and the 

storage unit capacity (GWhel), implying no pre-defined storage unit to converter ratio (E2P). The 

E2P describes the time in hours the storage needs for a complete cycle with its nominal power 

and allows an identification whether a storage technology is mainly used for short, mid, or long-

term applications. The main techno-economic parameters are shown in Tab. 6. The assumptions 

regarding the existing converter and storage capacity of PHS, aCAES, and H2 as well as their 

technical expansion potentials are discussed in Sec. 8 in Appendix C. For Li-ion and redox-flow 

batteries it is assumed that there are no constraints regarding their technical potential (both 

maximal installable converter power and storage capacity). 

Although the techno-economic input parameters are carefully chosen and based on a broad 

literature review as well as expert assessments, the author is aware that their exact values are 

highly uncertain for the observation year 2050. Therefore a broad sensitivity analysis is included 
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to validate the key results (see Sec. 6.3.5). The scenario setup as described above serves as the 

reference scenario for those sensitivity tests.  

Tab. 6: Main techno-economic parameters for the storage technologies. 

Technology 
Investconverter 

[€/kWel] 
Investstorage 
[€/kWhel] 

ηcharge 

[-] 
ηdischarge 
[-] 

H2 1,200 1 0.75 0.62 

Li-ion 50 150 0.97 0.97 

aCAES 570 47 0.84 0.89 

Redox-flow 630 100 0.92 0.92 

PHS 450 10 0.91 0.91 

6.3 Results and discussion 

6.3.1 Generation capacity expansion 

Fig. 20 illustrates model results of the generation capacities for renewable and fossil-fired 

technologies for the year 2050 in a power supply system with at least 80% VRE in the main 

model regions for the reference scenario. Moreover, the VRE share regarding the gross annual 

electricity generation for each model region is shown. Unless otherwise stated, the 20 German 

model regions are aggregated in the following sections. Moreover, the analysis concentrates on 

the technologies with the highest installed capacities and neglects technologies with smaller 

amounts of installed capacities, such as run-of-the-river hydroelectricity or biomass. 
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Fig. 20: Technology-specific installed generation capacities for Europe in 2050. Additionally, the VRE shares with 

regard to the annual gross electricity generation are depicted. All numerical values also can be found in Tab. C 18. 

Within the examination area, the model derives a total VRE capacity of 1,185 GW. The largest 

share is provided by offshore wind with 465 GW, followed by PV and onshore wind with 

392 GW and 328 GW, respectively. Installed capacities of fossil-fired technologies (lignite, 

CCGT, and GT power plants) sum up to 119 GW, mainly provided by gas turbines (58 GW). In 

terms of annual electricity generation, offshore wind systems provide 1,482 TWh, whereas 

onshore wind and PV result in 624 TWh and 419 TWh, which equals 47%, 20%, and 13% of the 

overall gross electricity generation. 

Naturally, the optimization favors technologies which are (regionally) cost-effective with 

regard to capacity expansion and dispatch. In consequence, investments for VRE happen 

predominantly in regions with high technical potentials and high full load hours. In this sense, 

regions with high solar irradiation for example, such as Iberia, show comparatively high 

installations of PV systems, whereas high wind speeds, as in the UK + IE or the model region 

Northern Europe, will foster the installation of wind power plants. Furthermore, region-specific 

technical potentials restrict the capacity expansion of VRE, as this is, for instance, the case for 

onshore wind (in AT + CH, BeNeLux, PL + CZ + SK, Italy, UK + IE) and for PV (in BeNeLux, 

PL + CZ + SK, Iberia, Italy) (see Fig. 21). 
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Fig. 21: Used and unused technical potential of VRE capacity. Results are shown for each model region. The sum of 

used and unused technical potential defines the total technical potential. 

The high share of electricity generation from PV, onshore and offshore wind systems reflects 

the VRE constraint set for the reference scenario (80%constr, see Sec. 6.2.2). Excluding this 

constraint will result in significantly lower shares of power generation from VRE: assuming the 

same CO2 certificate prices and fuel costs as well as identical investment and O&M costs, 

calculations without 80%constr derive a VRE share of 42% on the European average (see 

Sec. 6.3.5). However, if a very high CO2 certificate price is chosen (130€/t CO2 instead of 

57€/t CO2 in the standard case), optimum capacity expansion leads to a VRE share that is almost 

identical to the one of the reference scenario (75%). 

Installed power generation capacities are on average approximately three times higher as the 

peak load in each model region (see Tab. 7), reflecting the strongly fluctuating character of power 

generation from wind and PV systems.  
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Tab. 7: Region-specific peak load (Ppeak) and total generation capacity (Captotal). Additionally, the Captotal-to-Ppeak 

ratio is shown as well as the shares of PV and wind power generation with regard to the total gross power demand in 

each region. Generation shares > 1, e.g. in Denmark west for offshore wind power, indicate net electricity export.  

Model region Ppeak [GW] 
Captotal 

[GW] 
Captotal-to-Ppeak 
[GW/GW] 

PV share 
[kWh/kWh]  

Offshore wind 
share [kWh/kWh] 

Onshore wind 
share [kWh/kWh] 

Germany 82 236 2.89 0.16 0.34 0.22 

Austria + Switzerland 20 58 2.96 0.19 - 0.24 

BeNeLux 31 101 3.26 0.16 0.59 0.23 

Denmark w. 4 13 3.22 - 1.76 0.30 

PL+CZ+SK 42 165 3.94 0.23 - 0.50 

France 85 221 2.59 0.10 0.74 0.13 

Iberia 57 177 3.10 0.34 0.45 0.01 

Italy 55 171 3.09 0.17 0.16 0.25 

Northern Europe 60 130 2.18 0.01 0.86 - 

UK + IE 64 125 1.95 - 0.79 0.41 

 
The highest capacity-to-peak load ratio can be observed in the model region PL + CZ + SK, in 

contrast to the region UK + IE, where the total capacity is only twice as high as the regional peak 

load. Slightly higher capacity-to-peak load ratios in regions with high PV share can be observed, 

due to the more volatile nature and lower full load hours of PV electricity generation. Moreover, 

Tab. 7 shows the wind and PV share of each region with regard to their annual gross electricity 

demand. In principal, no significant correlation between the wind shares and the capacity-to-peak 

load ratio can be observed.  

6.3.2 Storage capacity expansion 

Fig. 22 shows the total installed converter power of all storage options for the European model 

regions. For PHS this includes today’s existing capacities (39 GW and 271 GWh, see Tab. C 12 

and Tab. C 13) as it is assumed that these will not be retired until 2050 owing to the long lifetime 

of the water reservoir. Additionally, a simulation run with no existing capacities of PHS was 

performed as part of the sensitivity analysis. The scenario confirms that a stock of PHS capacities 

does not influence the installed PHS, as both model runs result in an identical expansion of PHS 

capacities (see Sec. 6.3.5, Miscellaneous scenarios). Apart from redox-flow batteries, the model 

derives investments into every storage technology and the endogenously determined storage 

converter power results in 166 GW. The largest share is provided by H2 storage with 86 GW. 

Converter power expansion from Li-on batteries accounts for 58 GW. 
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Fig. 22: Technology-specific storage converter power for Europe in 2050. All numerical values are shown in Tab. C 

45.  

The lack of redox-flow storage can be explained by the cost optimizing model logic. For mid-

term applications, i.e. the balancing of surplus energy and deficits of time periods up to several 

days, redox-flow batteries compete with aCAES which have rather similar techno-economic 

characteristics (see Tab. 6). Despite the favorable efficiencies of redox-flow batteries, their higher 

storage capacity investment costs (at similar converter costs) prevent the expansion as long as 

aCAES expansion limits are not reached.  

This hypothesis has been validated with model runs where storage investment costs for redox-

flow batteries were set to the respective value of aCAES. The results confirm that mid-term 

storage applications of aCAES could be substituted by redox-flow batteries if their storage unit 

costs improve to the level of aCAES (see Sec. 6.3.5, Miscellaneous scenarios). 

As a consequence of negligible installed capacities of redox flow batteries, this storage type 

has not been taken into account in the remainder of this work. 

While the major amount of storage converter capacity is provided by H2 storage and Li-lion 

batteries, aCAES and PHS also play an important role in certain regions. For PHS, one example 

is the model region Iberia. Here, the installed capacities in the model reach the technical potential 

of 137 GWh of storage capacity (see Tab. 8) and 12 GW of converter power. Another region 

where the capacity expansion of PHS reaches its technical potential is Italy (77 GWh). 
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Notable storage capacities of aCAES occur in UK + IE, resulting in 5 GW of converter power 

and a storage capacity of 72 GWh. 

 

 

Fig. 23: Technology-specific storage converter power for Germany in 2050. All numerical values are shown in Tab. 

C 72. 

For the German model regions (see Fig. 23) the optimization results in 30 GW of storage 

converter power. The largest share is provided by Li-ion batteries and H2 storage with 16 GW 

and 10 GW respectively. The highest converter capacity can be observed in the model regions 

Tennet2, Amprion2, and 50Hertz1 (6.80 GW, 5.03 GW, 3.70 GW), mainly providing flexibility 

for the integration of offshore wind generation (Tennet2, 50Hertz1) and additionally high 

amounts of PV and onshore wind capacities (50Hertz1). In this regard, the favorable transmission 

grid infrastructure between Tennet2 and 50Hertz1 fosters the storage capacity expansion in these 

regions. 

Particularly in regions with high shares of electricity from wind turbines, such as 50Hertz1 or 

Tennet2, the model results in higher amounts of aCAES expansion (1.38 GW, 0.59 GW). All 

model region and technology-specific converter power expansion is also shown in Tab. C 45. 

Tab. 8 lists the model results for storage unit capacities (in GWh) for each model region. 
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Tab. 8: Installed storage capacity for all model regions in 2050. 

Storage unit capacity [GWhel] 

  H2 Li-ion aCAES PHS 

AT + CH 36 - 1 40 

BeNeLux 3,117 4 44 22 

Denmark w. 2,264 1 4 - 

PL + CZ + SK 86 30 48 25 

France 6,927 6 5 37 

Iberia 901 38 3 137 

Italy 38 16 2 77 

Northern Europe - 13 - 27 

Germany 3,671 32 58 54 

UK + IE 12,578 10 72 22 

Total 29,616 151 236 441 

 
While the quantity, technology-specific composition and spatial distribution of the converter 

power is quite diverse over the observation area, storage capacity is, as expected, mainly 

provided by H2 long-term storage (29,616 GWh). The highest storage unit capacities can be 

observed in the regions UK + IE, France, Germany, and BeNeLux, respectively (12,578 GWh, 

6,927 GWh, 3,671 GWh, 3,117 GWh). With respect to storage capacity, aCAES, PHS, and Li-ion 

batteries play only a minor role (236 GWh, 168 GWh, 151 GWh, together less than 3% of the 

total storage capacity). These technologies mainly provide short and mid-term flexibility in order 

to compensate diurnal (1 h–1 d) and synoptic (2 d–10 d) fluctuations from VRE. H2 in contrast 

serves as long-term storage (>10 d) for electricity from offshore wind turbines. Note that both 

storage converter power (GW) as well as the storage unit capacity (GWh) are endogenously 

derived by REMix for each storage technology. A more detailed analysis of storage dispatch and 

its spatial distribution is provided in Sec. 6.3.3. 

6.3.3 Spatial distribution of storage capacity 

For each model region the technology-specific storage expansion is determined by the 

temporal characteristics of the power generation from VRE and its regional mix (limited by the 

technical storage potentials) as well as the spatial balancing ability of the transmission grid 

between the regions. 

Model regions with high shares of offshore wind generation, e.g. UK + IE, tend to require 

more long-term storage, while, in contrast, larger amounts of short-term storage (e.g. Li-ion 

batteries) seem to be characteristic for regions which are mainly supplied by electricity from PV 

systems. In the following analysis, a comparison of the hourly time-series of the net load 
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(electrical load minus VRE feed-in) with the hourly cumulative charging power of all storage 

technologies for the model regions France, PL + CZ + SK, and Iberia (Fig. 24) is provided. More 

specifically, the hourly values depicted in this figure are normalized with regard to the total VRE 

and storage converter capacity. These specific regions were chosen due to their different 

generation and storage portfolios (see Tab. 7, Tab. 8). A negative net load indicates a VRE 

surplus, while positive values require further generation from dispatchable technologies (e.g. 

fossil-fired power plants or biomass), storage discharging, or electricity import. Based on the 

main electricity generation technology with regard to the annual electricity demand, France can 

be described as a offshore wind region (74% electricity supply through offshore wind); 

PL + CZ + SK is an onshore wind region (50%). Although the power generation share of offshore 

wind (45%) in Iberia is higher than the generation share from PV (34%), this region shows the 

highest amount of PV generation in the whole examination area and is therefore defined as a PV 

region. 

 

 

Fig. 24: Aggregated storage utilization. Model endogenously determined hourly net load and hourly cumulated 

charging capacity of all storage technologies for the model regions France, PL + CZ + SK, and Iberia. Storage 

charging is normalized to the total storage converter capacity; the net load to the region-specific, total VRE capacity. 

The plots show a distinct correlation between the negative net load, i.e. VRE surplus 

generation, and storage charging. Within the regions PL + CZ + SK and Iberia, daily VRE peaks 

caused by PV generation occur, which, in contrast, fosters daily charging of storage. The PV-

dominated pattern in PL + CZ + SK is superimposed by a short wind event of a few days. In the 
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offshore wind region France, in contrast, daily storage charging does not occur, but patterns that 

correlate on a more synoptic and seasonal basis. 

To support these findings, the linear correlation coefficient ρ between the hourly net load and 

the hourly storage charging (cumulated over all storage technologies) for each model region 

(Pearson product-moment coefficient, Fig. 25) is analyzed. Moreover, the figure depicts the VRE 

share of each model region on the color axis.  

 

 

Fig. 25: Correlation of storage charging and net load. The correlation coefficients (ρ) (x-axis) of the model-

endogenous, hourly times-series of the net load with the model-endogenous, hourly storage charging times-series for 

all model regions are shown. Moreover, the figure depicts the VRE shares (color axis). 

A significant negative ρ between net load and storage charging can be observed in all regions, 

indicating that the regional VRE generation that exceeds the regional electrical load is 

predominantly used for storage charging. In this sense, storage is used to integrate power 

generation from VRE technologies, and does not, as for example shown for scenarios with lower 

shares of VRE penetration (see e.g. [141, 142]), ensure the continuous dispatch of thermal power 

plants and subsequently leads to higher CO2 emissions. Alternatively, generation surplus can be 

curtailed or exported to other regions where an additional demand exists. Moreover, the results 

show that ρ tends to increase with higher VRE share, although, this observation does not hold for 

all model regions.  

Still, both Fig. 24 and Fig. 25 cannot answer the question whether the generation from specific 

VRE technologies is complemented by certain storage technologies. For this purpose, the 

technology-specific correlation coefficients ρ of VRE feed-in and the storage charge time-series 

are analyzed for the model regions France, PL + CZ + SK, and Iberia. In all model regions, the 



96 6 European storage demand 

 
charging times-series of H2 correlate significantly with the electricity generation from offshore 

wind. In general, also Li-ion storage charging is correlated with PV power production and 

aCAES charging with onshore wind. Particular in regions where an individual VRE generation 

technology dominates VRE power production, the correlation between this VRE technology and 

the corresponding storage technology is strong. 

In France, high correlation coefficients for offshore wind and H2 storage (ρ = 0.85) can be 

observed, illustrating the compensation of seasonal fluctuations of offshore wind by the storage. 

However, rather strong statistical links also exist between offshore wind with Li-Ion and PHS 

(ρ = 0.60). For the region PL + CZ + SK high correlations between onshore wind and H2 as well 

as for aCAES storage can be observed (ρ = 0.70, 0.57), whereas the model region Iberia mainly 

shows correlations of PV with Li-ion batteries and PHS (ρ = 0.73, 0.68). 

The described correlations are primarily driven by the assumptions of the investments costs of 

the storage, which are differentiated into storage power (€/kWel) and energy-related costs 

(€/kWhel). By this means, the ratio between converter power-specific and energy-specific 

investment costs (energy-to-power-investment-ratio) is crucial. On the one hand, storage 

technologies with low investment costs for the storage unit (energy-related costs) favor large 

amounts of stored energy and hence long-term applications. On the other hand, storage 

technologies which are characterized by a low storage-to-investment-ratio are preferred for the 

balancing of high power and short-term usage. 

Although the storage modeling in REMix allows an individual sizing of the converter and 

storage unit (no pre-defined E2P of a storage technology, see Sec. 6.2.2), the energy-to-power-

investment-ratio influences the dimensioning of the converter and storage unit to some extent. 

The temporal characteristics of the power generation from VRE in a model region (i.e. daily 

patterns versus more synoptic or seasonal generation), will lead to the expansion of a certain 

storage technology portfolio. The model endogenously determined E2P ratios, their mean values 

as well as the coefficient of variation (cv) are shown in Tab. 9. The cv describes a dimensionless 

measure of the spread of E2P among all regions and is defined as the standard deviation over all 

regions divided by the average E2P. 
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Tab. 9: Endogenously determined energy to power ratios (E2P). The latter are shown for all model regions, and, 

moreover, are averaged over all regions including the resulting coefficient of variation cv (standard deviation over all 

regions divided by average E2P). 

 
H2 Li-ion aCAES PHS 

AT + CH -a 1 17 43 

BeNeLux 311 2 19 13 

Denmark west 454 1 20 - 

PL + CZ + SK 179 4 18 - 

France 267 2 19 13 

Iberia 280 4 18 16 

Italy -a 3 16 16 

Northern Europe - 4 - 12 

UK + IE 404 2 13 11 

Mean 316 2 18 18 

cv 0.53 0.49 0.33 0.66 
a The model regions AT + CH and Italy result in a marginal 

capacity expansion of H2. The E2P ratio, therefore, is not 
meaningful and neglected here. 

 

The optimization approach favors the storage expansion of cost-effective technologies, such as 

PHS. Provided that further storage is required to meet 80%constr, the model will pursue the 

expansion of such technologies as long as the technical potential is not reached (see Tab. 10).  

Tab. 10: Used and unused technical potential of the storage unit capacity. Values are shown model region and 

technology-specific. Note that unlimited storage unit capacity potentials for Li-ion and redox-flow batteries are 

assumed.  

 

Used technical potential 
[GWhel] 

Unused technical potential 
[GWhel] 

 
PHS aCAES H2 PHS aCAES H2 

Austria + Switzerland 40 1 36 22 137 13,155 

BeNeLux 22 44 3,117 - 269 26,838 

Denmark w. - 4 2,264 - 183 15,709 

PL + CZ + SK 25 48 86 - 1,577 155,691 

France 37 5 6,927 - 620 52,982 

Iberia 137 3 901 - 1,397 133,304 

Italy 77 2 38 - 123 11,944 

Northern Europe 27 - - - - - 

Germany 54 58 3,671 - 1,192 116,161 

UK + IE 22 72 12,578 - 403 32,959 

 

Tab. 10 shows that nearly all model regions exploit their technical potential of PHS storage. 

An exception is the model region Austria + Switzerland, which, additionally to the existing PHS 

capacities, provides flexibility mainly through dispatchable conventional hydroelectricity 

(49 GWh, resp. 40% of the annual demand). In contrast, large amounts of unused technical 
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potential still remain for aCAES and H2. The technical potentials for storage expansion are 

discussed in some more detail in Sec. 8 of Appendix C.  

6.3.4 Storage dispatch 

The following sections takes a closer look at storage utilization in terms of hourly charge and 

discharge. It addresses two main questions: 

 

(1) Is the temporal storage dispatch pattern technology-specific? 

(2) If so, are those patterns region-specific or do similar patterns occur in all regions? 

(1) For the analysis of the hourly dispatch patterns, the total number of cycles (NC), the 

number of full cycles (NFC), the number of typical cycles (NCtyp) as well as the representative 

length (Φ) of one typical cycle are defined: 

 

(I) NC describes each change from charging to discharging and is a measurement of the annual 

utilization of the storage. 

(II) The NFC is defined as the ratio of the sum of annual storage energy (electrical output) and 

load (electrical input) to the storage capacity divided by two. The difference between NC 

and NFC helps to assess the intensity of the storage utilization. 

(III) NCtyp is defined as the number of charge and discharge processes going through the 

following states of charge (SOC): SOC ≤ 0.2 → SOC ≥ 0.8 → SOC ≤ 0.2. It is the 

precondition for defining Φ. 

(IV) Φ denotes an average length (e.g. in hours or days) of a typical cycle NCtyp. 

For the regions Iberia, PL + CZ + SK, and France, Fig. 26 displays the relative storage charge, 

discharge, and the fill level for Li-ion, aCAES, and H2, respectively. 

 



6 European storage demand 99 

 

 

Fig. 26: Utilization of different storage technologies. Storage level, charge, and discharge power for the storage 

technologies Li-ion battery (Iberia), aCAES (PL + CZ + SK), and H2 (France). The storage level is normalized to the 

total storage capacity; charge and discharge power are normalized to the total installed converter power. Note that 

the plots show different temporal intervals on the abscissa in order to illustrate the typical dispatch for each storage 

technology. 

The expansion of short-term storage technologies, such as Li-ion batteries, is typical for 

regions with high shares of PV generation. The dispatch of these batteries in the model region 

Iberia (upper panel in Fig. 26) shows the most significant cyclicality of all storage technologies. 

Daily cycles can be observed, where charging mainly occurs in times of high PV power 

generation, as a single peak around noon. Furthermore, the high charging power is striking which 

usually reaches almost 100% (in absolute terms ≈ 10 GW, see Fig. 22). Discharging of Li-ion 

batteries in Iberia usually occurs during morning and evening hours. In contrast to the charging 

process, discharging of Li-ion batteries also occurs with partial converter power. This implies that 

the converter capacity is mainly optimized in the model in order to balance surplus PV 

production and less in order to balance nocturnal deficits. A complete discharge (SOC=0) is 

usually reached at night times; the typical cycle duration Φ is around one day. 

The middle panel of Fig. 26 represents the dispatch pattern of aCAES in the model region 

PL + CZ + SK. Φ is around three to five days. Opposed to Li-ion batteries in Iberia, aCAES 

charging and discharging also occurs with partial converter power. Moreover, the cyclicality of 
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the storage dispatch is not as distinctive as for stationary Li-ion batteries, mainly since aCAES 

charging significantly correlates with the synoptic feed-in of onshore wind. 

Regions with high shares of offshore wind penetration—namely the model regions Denmark 

west, Northern Europe, UK + IE, and France—require large amounts of H2 long-term storage, 

provided that the technical potential of the storage unit is sufficient (see Tab. 10). The lower 

panel of Fig. 26 shows the dispatch behavior of H2 storage in France. Since charging strongly 

correlates with offshore wind generation, seasonal changes of the storage fill level are 

characteristic. This is also indicated by a high E2P ratio (see Tab. 9). A typical cycle lasts ≈ 45 

days and charging as well as discharging usually occurs with high converter power. 

(2) Following, it is analyzed to what extent storage dispatch patterns for individual storage 

technologies are either model region-specific or similar in all model regions. For this purpose, a 

comparison of the NC to the NFC for all storage technologies (except for redox-flow batteries) is 

shown in Fig. 27. 

 

 

 

Fig. 27: Number of storage cycles (NC) and full cycles (NFC). The latter are depicted for each storage technology 

for the model regions France, PL + CZ + SK, Iberia, and 50Hertz1. 

For the optimization year 2050, the NC of H2 storage is between 80 and 100, for aCAES in the 

range of 250–320, for PHS 360–380, and for Li-ion batteries from 540 to 860. With regard to the 

NFC, model results range between 10 and 12 for H2, 90–130 for aCAES, 140–170 for PHS, and 

420–730 for Li-ion storage. For each storage technology, similar values for NC and NFC can be 

found in all model regions, however, with one exception: For Li-ion storage notable differences 
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occur between the regions with regard to the NC and the NFC. The model regions Iberia and 

PL + CZ + SK for example, exhibit rather low NC (≈ 500), whereas France and 50Hertz1 show 

relatively high NC (≈ 750). This also can be supported by the coefficient of variation (cv), which 

is shown in Tab. 11 for the NFC of each storage technology of all model regions with non-

marginal installed storage capacities. Here, Li-ion batteries show the highest cv (0.67), indicating 

the regional differences in the utilization of this technology. 

Tab. 11: Mean, standard deviation, and coefficient of variation of the number of full cycles. Values are derived over 

all model regions. Note that only model regions with a considerable amount of storage capacity were considered. 

Number of full cycles (NFC) 

 
Mean [-] Std. deviation [-] cv [-] 

H2 9 1.5 0.17 

Li-ion 817 550 0.67 

aCAES 119 19 0.16 

PHS 117 56 0.18 

 

This behavior could be explained by the fact that Li-ion batteries with low NC primarily 

balance electricity from PV. High NC, in contrast, indicate that Li-ion does not exclusively store 

electricity from PV (daily cycling), but additionally balances electricity from wind power. In 

order to validate this hypothesis, the region and technology-specific storage dispatch of Li-ion 

batteries are analyzed in detail using heat maps. 

Fig. 28 shows the normalized charge (left panels) and discharge power (right panels) of Li-ion 

storage over the hours of a day on the abscissa and over the days of the year on the ordinate for 

the same model regions as in Fig. 27. 
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Fig. 28: Utilization of stationary Li-ion batteries. Normalized charge (left panels) and discharge power (right panels) 

over the hours of the day and over the days of the year in the model regions Iberia, PL + CZ + SK, 50Hertz1, and 

France. 

In all regions shown in Fig. 28, storage loading processes generally occur daily and primarily 

in the hours of the highest PV power generation, while discharging mainly takes place during 

hours of high electricity demand and low PV power production. However, some differences exist. 

For the regions shown in Fig. 28, low PV shares, as in France or 50Hertz1, are associated with 
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high amounts of electricity generation from wind power due to the required high share of VRE 

(80%constr). In consequence, France and 50Hertz1 are characterized by a higher number of 

charging processes during the night times when compared to Iberia or PL + CZ + SK. This, in 

turn, leads to higher NC of Li-ion batteries in France and 50Hertz1 (see Fig. 27). 

Furthermore, higher wind shares and hence increasing NC lead to lower relative charge 

powers. Consequently, PV regions which are characterized with higher Li-ion battery capacities 

and lower NC, the relative charge power is significantly higher than in wind-dominated regions. 

In conclusion, Fig. 28 underlines the assumption that Li-ion batteries do not exclusively 

balance short-term diurnal fluctuations from PV generation, but also are charged in times of high 

wind penetration. Naturally, this effect is more distinctive with increasing wind shares. In these 

cases, Li-ion batteries complement mid and long-term storage with the balancing of synoptic and 

seasonal fluctuations from wind energy. 

In contrast to Li-ion batteries, the dispatch of PHS, aCAES, and H2 storage is largely region-

independent (see Fig. 27). 

6.3.5 Sensitivity analysis of generation and storage capacity 

Following, the robustness of the endogenously determined generation and storage capacities is 

tested, using a sensitivity analysis. In this regard, several input parameters, as well as 

methodological approaches, are varied. Tab. 12 gives a summary of the sensitivity tests. The 

scenarios were chosen based on the findings of the literature review in Sec. 2.3.  



104 6 European storage demand 

 
Tab. 12: Scenario overview and respective main assumptions. 

Scenario group Sub-scenario Specification 

Reference scenario Ref 
Reference scenario (used for the analysis in the main text): unlimited 
curtailments, exogenous grid, mean price and cost paths 

(1) Investment cost scenarios 
a. Stor_Inv_low Decreased investment costs for converter and storage unit by 50% 

b. Stor_Inv_high Increased investment costs for converter and storage unit by 50% 

 c.VRE_Inv_low Decreased investment costs for VRE by 50% 

 d. VRE_Inv_high Increased investment costs for VRE by 50% 

(2) Operating cost scenarios a. FP_low Fuel price path low (see Tab. 13) 

 b. FP_high Fuel price path high (see Tab. 13) 

 c. CO2_low CO2 certificate price path low (see Tab. 14) 

 d. CO2_high CO2 certificate price path high (see Tab. 14) 

(3) Grid scenarios a. G++ No transmission grid restrictions (“copper plate”) 

 b. G+ Optimized grid in Europe, reference investment costs (see Tab. C 2) 

 c. G+_Inv_high Optimized grid in Europe, increased investment costs by 50% 

 d. G+_Inv_veryhigh Optimized grid in Europe, increased investment costs by 100% 

(4) Curtailment scenarios a. Cur.003 Technology and region-specific VRE curtailments restricted to 3% 

 b. Cur.010 Technology and region-specific VRE curtailments restricted to 10% 

(5) VRE constr. scenarios a. VRE_exp_CO2_med No constraint which forces 80% VRE, medium CO2 certificate price 

 b. VRE_ exp_CO2_high No constraint which forces 80% VRE, high CO2 certificate price 

 c. VRE_ exp_CO2_veryhigh No constraint which forces 80% VRE, very high CO2 certificate price 

(6) Temp. resolution scenarios a. TempRes_2h Temporal resolution reduced to 2 hourly time-steps 

 b. TempRes_6h Temporal resolution reduced to 6 hourly time-steps 

 c. TempRes_24h Temporal resolution reduced to 24 hourly time-steps 

(7) Weather scenarios a. Weather 2007 Hourly, potential VRE power generation based on the weather year 2007 

 b. Weather 2008 Hourly, potential VRE power generation based on the weather year 2008 

 c. Weather 2009 Hourly, potential VRE power generation based on the weather year 2009 

 d. Weather 2011 Hourly, potential VRE power generation based on the weather year 2011 

 e. Weather 2012 Hourly, potential VRE power generation based on the weather year 2012 

(8) Misc. scenarios a. Redox-flow_Inv_low 
Energy-related investment costs of redox-flow batteries decreased to the 
value of aCAES 

 b. PHS_w/o_old_stock No old stock capacities of PHS assumed 

 

Storage demand is strongly affected by the model endogenously determined generation 

portfolio. Fig. 29 shows the overall installed generation capacities as well as the installed storage 

converter capacities for each scenario over all model regions. Furthermore, the figure depicts the 

shares of curtailed energy from VRE sources (percentage values in the middle plot). These values 

derive from curtailed energy divided by the potential annual VRE power generation. 



 

 

 

 

Fig. 29: Overview of the sensitivity cases. Installed generation capacities (upper plot), annual curtailments of VRE (middle plot), 

and installed storage converter capacities (lower plot) over all scenarios and all model regions. Note that for PHS a differentiation 

between existing (stock) and endogenously determined capacities (new) is shown (in the main text both capacities are shown 

aggregated). Additionally, the percentage values in the middle plot show the share of curtailed VRE electricity generation with 

regard to the potential annual electricity generation from VRE. All numerical values can be found in Sec. 9 of Appendix C. 
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In general, all scenarios are characterized by rather large shares of offshore wind, onshore 

wind, and PV, mainly fostered by the 80% VRE generation model constraint (80%constr). For the 

investment (1) and operating cost scenarios (2) as well as for the curtailment (4), temporal 

resolution (6), weather (7), and miscellaneous scenarios (8), the overall VRE capacities only 

differs in small amounts (≈ ±5%) compared to VRE capacities in the reference scenario 

(1,185 GW). In contrast, the grid and 80%constr scenarios heavily affect both the generation as 

well as the storage capacities structure. In the following sections, each scenario group will be 

analyzed separately, showing the differences in installed capacity compared to the reference 

scenario. Note that for both storage and generation technologies, only the most important (in 

terms of changes compared to the reference scenarios as well as the overall installed capacity) 

technologies are discussed. 

Investment cost scenarios 

Fig. 30 depicts the results of the investment cost scenarios with regard to the installed storage 

converter capacity compared to the reference scenario. 

 

 

Fig. 30: Differences in installed capacity in the investment cost scenarios. The changes in converter power are 

compared to the reference scenario aggregated over all model regions. 

The scenario Stor_Inv_low (reduced power and energy-related investment costs for storage 

technologies) results in an increase of H2 converter power of 45 GW. In consequence, an increase 

of offshore wind integration is possible (+15 GW), where onshore wind (-27 GW), PV (-41 GW), 

and GTs (-33 GW) are substituted (see Fig. 30). A structurally similar effect (but less 

pronounced) can be observed for the scenario with increased investment costs for VRE 

technologies (VRE_Inv_high). 
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The scenarios Stor_Inv_high and VRE_Inv_low show roughly opposite effects compared with 

their counterparts Stor_Inv_low and VRE_Inv_high. Again, the analysis supports the finding that 

certain generation technologies complement certain storage technologies better than other (see 

Sec. 6.3.3). Especially offshore wind is often complemented by H2 storage, whereas increased PV 

capacities most likely go along with a combination of Li-ion batteries and GTs. Due to the 

relatively low costs of the storage unit, H2 storage primarily balances seasonal variations in terms 

of high amounts of energy. In contrast, the comparatively low power-related costs of Li-ion 

batteries (cheap storage converter unit) favor Li-ion batteries and GTs (low investment costs 

compared to other conventional power plants) for short-term power balancing. 

Operating cost scenarios 

Uncertainties for the cost projections of fossil-fired power plants mainly exist with regard to 

their fuel and emission certificate costs. From a cost minimizing optimization approach, low fuel 

prices (FP) and low CO2 emission cost will increase the expansion of dispatchable, fossil-fired 

power plants (within the limitations set by 80%constr, i.e. the remaining 20% of electricity 

generation from non-VRE capacities). In consequence, smaller capacities of storage might be 

required. In contrast, high price paths for fuels and CO2 emissions most likely will favor an 

increase in storage demand through higher expansion rates of RE technologies. In order to 

quantify these effects, the analysis uses three different price paths as input parameter. The 

specific emissions are based on [143]. Tab. 13 shows the fuel price scenarios for each fuel type, 

whereas Tab. 14 illustrates the different cost scenarios for CO2 emissions for the year 2050. Here, 

the high and medium costs scenarios are based on [192]. The low cost scenario, however, is 

assumed to be the arithmetic mean of the European emission allowance prices of the year 2013 

from the European Energy Exchange (EEX). 
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Tab. 13: Fuel price scenarios for each fuel type. 

Fuel type Cost scenario Fuel costs [€/MWhth] Source 

Coal low 14.04 
 

[144] 

Lignite low 8.28 
 

[184] 

Natural gas low 33.12 
 

[144] 

Uranium low 4.03 
 

[185] 

Coal medium 20.88  [189]a 

Lignite medium 9.18 
 

[184] 

Natural gas medium 47.52  [189]a 

Uranium medium 5.24 
 

[185] 

Coal high 35.28 
 

[189]b
 

Lignite high 10.08 
 

[184] 

Natural gas high 73.44 
 

[189]b
 

Uranium high 6.45 
 

[185] 
a Scenario B, moderate price path. 
b Scenario A, high price path. 

Tab. 14: CO2 emission costs scenarios. 

Cost scenario CO2 costs [€/t CO2] Source 

Very high 130.0 Own assumption 

High 75.0 [192]a 

Med 57.0 [192]b 

Low 4.4 Own assumptionc 

a Scenario A in [81] (“high cost path”). 
b Scenario B in [81] (“moderate cost path”). 
c Arithmetic mean of European emission allowance prices in 2013. 

 
Furthermore, one has to take into account that inter-dependencies between the fuel price and 

emission certificate costs might exist, where high fuel prices, for example, could foster low CO2 

emissions certificate costs and vice versa. This is due to the assumption that high fuel prices 

would decrease the dispatch of fossil-fired power plants and therefore increase the number of 

available emission certificates which again would lower their costs. To accommodate such 

effects, the cost projections are considered in a combined approach for consistent scenarios as 

shown in Tab. 15. 
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Tab. 15: Combinations of CO2 costs and fuel price paths. These combinations are based on different fuel price and 

CO2 emission cost scenarios. 

 CO2 Fuel price 

  High Med Low High Med Low 

Ref 
 

x 
  

x 
 

FP_high 
  

x x 
  

FP_low x 
    

x 

CO2_high x 
   

x 
 

CO2_low 
  

x 
 

x 
 

 

Fig. 31 shows the differences in installed generation capacities for the operating cost scenarios 

compared to the reference scenario over all model regions. 

 

 

Fig. 31: Differences in installed capacities in the operating cost scenarios. Changes in converter power are compared 

to the reference scenario over all model regions. 

Naturally, lower costs for CO2 emission certificates will favor the expansion of CO2 intensive 

generation technologies, such as lignite-fired power plants, whereas high CO2 costs will foster the 

expansion of less CO2 intensive technologies (e.g. CCGT power plants). The model results reflect 

this effect in the scenarios CO2_high and CO2_low. The scenario CO2_high substitutes lignite 

power plants with CCGT when compared with the reference case, whereas the scenario CO2_low, 

in contrast, is characterized by larger shares of lignite power plants. Similar observations can be 

made for the scenarios which vary the fuel price assumption (FP_low, FP_high). Here, higher 

fuel prices increase the capacity expansion of lignite power plants and decrease CCGT and gas 

turbines. In general, assumptions on fuel prices and costs CO2 allowance certificates have only a 

minor influence on the capacity expansion of VRE technologies. This can be explained by the 

sheer amount of VRE technologies forced by the 80% VRE generation model constraint 

(80%constr). In consequence, also the differences in storage capacity expansion are negligible. 
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Grid scenarios 

To evaluate the influence of transmission grid expansion as an additional option to allow 

large-scale spatial balancing of production and demand, particularly in highly renewable energy 

scenarios, several scenarios which endogenously determine the expansion of new grid lines were 

included, additionally to the exogenous alternating current (AC) and direct current (DC) grid 

infrastructure. The latter is based on the Ten Year Network Development Plan (TYNDP) of the 

European Network of Transmission System Operators for Electricity (ENTSO-E) (see Fig. C 2) 

and exogenously defined in the reference scenario. The different transmission grid scenarios vary 

in terms of their specific investment costs for grid expansion (see Tab. C 2) and include one 

scenario with no transmission grid restrictions (G++, “copper plate”). Fig. 32 depicts the AC and 

DC grid expansion for all model regions comparing the different scenarios. Only the existing grid 

topology (based on the TYNDP) can be extended; i.e. it is prohibited to establish new grid 

connections between two model regions. 

 

 

Fig. 32: Differences in grid expansion in the grid scenarios. Changes of the capacity are shown for each model 

region. Note that the figure depicts the capacity expansion of one model region to all surrounding regions. It is 

thereby applicable when observing each model region individually, but double accounts if aggregated over the whole 

observation area. 

Fig. 32 highlights the important role of transmission grid expansion in highly renewable 

energy scenarios. Some regions, such as UK + IE or France, result in additional transmission grid 

capacities of more than 150 GW. For certain grid connections between two model regions, e.g. 

UK + IE to France, this translates into capacities of up to 113 GW per link. As expected due to 

the cost minimizing logic of model, the lowest investment costs lead to the highest grid 

0

50

100

150

200

G
+

G
+

_I
nv

_h
ig

h

G
+

_I
nv

_v
er

yh
ig

h

G
+

G
+

_I
nv

_h
ig

h

G
+

_I
nv

_v
er

yh
ig

h

G
+

G
+

_I
nv

_h
ig

h

G
+

_I
nv

_v
er

yh
ig

h

G
+

G
+

_I
nv

_h
ig

h

G
+

_I
nv

_v
er

yh
ig

h

G
+

G
+

_I
nv

_h
ig

h

G
+

_I
nv

_v
er

yh
ig

h

G
+

G
+

_I
nv

_h
ig

h

G
+

_I
nv

_v
er

yh
ig

h

G
+

G
+

_I
nv

_h
ig

h

G
+

_I
nv

_v
er

yh
ig

h

G
+

G
+

_I
nv

_h
ig

h

G
+

_I
nv

_v
er

yh
ig

h

G
+

G
+

_I
nv

_h
ig

h

G
+

_I
nv

_v
er

yh
ig

h

AT + CH BeNeLux Denmark w.
PL + CZ +

SK France Iberia Italy Northern EU UK + IE

G
ri

d 
ex

pa
ns

io
n 

[G
W

] AC

DC



6 European storage demand 111 

 

infrastructure expansion (scenario G+). Stepwise increasing these costs (scenario G+_Inv_high, 

G+_Inv_veryhigh) subsequently decreases grid expansion.  

 

In consequence of changes in the transmission capacities, the electricity generation and 

storage infrastructure is strongly affected. Fig. 33 illustrates the generation capacity expansion 

and annual electricity generation for the most relevant technologies over all model regions for the 

different grid scenarios in comparison to the reference scenario. 

 

 

Fig. 33: Capacity expansion and annual electricity generation. Values are shown compared to the reference scenario 

and aggregated over all model regions. 

In general, endogenous grid expansion allows a noticeable reduction of generation capacity 

expansion in the observation area. In the scenario with the lowest investment costs for grid 

expansion (G+), the net capacity expansion can be reduced by approximately 25% (312 GW) 

compared to total capacity in the reference scenario. Even increased investment costs in the 

scenarios G+_Inv_high and G+_Inv_veryhigh still result in around 20% less generation capacity 

expansion than in the reference scenario. In the hypothetical scenario of a “copper plate” grid 

infrastructure for all model regions (G++), capacity demand can be reduced by 35%. 

For the annual electricity generation, the overall amount of electricity generation remains 

similar in all scenarios (in order to meet the demand), whereas the technological distribution 

changes significantly. Differences in the total electricity production compared with the reference 

scenario occur due to different amounts of curtailed power. Large shares of onshore wind and PV 

capacities (and smaller amounts of lignite capacities) are substitutes by comparatively lower 

amounts of capacity (GW) of offshore wind, gas turbines, and CCGT power plants. This can be 

explained by the increased transfer capacity of the transmission grid, which now allows a less 
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constrained transport of the electricity from offshore systems at the coast to the demand centers. 

As expected, improved transmission grid infrastructure generally allows a better utilization of 

VRE technologies in terms of full load hours (see Tab. 16). 

Tab. 16: Comparison of full load hours of VRE technologies in the different grid scenarios. 

 Full load hours [h] 

 
Offshore wind  Onshore wind  PV 

G++ 4,198 3,253 1,305 

G+ 4,015 2,265 1,237 

G+_Inv_high 3,990 2,118 1,211 

G+_Inv_veryhigh 3,945 2,025 1,189 

Ref 3,191 1,903 1,069 

 

Considering each model region individually in the grid scenarios, the changes in capacity 

expansion are more diverse. Fig. 34 illustrates the differences in capacity expansion of generation 

technologies compared to the reference scenario for each model region. 

 

Fig. 34: Differences in capacity expansion of generation technologies. Differences are shown compared to the 

reference scenario and for each model region. The German model regions are aggregated. 

For most of the model regions, a decrease of VRE capacity can be observed, compared with 

the reference scenario and if the grid expansion is endogenously calculated by the model. The 

shift to offshore wind generation which substitutes large amounts of PV and onshore wind can 

mainly be explained by an integration of large offshore wind potentials in the model region 

UK + IE (and to some extent Denmark west) through an enhanced grid between UK + IE and the 
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European mainland (including Scandinavia). Since 80%constr (see Sec. 6.2.2) still has to be met, 

reduced capacity expansion translates into improved utilization of the remaining generation 

assets, i.e. higher average full load hours (see Tab. 16) due to occupation of more favorable sites 

for wind and PV power production and less curtailment (see Tab. 17). 

The scenario with the lowest investment costs for the grid infrastructure (G+)—which leads to 

the highest amount of AC and DC expansion (see Fig. 32)—results in the lowest overall curtailed 

energy, only outreached by scenario G++ where electricity transmission is unlimited and no 

curtailments are observed at all. Increasing the investment costs gradually (G+_Inv_high, 

G+_Inv_veryhigh) and in consequence reducing the grid extension, naturally, will lead to 

increasing curtailments. Curtailments are the highest in the reference scenarios since here grid 

capacity expansion is not allowed. Furthermore, Tab. 17 confirms the important role of offshore 

wind generation in the model region UK + IE for the whole energy system. Restricting grid 

expansion in this region will lead high curtailments of VRE. Moreover, when comparing the grid 

scenarios to the reference scenario, the differences in curtailment are the most distinct in 

UK + IE.  

Tab. 17: Curtailments in the different grid scenarios. The values are deviations regarding the reference scenario and 

shown region-specific. The German model regions are aggregated. Furthermore, the table shows the share of annual 

curtailed energy of VRE with respect to the potential annual electricity generation of VRE (curtailment share). 

Annual curtailments [TWh] 

 
G++ G+ G+_Inv_high G+_Inv_veryhigh Ref 

Austria + Switzerland - 0.01 0.04 0.10 0.02 

BeNeLux - 0.15 0.43 1.23 1.98 

Denmark west - 13.81 12.05 9.56 3.92 

PL + CZ + SK - 0.03 0.07 0.34 8.52 

France - 0.21 0.53 1.62 23.19 

Iberia - 0.05 0.17 0.55 6.29 

Italy - 0.03 0.07 0.19 3.57 

Northern Europe - 15.23 17.20 17.96 34.66 

Germany - 3.28 6.83 12.66 26.45 

UK + IE - 63.27 65.94 64.47 27.84 

Total - 96.07 103.33 108.67 136.43 

Total curtailment 
share of VRE[-] 

- 0.04 0.04 0.04 0.05 

 

Curtailment scenarios 

Within the reference scenario, curtailments have no upper limit and, theoretically, all potential 

VRE power generation can be shed. The scenarios cur.010 and cur.003 restrict the curtailment 
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technology (wind onshore and offshore, PV) and model region-specific to 10% and 3% of the 

annual potential VRE electricity generation. Fig. 35 shows the annual curtailment share with 

regard to the theoretically annual VRE electricity generation, respectively. It can be observed that 

already in the reference scenario only a few technologies and model regions show higher 

curtailment shares than 10% (e.g. onshore wind in Northern EU or Denmark west, offshore wind 

in Germany) and, therefore, scenario Cur.010 will not influence generation and storage capacity 

expansion significantly. The latter, however, will be affected if the upper limit for curtailments is 

reduced to 3% (Cur.003). 

 

 

Fig. 35: Model region and technology-specific curtailment shares. The latter are shown with respect to the theoretical 

annual electricity generation from VRE. 

More rigid curtailment requirements most likely will lead to an increase in storage expansion, 

since over-generation from VRE cannot be curtailed unlimitedly. Fig. 36 shows the differences in 

storage converter power in comparison to the reference scenario over all model regions.  
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Fig. 36: Differences in the capacity of storage converter power. The changes are shown compared to the reference 

scenario and aggregated over all model regions. 

For the most restrictive curtailment assumptions (scenario cur.003) the results show, as 

expected, an increase of storage converter power compared to the reference scenario. In line with 

the findings in Sec. 6.3.3 (certain storage utilization correlates with the generation of specific 

VRE technologies), the increased capacity expansion of PV and onshore wind correlate with 

more H2 and stationary Li-ion storage. However, for less restrictive curtailment constraints in 

scenario cur.010 a decrease in storage converter capacity compared to the reference scenario can 

be observed, which contradicts the assumption that restricted curtailments increase storage 

demand. However, the deviation of storage converter capacity expansion in comparison to the 

reference scenario is only marginal and the affected regions and VRE technologies (e.g. onshore 

wind in Northern EU or Denmark west, offshore wind in Germany) compensate the restrictions in 

curtailment through an increased utilization (i.e. higher full load hours) of other VREs. 

VRE constraint scenarios 

Fig. 37 depicts the capacity expansion of the most important technologies in the scenarios 

where 80%constr is not active compared to the reference scenario. Furthermore, these scenarios 

differentiate in their costs of the CO2 emission certificates, ranging from 57€/t CO2 (_med) up to 

130€/t CO2 (_veryhigh, see Tab. 14). 
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Fig. 37: Comparison of the capacity expansion. Changes are shown over all model regions of the scenarios without 

80%constr and different assumptions regarding the CO2 certificate price to the reference scenario. 

The scenarios without 80%constr result in lower VRE shares than the reference scenario. While 

the reference scenario shows a VRE share of 86%, the rest of the scenarios, in the order from 

very high to medium CO2 prices, range from 75% to 42%. A CO2 certificate price of 130€/t CO2 

(VRE_constr._CO2_veryhigh) however, is sufficient to almost reach the VRE share of the 

reference scenario. Furthermore, this scenario is characterized by noticeable larger amounts of 

CCGT generation which is less CO2 intensive. As expected, higher CO2 prices foster the 

replacement of CO2 intensive technologies with less CO2 intensive generation capacities. In the 

calculations at hand, this is the case for lignite power plants, which are substituted by capacities 

of CCGT. Moreover, higher CO2 prices increase the diffusion of VRE technologies. These effects 

also can be observed when analyzing each model region individually (see Fig. 38). 
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Fig. 38: Comparison of the capacity expansion. Differences are shown for each model region of the scenarios 

without 80%constr and different assumptions regarding the CO2 certificate price to the reference scenario. 

Fig. 39 shows the difference in annual electricity generation in the VRE constraint scenarios 

compared to the reference scenario for all VRE generation and storage technologies. More 

specifically, the annual electricity generation from storage refers to the discharged electricity over 

the observation year, and, opposed to the analyses in the main text, not to the storage unit 

capacity. The sensitivity analysis supports the findings from the main text, where generation from 

offshore wind correlates with the utilization H2 storage, onshore wind with aCAES and partially 

Li-ion and PV mostly with Li-ion. Thereby, the distribution of annual electricity from storage 

follows the distribution of the annual electricity from VRE technologies.  
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Fig. 39: Differences in annual power generation of VRE and storage. Deviations are shown compared to the 

reference scenario. Note that the annual electricity generation from storage refers the discharged electricity over the 

observation year. 

Different temporal resolutions 

In the course of this work, the influence of different temporal resolutions was analyzed. 

Therefore, the temporal resolution of the supply as well as the demand side was subsequently 

reduced from an hourly resolution in the reference scenario to a 2 h, 6 h, and 24 h resolution. Fig. 

40 depicts the principal effects of aggregating in time on the dispatch of generation and storage 

technologies for one an exemplary day.  

 

 

Fig. 40: Effects of lower temporal resolutions on the generation and storage dispatch. Storage charging is depicted 

negative, while storage discharging is shown positive.  

The effects on the installed generation and storage capacities are shown in Fig. 41. 
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Fig. 41: Differences in installed capacity of VRE and storage technologies. 

The results show that with decreasing temporal resolution the endogenously derived capacity 

of PV systems increases, substituting onshore and offshore systems, while the net capacity 

remains relatively stable over all scenarios. Naturally, a decrease in the temporal resolution leads 

to higher hourly power changes, i.e. discrete jumps in the generation. However, it also implies a 

more continuous dispatch of VRE technologies (see Fig. 40). As such power generation is, in 

practice, inherently volatile, the dispatch of these technologies is misrepresented. This is 

particularly the case for PV systems, which, in combination with their relatively low investment 

costs (compared to wind power), are then favored by the optimization. 

Based on the findings from Sec. 6.3.3 (PV power correlates with Li-ion storage charging and 

hence its expansion) one would assume that the increase of PV capacities would go along with 

more expansion of Li-ion storage. However, this is not that case as the smoother generation 

profiles (i.e. continuous generation) of PV (but also for wind power systems) lowers the overall 

demand for storage. This effect is most pronounced for storage technologies with low power-

related investment costs as the power gradients (i.e. ramps) decrease continuously with lower 

temporal resolutions. 

In this regard—when analyzing aggregated results of large regions (e.g. Europe)—energy 

system models which rely on meteorological input data should at least use a temporal resolution 

below 6 h to appropriately represent the capacity expansion of VRE and storage technologies. 

However, if analyzing smaller model regions and emphasizing the dispatch of VRE systems and 

storage options, even 2 h resolutions can misrepresent the characteristic of the latter and, 

therefore, should rely on at least an hourly resolution (compare Haydt et al. [188]).  
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Weather year scenarios 

The potential power generation of VRE is based on hourly values of wind speeds and solar 

irradiation of the year 2006 in the reference scenario. Within Sec. 6.3.3 of this study, it was 

shown that storage expansion and utilization is strongly dependent on the generation mix of a 

region as well as its temporal characteristics of power generation. As the latter again is influenced 

by the underlying weather year, the analysis tests to what extents other weather years influence 

VRE and storage capacity expansion. Fig. 42 shows the difference in installed capacity for the 

most relevant generation as well as storage technologies of the scenarios with different weather 

years compared to the reference scenario aggregated over all model regions. The results for the 

weather year 2010 are intentionally neglected, as it is characterized by unusual poor solar and 

wind potentials, resulting in unrealistically high storage expansion in some model regions in 

order to meet 80%constr. 

 

 

 

Fig. 42: Differences in installed generation and storage capacity. Deviations are shown compared to the reference 

scenario and aggregated over all model regions. 

In relation to the overall installed capacities, the deviations of the installed capacities in the 

model runs with different weather years are rather small. However, the regional and technology-

specific generation and storage portfolio is affected signifcantly. By this means, compared to the 

reference scenario, the installed PV capacity can differ by ±20% (±80 GW), onshore wind by 

+18% (+59 GW) or -53% (-175 GW), and offshore wind by +24% (+111 GW) or -11% 
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(-49 GW). Similar effects apply to the power generation. The most notable impact of the weather 

year on storage demand was observed for aCAES, resulting in an increased storage converter 

power up to 98% (+14 GW). For Li-ion storage converter power is affected as high as +24% 

(+13 GW) or -31% (-17 GW), and for H2 storage up to ±14% (±12 GW). 

Some of the sensitivity cases (e.g weather year 2007) support the findings of the main text, 

where, for example, the increase of onshore wind capacities goes along with higher capacities of 

aCAES storage. On the other hand, in the same year, PV capacities decrease which again fosters 

a decrease of Li-ion batteries. However, in the years 2009, 2011, and 2012 the increase of 

offshore wind capacities actually is complemented by more storage capacities of aCAES and Li-

ion. As showed in Sec. 6.3.3, dual use of some storage technologies is common, where Li-ion not 

only balances daily fluctuations from PV power, but also stores surplus of wind electricity 

generation. This effect is particularly pronounced in regions with high shares of wind power 

generation. 

Miscellaneous scenarios 

Improved techno-economic input parameters for redox-flow batteries 

Within the reference scenario, a lack of capacity expansion of redox-flow batteries is 

noticeable. As stated in Sec. 6.3.2, this presumably can be explained by the cost optimizing 

model logic, where redox-flow storage competes with aCAES for mid-term balancing. In 

comparison, both technologies show rather similar techno-economic parameters, differentiate 

however significantly in the energy-related investment costs (this includes the amortization time 

for the storage unit as well as the fixed operations and maintenance costs). On the one hand, these 

costs (€/kWhel) are around twice as high for redox-flow batteries compared to aCAES, whereas 

the power-related costs (€/kWel) are almost identical. On the other hand, charging and 

discharging efficiency slightly favors redox-flow batteries. Presumably large shares of aCAES 

can be substituted by redox-flow capacities if the energy-related investment costs decrease to the 

value of aCAES. To verify this hypothesis validation model runs with the aforementioned 

changes in the relevant parameters are performed. Fig. 43 shows the comparison of the storage 

converter capacity and generation expansion for each model region in the reference scenario 

(Ref) and scenario with changed techno-economic parameters for redox-flow batteries 

(Ref_VRF). 
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Fig. 43: Comparison of storage and generation capacity expansion. Scenario Ref_VRF is characterized by improved 

techno-economic parameters for the redox-flow batteries. The German model regions are aggregated to GER. 

As expected, aCAES capacities are substituted in the relevant model regions (e.g. BeNeLux, 

Germany, or UK + IE), while the structure of the generation portfolio remains relatively 

unchanged in both scenarios. One exception can be found in the model region Northern Europe 

(Northern EU). As shown in Sec. 6.3.3, this region does not have any underground cavern storage 

available. In consequence, the balancing of the large shares of offshore wind electricity 

generation in the reference scenario is ensured via Li-ion batteries and GT capacities. In the 

scenario REF_VRF, the latter are partially substituted by redox-flow batteries. Furthermore, 

redox-flow storage allows an increase in offshore wind capacities, whereas capacities from PV 

systems disappear completely. 

No existing stock capacities of PHS 

In this scenario, no old capacities of PHS were assumed to exist in the observation year 2050. 

This sensitivity case aims to test whether the technical potentials of the storage unit are still 

reached. Sec. 6.3.2 showed that almost every model region (with an exception of AT + CH) 

completely uses the technical potential, as PHS is a very cost effective technology. Apart from 

the model region Austria + Switzerland, Tab. 18 shows that the storage unit capacity expansion 

for both scenarios is identical and the hypothesis is confirmed. 
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Tab. 18: Comparison of storage unit capacity expansion. The table shows the reference scenario and the scenario 

without old PHS capacities (PHS_w/o_old_stock). 

Storage unit capacity expansion [GWhel] 

 
PHS_w/o_old_stock Reference 

Austria + Switzerland 32.00 9.51 

BeNeLux 4.67 4.67 

Denmark west - - 

PL CZ SK - - 

France 5.00 5.00 

Iberia 93.00 93.00 

Italy 35.00 35.00 

Northern Europe 17.00 17.00 

Germany - - 

UK + IE 4.00 4.00 

6.3.6 Discussion of sensitivity analysis results 

The results of the sensitivity analysis show five major influence factors with regard to storage 

expansion. First, as expected, reduced storage investment costs (StorInv_low) lead to an 

increased storage expansion; similarly, higher storage costs reduce storage expansion compared 

to the reference run (StorInv_high). 

Second, higher costs for VRE (VREInv_high) lead to reduced installed capacities of VRE and 

in consequence will foster higher storage capacities through reduced curtailments of VRE (in 

order to meet 80%constr). 

Third, more restrictive curtailment requirements (Cur.003) mainly lead to reduced 

curtailments of offshore wind generation. The wind power otherwise curtailed has to be stored in 

Cur.003. This results in increased H2 storage capacities (as charging of these capacities correlates 

the most with offshore wind, see Sec. 6.3.3) in this scenario. 

Forth, different weather years affect the regional and technology-specific generation and 

storage portfolio significantly. By this means, especially the capacities of onshore wind were 

affected by the choice of the weather year, resulting in variations by +18% (+59 GW) or -53% 

(-175 GW) and, thereby, also influencing the capacities of aCAES the most by up to 98% 

(+14 GW) of storage converter power. 

Finally, it can be observed that the endogenously determined grid expansion (G+) is able to 

substitute large amounts of storage capacity. However, as also shown in other studies (see e.g. 

[152]), storage capacities are not completely interchangeable by transmission grid. In scenarios 

with high shares of VRE generation, grid expansion and storage are complementary flexibility 
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options. Furthermore, the sensitivity analysis shows that mostly H2 storage capacities are 

substituted in the G+ scenarios. This effect can be attributed to the fact that in the reference case 

storage primarily integrates offshore wind power production which otherwise would have to be 

curtailed due to grid limitations.  

The outcome of the sensitivity analysis supports the coherence of the optimization results and 

the underlying model assumptions. In comparison to the overall installed storage capacity in the 

reference scenario (166 GW, see Sec. 6.3.2) the variations shown in Fig. 29 are notable (for 

StorInv_low +32% and for G+ -39%). Other sensitivity cases, such as fuels or CO2 emission 

certificate variations, only show minor effects. Moreover, the findings from Sec. 6.3 (spatial 

storage distribution and dispatch) remain robust over all scenarios.  

6.3.7 Comparison to the state of research 

It is difficult to compare results from this study with other estimates from the literature, as 

methodologies, as well as model and data assumptions, vary widely (see Sec. 2.1 and Sec. 2.2). 

The endogenously derived storage capacities aggregated over all model regions (166 GW, 

30 TWh) are in line with some studies (I), while others result in significantly lower (II), or higher 

(III) storage capacities. 

(I) Scholz et al. [190] assume similar model regions and quantify storage converter power 

expansion for various theoretical (before curtailment) VRE shares and PV-to-wind-ratios, 

including endogenously derived transmission grid capacities. Their results, therefore, were 

compared to scenario G+. The latter is characterized by a theoretical VRE share of 87% and a 

storage converter power (endogenously expansion, no stock capacities) of 87 GW. As expected—

since the calculations are also based on the REMix model—the authors derive rather similar 

values for storage converter power; 93 GW in a 100% VRE share scenario and 58 GW in a 80% 

VRE share scenario, both assuming PV-to-wind-ratios of 0.25. 

(II) Though analyzing a larger observation area (EU27), the cost minimizing model of 

Bertsch et al. [145] derives less storage converter power (68 GW, scenario B: high CO2 prices), 

which mainly can be explained by the lower VRE share of 75%. 

(III) The analysis of Bussar et al. [164] results in 1,060 GW of storage converter power, 

including PHS, battery systems, and the capacity of CCGT for the reconversion of H2 (excluding 

the electrolyzer capacity). Again, it has to be stressed that comparability is limited, as this 

publication assumes a 100% VRE share and analyzes a larger observation area, which, compared 

to this study, additionally includes East and South-East Europe, Turkey, North Africa, and the 
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Middle East. Furthermore, the model assumes that at least 80% of each country’s electricity 

demand is supplied by national resources. This assumption limits long-range load and generation 

balancing and thus increases the demand for required storage capacity. 

6.3.8 Limitations and outlook 

Subsequently, it is discussed whether some aspects of the chosen methodology and the 

assumptions might influence the derived storage demand.  

First, the results of the sensitivity analysis already indicate that grid expansion limits the 

demand for storage (see Fig. 33). Including more flexibility options (e.g. demand side 

management) and incorporating the coupling to other energy-related sectors (e.g. heating, 

cooling, and transportation) is likely to decrease the demand for electricity storage (see e.g. 

[146]). 

Second, the proposed method solely includes the high voltage transmission grid and in 

consequence neglects distribution grid restrictions within the defined model regions (“copper 

plates”). Thus, additional storage demand on distribution grid level is not taken into account in 

the model. This issue is somewhat compensated by using a high number of model regions which 

reduces the size of each “copper plate”. However, the uneven disaggregation of countries into 

model regions (e.g. 20 German model regions compared to one model region for France) might 

lead to over or underestimation of grid restrictions and thereby affects storage demand. In the 

light of existing research, the influence of distribution grids and spatial resolution has not yet 

been analyzed for European long-term energy scenarios.  

Third, it is likely that the modeling methodology for fossil-fired power plants leads to an 

underestimation of the required storage capacity as the power plants are modeled as 

unrealistically flexible. To at last partially take into account this problem, wear and tear costs for 

power change (€/kWel, see Tab. C 4) of the cost calculations in the model are included. 

Nevertheless, the approach still neglects other flexibility related technical constraints, such as 

ramping rates, part-load behavior, or minimum idle times (opposed to mixed-integer (MIP) 

approaches). However, due to the model constraint of at least 80% VRE electricity generation, 

the relative impact of fossil-fired power plants is low. Storage demand and utilization in 

combination with detailed (MIP) fossil-fired power plant modeling has been addressed in 

Denholm et al. [147], Brouwer et al. [148], and Stoll et al. [149]. However, all three studies use 

exogenous scenario capacities as input. Therefore, the issue of over-estimating the flexibility of 

conventional power plants has been addressed in Sec. 5 showing that for energy scenarios with 
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high shares of VRE power generation and in large observation area (as for Europe), simplified LP 

modeling approaches are sufficient. 

To answer the question of “optimal” spatial distribution of storage capacity, the simultaneous 

endogenous capacity expansion and dispatch optimization for generation technologies and 

flexibility options using a high level of temporal, spatial, and technological resolution is a 

novelty. Despite the aforementioned limitations, the analysis, therefore, is an adequate remedy to 

answer the research question. 

6.4 Summary and conclusions 

The linear cost minimizing optimization model REMix was applied, which endogenously 

determines the installed capacities and dispatch of all power generation and storage capacities in 

a system with at least 80% power production from variable renewable energies (VRE). The 

analysis region comprises of northern, western, south, southwest, and central Europe. 

Furthermore, the spatial distribution of those storage capacities and their dispatch was 

investigated in detail. 

The model calculates a large expansion of offshore wind, followed by onshore wind, and PV 

capacities in the analysis area in order to meet the boundary condition. Moreover, distinctive 

generation portfolios for different model regions were observed. This allows categorizing the 

model regions into offshore/onshore wind and PV regions (e.g. France: offshore, PL + CZ + SK: 

onshore, and Iberia: PV, respectively). 

Storage converter power is mainly provided H2 and Li-ion batteries. While the expansion of 

these two technologies occurs in many model regions, aCAES and PHS can play a role for certain 

regions with higher shares of mid-term fluctuations through onshore wind (and the necessary 

storage potentials). In this regard, PHS expansion occurred in almost all model regions. In 

regions with limited technical potentials, PHS as mid-term balancing option is substituted by 

aCAES. In this analysis, redox-flow batteries only play an insignificant role for power balancing, 

mainly due to the more favorable techno-economic parameters of Li-ion batteries and aCAES.  

From this analysis it can be concluded that the spatial distribution of storage capacity 

expansion is mainly influenced by two factors; model-based quantifications, therefore, should 

carefully consider these aspects in their assumptions: 

First, the temporal characteristics of the VRE electricity generation heavily influence the 

expansion of H2, Li-ion, aCAES, and PHS storage technologies. In general, surpluses from VRE 

generation, i.e. negative net loads, highly correlate with storage charging in all model regions. 
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Second, electricity generation from specific VRE technologies is complemented by the 

expansion of certain storage technologies. More precisely, high correlations between the 

generation of offshore wind and H2 charging, onshore wind and H2 as well as aCAES, and, 

finally, between PV generation and Li-ion charging were observed. These correlation coefficients 

can partly be explained by the energy-to-power-investment-ratio (€/kWel to €/kWhel) of each 

storage technology. Low energy-related investment costs favor capacity expansion of long-term 

storage, while low power-related investment costs will preferably result in power balancing 

storage technologies (e.g. Li-ion). 

The results further show limited technical potentials (with respect to storage unit capacity in 

GWhel) of one technology has an influence on the local, region-specific allocation of other 

storage technologies. In particular, limited technical potentials for PHS can be substituted by 

aCAES and stationary Li-ion batteries, if necessary.  

For storage utilization, the results show typical dispatch patterns of different storage 

technologies: while Li-ion batteries in PV dominated regions (e.g. Iberia) generally cycle daily, 

onshore wind regions (e.g. PL + CZ + SK) are characterized by mid-term balancing of aCAES 

with typical cycle lengths of 3–5 days. In contrast, H2 storage shows a more seasonal behavior 

with typical cycle lengths around 45 days. The results show that H2, PHS, and aCAES have 

similar dispatch patterns in all model regions. The utilization of Li-ion storage, however, depends 

on the generation share of wind and PV generation. In regions with high shares of wind, a dual 

use of Li-ion batteries was observed, where this technology not only balances the daily 

fluctuation of PV feed-in but additionally was used to level the more diurnal and seasonal volatile 

generation from wind power. 
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7 Conclusions 

7.1 Summary 

This thesis assesses the required storage capacity in scenarios with high shares of renewable 

power generation in Europe. Naturally, such long-term energy scenarios are inherently associated 

with a wide range of uncertainties and this analysis, therefore, studies (I) the robustness of 

calculated storage demand against parametric as well as methodological assumptions and, 

moreover, discusses (II) drivers of spatial storage capacity distribution in a comprehensive 

model-based approach25. 

 
The analysis relies on the linear optimization energy system model REMix. In the course of 

this work, the model was parametrized for a European power system for the year 2050. Opposed 

to studies with a similar focus, this work is based on a high spatial (29 model regions) and 

temporal resolution (hourly), and, in particular, incorporates an integral optimization of capacity 

dispatch and expansion of generation technologies as well as flexibility options (co-optimization). 

This approach enables an in-depth analysis of drivers for the spatial distribution of storage 

capacity and, in addition, allows for a better understanding of the inter-dependencies of different 

flexibility options (synergy or complementarity of flexibility options). 

(I) The robustness of the demand for electrical energy storage was tested against a wide range 

of parameter variations (parametric uncertainty) and the influence of methodological 

assumptions (methodological uncertainty). The former was tackled through different costs 

scenarios for investments into storage, renewable energy technologies, and transmission grid 

expansion, variations of fuel and CO2 emissions certificate costs, and different weather years as 

the basis for the calculation of power generation from variable, renewable energy sources. 

Methodological uncertainty was included with regard to different temporal, spatial, and 

technological resolutions. The latter was discussed in more detail for two modeling approaches 

for thermal power plants and their effects on storage expansion and utilization. In this regard, 

REMix was enhanced by a mixed-integer modeling methodology for thermal power plants based 

                                                           
25 At this point, the author stresses again that it is not intended to forecast future energy systems or transformation 

pathways, but to investigate inter-dependencies of model assumptions as well as to test the dynamics of energy 

systems by comparing a variety of scenarios. 
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on the work of Fichter [150]. Furthermore, REMix was extended by the ability to consider 

different ways of curtailments of renewable power generation (unlimited versus restricted). 

(II) To analyze the drivers of the spatial distribution of storage capacity, an extensive 

scenarios analysis for the European observation area was performed, incorporating correlation 

analyses which compare the storage dispatch with the utilization of renewable generation 

technologies. 

 
Several conclusions were derived and are subsequently summarized with regard to the two 

main research goals (I, II). 

7.1.1 Robustness of storage demand 

Parametric uncertainty 

In the context of parametric uncertainty, particularly the assumptions for the overnight 

investments costs for renewable generation and storage technologies are striking. On the one 

hand, a cost reduction of the latter by 50% (energy and power-related costs) increases the overall 

storage converter power by 32% (+66 GW) and the storage unit capacity by 79% (+24 TWh, 

mainly caused by H2 storage). On the other hand, increased costs lead to a reduction of 21% 

(-43 GW) for converter power and of 27% (-8 TWh) for the storage unit capacity. Similar effects 

occur in scenarios where the investment costs of variable renewable energy systems (VRE) were 

varied, since strong correlations between the VRE power generation and storage charging exists 

(see Sec. 6.3.3). In this sense, an increase of model endogenously derived storage capacities 

enables to compensate lower VRE capacities (caused by the higher costs) through an improved 

utilization in terms of full load hours and, hence, reduced curtailments. Lower VRE capacities 

cannot be substituted by a higher utilization of thermal power plants, as a model constraint forces 

a VRE generation share of at least 80% over Europe. Thereby, an increase of the VRE costs by 

50% leads to an increase of converter power by 14% (+29 GW) and of storage unit capacity by 

25% (+8 TWh), while a decrease of the VRE costs causes a reduction of storage power by 19% 

(-39 GW) and 27% (-8 TWh) for the storage unit. 

In contrast, parameter variations of fuel costs and CO2 certificate prices show little to no effect 

on the storage and generation capacity portfolio. The latter is affected by low fuel costs in terms 

of a substitution of lignite-fired power plants (-45 GW) by combined cycle gas turbines 

(+50 GW), which, in turn, only have a marginal influence on storage expansion. A structural 

similar effect, but less pronounced, can be observed for scenarios with increased CO2 prices. The 
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relatively small influence of these sensitivity cases can be addressed to the relatively small 

generation share of thermal power plants, owing to the model constraint of 80% VRE generation. 

It is likely that energy scenario analyses which focus on transition pathways25 are more sensitive 

to fuel cost and CO2 price assumptions since they typically rely on methods of myopic or path 

optimization, which are able to capture technology lock-in’s as they consider multiple years 

(opposed to this study, which relies on one static year26) 

Methodological uncertainty 

Methodological uncertainty was studied with regard to various technological (a), temporal (b), 

and spatial resolutions (c) as well as more general assumptions like the influence of the choice of 

weather year (d). 

 
(a) The influence of different technological resolutions was tackled by analyzing the 

dependencies of storage expansion and utilization reliant on the power plant modeling 

approach—i.e. a comparison between simplified merit order (LP) and detailed unit-commitment 

with economic dispatch (MILP)—and different methods to consider curtailments of VRE power 

generation (unlimited versus restricted). 

In a nutshell: to appropriately model power plants for storage demand quantifications, one has 

to consider the VRE penetration level as well as the size of a power system (in terms of modeled 

thermal generator units). While larger observation areas (e.g. Europe) with high VRE shares do 

not necessarily require MILP modeling—in other word the derivation of storage expansion and 

utilization relative to the LP approach is marginal—smaller model region in combination with 

lower VRE penetration levels can greatly benefit from the higher detail of MILP methods. More 

specifically, MILP modeling in energy systems with a theoretical VRE share of 33% results in a 

73% higher storage converter capacity expansion than its LP counterpart. In contrast, in scenarios 

with a high theoretical VRE share (100%), the difference between LP and MILP is only 9% for 

the storage converter power. By this means, for modeling storage demand for large observation 

areas and under the premises of high shares of VRE power generation, as presented in chapter 5, 

less detailed power plant modeling based on LP is sufficient. 

Scenarios with restricted curtailments (10% and 3% in relation to the annual VRE power 

generation) were observed to have minor effects on the storage capacity mix on an overall 

                                                           
26 For the purpose of this study (see footnote 25), the static single year analysis is a valid assumption as discussed in 

Sec. 2.3.2. 
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European perspective. If limited to 10%, changes of the storage capacity basically do not occur as 

the average curtailment share over all model regions in reference scenario is already below this 

value (5%, see Fig. 29). More restrictive curtailment limits (3%) increase the demand for storage 

converter power by 9% (+18 GW) and for the storage unit capacity by only 4% (+1 TWh) on the 

European average, as, especially curtailed wind power generation has to be compensated. When 

analyzing specific model regions, however, curtailment limits of 3% can have a notable influence 

on the local storage capacity as well as on the generation portfolio. In the case of the model 

region Northern Europe more rigid curtailments restrictions, for example, lead to a shift in the 

generation mix where offshore wind is replaced by PV systems (-16 GW offshore wind, +24 GW 

PV), thus increasing the demand for stationary lithium-ion batteries by 9 GW/22 GWh.  

(b) A high temporal resolution was found to be of particular importance when emphasizing the 

utilization of storage and VRE technologies. If the focus lies on the installed capacities of a larger 

observation area, such as Europe, a temporal resolution of at least 2 h should be chosen. 

Otherwise, for example in case of a 6 h resolution, results show a 22% lower demand for storage 

converter power (-37 GW) and almost 50% lower (-81 GW) when modeling with a daily 

resolution. Moreover, a low temporal resolution especially misrepresents the demand for lithium-

ion storage as high generation fluctuations are smoothened and lessen the demand for short-term 

storage which provides balancing of high powers at low costs. 

(c) An adequate spatial resolution was found to be of special importance. The initial 29 region 

reference case with an exogenous transmission grid based on the Ten Year Network 

Development Plan [182] was compared to a scenario where all model regions were aggregated to 

a single model region. In such extreme case, no transmission grid restrictions are present 

(“copper plate”) and, thereby, allowing a quantification of the maximum potential of spatial 

balancing. Moreover, the scenario represents a lower bound for storage demand, as the potential 

for spatial balancing is fully exploited. More specifically, the copper plate scenario is 

characterized by 32% less storage converter power (-65 GW) and around half of the storage unit 

capacity (16 TWh) compared to the reference scenario. Reducing grid congestions mainly 

enables a better integration of offshore wind generation, connecting sites with good resource 

potentials (e.g. UK, France) with the demand centers (e.g. Germany), consequently reducing the 

demand for long-term storage (H2).  

This effect was further validated through more realistic grid expansion scenarios. More 

specifically, model endogenous grid expansion was possible in terms of increasing the AC and 

DC capacities of the reference grid. Even in scenarios where the line-specific investment costs 
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were further increased (doubled compared to the initial grid expansion scenario), endogenously 

derived grid expansion still substituted 24% of the storage converter power (-50 GW) and almost 

the identical amount of storage unit capacity as in the copper plate scenario (-16 TWh) compared 

to the reference scenario with pre-defined (exogenous) transmission grid. 

Although it was found that reducing transmission grid congestions can lower the demand for 

storage capacity significantly, the analysis also showed that—even in the most optimistic grid 

scenario—around 120 GW of storage converter power and 13 TWh of storage unit capacity is 

still required for temporal balancing. In this sense, and, in the line with the findings from other 

studies (see [151, 152, 164]), grid expansion and storage are mostly not competing, but 

complementing flexibility options, both essential for future energy systems with high shares of 

VRE power generation. 

(d) The weather year determines the power generation from PV, onshore, and offshore wind 

systems through the underlying wind speed and solar irradiation. Thereby, its choice can have a 

major impact on the derived full load hours of VRE systems, and, in consequence, influences 

their endogenous capacity expansion. Finally, this also determines storage expansion and 

utilization as a strong correlation between power generation from certain technologies and 

charging of certain storage options exists (see Sec. 7.1.2). Naturally—owing to the 80% VRE 

constraint—the overall installed VRE capacity, as well as its overall annual generation, is not 

affected significantly by the different weather years, in contrast to the technology-specific 

installed capacities and power generation of PV, onshore, and offshore wind, which differs 

considerably in each weather year scenario. By this means, compared to the reference scenario, 

the installed PV capacity can differ by ±20% (±80 GW), onshore wind by +18% (+59 GW) 

or -53% (-175 GW), and offshore wind by +24% (+111 GW) or -11% (-49 GW). Similar effects 

apply to the power generation. The most notable impact of the weather year on storage demand 

was observed for adiabatic compressed air storage (aCAES), resulting in an increased storage 

converter power up to 98% (+14 GW). For lithium-ion storage the converter power is affected as 

high as +24% (+13 GW) or -31% (-17 GW), and for hydrogen storage (H2) up to ±14% 

(±12 GW). Storage capacities of redox-flow batteries and pumped hydro storage were only 

affected marginally. 
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7.1.2 Drivers of spatial storage capacity distribution 

The spatial capacity distribution of storage is directly linked to the model-region-specific 

capacity expansion limits of the storage unit27 (e.g. potentials for water reservoirs for PHS or 

underground salt caverns for H2 and aCAES). Furthermore, limited technical potentials of one 

technology has an influence on the local, region-specific allocation of other storage technologies. 

Particularly, if potentials for PHS are restricted, this storage demand can be substituted by 

aCAES or stationary lithium-ion batteries, if necessary. 

Moreover, the results show that charging of storage heavily correlates with negative net loads, 

or, in other word, electricity over-production from VRE sources. Thereby, the spatial storage 

capacity distribution is also implicitly influenced by the regional VRE resource potentials in 

terms of utilization and expansion limits.   

Finally, electricity generation from specific VRE technologies is complemented by the 

expansion of certain storage technologies. By this means, high correlation coefficients between 

the generation of offshore wind and H2 charging, onshore wind and H2 as well as aCAES, and 

between PV generation and lithium-ion charging were obtained. These correlation coefficients 

can be explained by the energy-to-power-investment-ratio (€/kWel to €/kWhel) of each storage 

technology. Low energy-related investment costs favor capacity expansion of long-term storage, 

while low power-related investment costs will preferably result in short-term, power balancing 

storage technologies (e.g. lithium-ion). 

7.2 Limitations and future research 

Models and their assumptions have always been simplifications of the real world and 

abstractions at a certain level are required. Fostered by the bottleneck of calculation times, model 

reduction techniques have been essential since the beginning of computer-aided numerical 

simulations. Depending on the research question, a modeling approach might prioritize a high 

temporal resolution while neglecting other aspects, such as the technological degree of detail. 

Frew [153] describes such tradeoffs as the “high-level paradigm of power system modeling 

levers” which are subject to a conflict area of the research question, computing times, and the 

required solution accuracy. In this sense, limitations of the presented methodology are manifold28 

                                                           
27 The storage converter power (e.g. pump or turbine capacity of a PHS) is not limited. 
28 The specific short-comings of each scenario analysis (see chapter 5 and chapter 6) have been discussed in the 

corresponding conclusions (see Sec. 5.4 and Sec. 6.3.8). This section provides a broader perspective on the general 

limitations of the chosen methodology.  
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and, for example, exist with respect to the uncertainties of the model input parameters and 

computing times. The former is addressed by an extensive scenario and sensitivity analysis (see 

Sec. 6.3.5); the latter through spatial aggregation, or simplifications in technology 

representations. 

Furthermore, criticism on scenario techniques and the interpretation of their results, as well as 

the underlying modeling approaches (e.g. optimizations) has been raised, for example by 

Betz [154] or Trutnevyte [155]. The latter points out that quantitative scenarios—e.g. based on 

optimizations—particularly seem to miss disruptive events in the development of energy systems 

(compared qualitative methods), supposedly owing to constrained formulations of such models 

[156, 157]. This claim has been validated in a case study for the UK energy system by 

Trutnevyte [158], discussing the question whether cost minimizing approaches can approximate 

historic developments in energy systems. She concludes that cost optimization is likely to 

misrepresent historic developments and suggests to include near-optimal solutions as possible 

developments. With respect to this thesis, however, this criticism applies only partially as the 

main research goal was to highlight dependencies of assumptions on results, not to model energy 

transition pathways or policy scenarios25. 

Naturally, limitations also exist with regard to the technological (a), temporal (b), and spatial 

(c) resolution of a model and future research can always improve in this sense. Additionally, 

more general shortcomings (d) of the methodology are discussed subsequently. 

(a) The flexibility options considered in this study are comprised of electrical energy storage, 

the transmission grid, curtailments, and dispatchable generation technologies. The analysis does 

not cover flexibility provided by demand response measures or options that arise from coupling 

the power system with other sectors (e.g. heat or transportation), thus possibly overestimating the 

demand for electrical energy storage. 

Furthermore, storage was modeled in a simplified way, assuming the same fundamental 

principle for each technology, based on available expansion potentials, investment and operating 

cost assumptions, as well as charging and discharging efficiencies. Technology-specific 

characteristics—e.g. power limits or cycle stability—were neglected. However, such details 

might have an influence, as for example shown in cases of storage utilization for price arbitrage 

by Skati et al. [159] or Wankmüller et al.[160]. 

(b) Higher temporal resolutions might be desirable to capture sub-hourly ramps of VRE power 

generation which can be of particular interest in order to capture storage requirements and 

benefits for ancillary services. 
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(c) A higher spatial resolution is helpful to model region-specific effects of VRE power 

generation as well as grid congestions in more detail and their effects on flexibility demand. 

Moreover, to consider PV self-generation in combination with distributed storage—which’s 

penetration is likely to increase—a higher spatial resolution might be desirable for storage 

demand quantifications in order to consider distribution grids. 

Future research should also emphasize on the influence of spatial aggregating of certain 

regions to model regions. In this study, only two extreme cases (29 model regions vs. one model 

region) were considered to illustrate the influence on the bandwidths of storage demand. 

(d) Future model enhancements should focus on the implementation of further optimization 

criteria’s (multi-objective optimization) to capture other relevant aspects (apart from the cost 

criterion) for sustainable energy usage, such as social acceptance, land-use, or resource demand 

[161]. The latter, for example, has been discussed by Berrill et al. [162]. However, the study 

relies on an ex-post analysis which does not consider dynamic feedback loops of resource 

demand on the cost and capacity mix of the power system. 

For analyses which focus on transition pathways of energy scenarios, the methodology could 

be extended by path, myopic, or rolling horizon optimization approaches. 

Finally, to this point, the deterministic nature of the modeling methods in REMix also prevents 

to capture the variability of PV and wind power. Here, stochastic approaches seem promising, 

where distinct data points are linked to a possibility space [163], illustrating their associated 

uncertainty. 
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Tab. A 1: Storage converter power (discharge) and storage unit capacity of the scenarios in Bussar et al. [164]. Data 

is based on [164] and on personal communication with C. Bussar. 

Scenario Storage power [GWel] 
 

Storage unit capacity [TWhel] 

 PHS H2 Battery Total  PHS H2 Battery Total 

Base case 188 882 323 1,056  2.7 802 1.6 806 

Grid max 251 550 139 939  4.1 844 0.7 849 

Grid min 305 494 79 878  4.4 785 0.4 790 

Hydrogen max 310 482 114 906  5.4 654 0.6 660 

Hydrogen min 117 606 169 892  1.6 952 1.0 955 

Battery max 253 526 52 830  3.9 751 0.3 755 

Battery min 95 567 842 1,505  1.2 841 3.2 845 

PHS max 24 568 289 880  0.5 753 1.9 755 

PHS min 477 514 7 999  7.6 779 - 786 

PV max 146 524 203 872  2.8 735 1.2 739 

PV min 74 621 505 1,200  1.1 1,054 2.7 1,058 

Wind max 426 595 307 1,329  5.5 1,157 0.9 1,163 

Wind min 76 531 143 750  1.5 479 0.6 481 

Grid 2.5 GW limit 338 731 365 1,434  4.6 1,409 1.4 1,415 

Grid 5.0 GW limit 378 667 248 1,293  5.0 1,186 0.9 1,192 

Grid 7.5 GW limit 330 652 143 1,125  4.5 1,011 0.9 1,017 

Grid 10 GW limit 202 612 356 1,170  2.5 912 1.3 916 

Grid 12.5 GW limit 300 573 213 1,087  3.8 882 1.1 887 

Grid 15.0 GW limit 327 558 160 1,045  4.1 864 0.8 869 

No PHS - 570 381 952  - 773 2.1 775 

No PHS or battery - 758 - 758  - 738 - 738 

No long-term storage 656 - 8 664  42.1 - -a 42 
a A small amount of 10 GWh of battery storage unit capacity results in this scenario. 

Tab. A 2: Storage converter power and storage unit capacity of the scenarios in Zerrahn and Schill [165]. A 

constraint of the optimization enforces a renewable generation shares at least as high as listed in the scenario column. 

The data is based on [165] and on personal communication with A. Zerrahn. 

Scenario Storage power [GWel] Storage unit capacity [GWhel] 

 Li-ion PbA NaS 
Redox
-flow 

PHS aCAES PtG Li-ion PbA NaS 
Redox
-flow 

PHS aCAES PtG 

60% 6.3 0.0 0.0 0.0 3.9 0.0 0.0 10.7 0.0 0.0 0.0 31.0 0.0 0.0 

70% 6.3 0.0 0.0 0.0 3.9 0.0 0.0 10.7 0.0 0.0 0.0 31.0 0.0 0.0 

80% 6.5 0.0 0.0 0.0 5.4 0.0 0.0 11.0 0.0 0.0 0.0 44.2 0.0 0.0 

90% 4.8 0.0 0.0 0.0 16.9 0.0 0.0 8.5 0.0 0.0 0.0 150.1 0.0 0.0 

100% 7.1 0.0 0.0 0.0 24.4 0.0 2.7 21.6 0.0 0.0 0.0 300.0 0.0 114.2 
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Tab. A 3: Storage converter power and storage unit capacity of the scenarios in Mileva et al. [166]. Data is based on 

[166] and on personal communication with A. Mileva. 

Scenario Storage power [GWel] 
 

Storage unit capacity [GWhel] 

 Battery CAES PHS Total  Battery CAES PHS Total 

Reference 5.9 13.9 4.0 23.8  9.4 142.8 32.0 184.2 

SunShot 4.4 14.9 4.0 23.3  6.8 165.0 32.0 203.7 

Low-Cost Batteries 68.1 10.2 4.0 82.3  403.8 113.6 32.0 549.5 

SunShot/Low-Cost Batteries 105.5 19.4 4.0 128.9  622.5 228.8 32.0 883.2 

High-Efficiency Batteries 5.9 13.9 4.0 23.7  14.9 141.4 32.0 188.3 

Nuclear 1.8 21.5 4.0 27.3  2.2 167.4 32.0 201.6 

High-Price Natural Gas 5.9 13.9 4.0 23.8  8.3 144.7 32.0 185.1 

Methane Leakage 7.4 6.1 4.0 17.5  23.3 44.7 32.0 100.0 

High-Cost Transmission 4.6 21.9 4.0 30.5  20.0 244.4 32.0 296.3 

Limited Hydro 6.6 18.2 4.0 28.8  25.5 184.8 32.0 242.2 

Limited-Flexibility Hydro 5.7 15.6 4.0 25.4  14.9 166.2 32.0 213.1 

Limited Efficiency 10.0 22.9 4.0 37.0  37.1 291.9 32.0 361.0 

Load-Shifting 6.6 9.5 4.0 20.1  6.5 85.0 32.0 123.4 

Load-Shifting/Flexible EV Charging 9.9 4.0 4.0 17.8  9.7 38.6 32.0 80.2 

 
  



Appendix A 159 

 

Tab. A 4: Storage converter charge and discharge power of the scenarios in Kühne [167]. The data is based on [167] 

and on personal communication with M. Kühne. 

Scenario Storage charge power [GWel] 
 

Storage discharge power [GWel] 

 PHS aCAES H2 Total  PHS aCAES H2 Total 

Reference Scenario 3.0 18.4 14.9 36.3  2.4 9.8 3.7 15.9 

Time Series 2003 2.4 14.3 20.6 37.4  2.0 8.1 3.5 13.6 

Time Series 2004 2.6 15.3 20.3 38.2  2.0 9.6 5.2 16.9 

Time Series 2005 2.7 13.8 14.5 31.0  2.2 8.1 3.3 13.6 

Time Series 2006 2.5 11.3 18.7 32.5  2.0 7.8 3.8 13.5 

Time Series 2007 2.2 - 5.4 7.6  2.6 - 5.3 7.9 

Time Series 2008 2.6 4.8 14.0 21.4  2.1 3.5 6.7 12.2 

Time Series 2009 2.4 20.5 11.1 34.1  2.0 12.3 2.2 16.4 

Time Series 2010 2.5 22.1 8.5 33.1  2.0 11.0 1.7 14.6 

Time Series 2011 2.3 1.4 13.5 17.3  2.5 1.3 8.6 12.4 

RE share 40 % - - - -  - - - - 

RE share 50 % 2.2 - - 2.2  1.7 - - 1.7 

RE share 60 % 2.6 5.4 0.6 8.6  2.1 2.1 - 4.2 

RE share 70 % 2.9 14.2 9.3 26.4  2.3 6.7 1.2 10.2 

RE share 90 % 2.2 1.6 3.0 6.8  2.7 2.2 3.9 8.7 

RE share 100 % 2.2 1.1 3.7 7.0  2.6 1.6 5.7 9.9 

RE structure: Var 1 2.4 17.5 24.8 44.7  2.0 8.7 4.6 15.2 

RE structure: Var 2 3.8 23.7 15.5 42.9  3.0 11.3 3.1 17.4 

RE structure: Var 3 6.2 48.1 11.6 66.0  5.0 19.6 2.7 27.3 

RE structure: Var 4 7.0 68.4 8.8 84.1  5.6 30.4 2.0 38.0 

RE structure: Var 5 7.0 87.7 12.5 107.3  5.6 39.8 2.5 47.9 

RE structure: Var 6 2.5 16.2 24.3 43.0  2.0 9.3 4.8 16.2 

RE structure: Var 7 3.7 22.2 14.0 39.8  2.9 11.4 3.3 17.6 

RE structure: Var 8 6.2 44.0 9.4 59.5  4.9 19.2 2.5 26.6 

RE structure: Var 9 7.0 65.0 9.9 81.9  5.6 29.0 1.8 36.4 

RE structure: Var 10 2.2 15.3 24.3 41.8  2.0 10.0 5.5 17.4 

RE structure: Var 11 3.5 14.9 10.1 28.5  2.8 9.5 3.4 15.7 

RE structure: Var 12 6.1 37.7 7.8 51.6  4.9 18.3 2.1 25.3 

RE structure: Var 13 2.4 16.1 23.8 42.2  2.2 10.9 5.9 19.1 

RE structure: Var 14 2.4 6.2 4.0 12.6  2.7 6.0 3.4 12.1 

RE structure: Var 15 2.4 13.6 18.8 34.8  2.3 10.0 7.5 19.8 

Fuel Costs Level minus 10 % 2.9 15.3 12.3 30.5  2.3 8.9 3.1 14.4 

Fuel Cost Level plus 10 % 3.1 20.1 16.5 39.6  2.5 10.7 4.0 17.2 

Expensive Gas & Oil I 3.3 21.7 20.4 45.3  2.6 11.0 5.0 18.6 

Expensive Gas & Oil II 3.4 28.5 29.3 61.3  2.7 13.2 4.0 20.0 

Discount 0 % 2.8 1.9 0.7 5.4  2.3 1.4 0.2 3.9 

Discount 10 % 2.8 4.2 3.7 10.7  2.2 2.9 1.0 6.1 

Discount 20 % 2.8 6.9 6.5 16.2  2.2 4.4 1.7 8.3 

Discount 30 % 2.9 10.5 8.0 21.3  2.3 6.2 2.3 10.8 

Discount 40 % 3.0 13.5 11.7 28.2  2.4 8.0 3.1 13.5 

Lower storage costs I 4.2 10.0 20.3 34.5  3.4 5.9 5.6 14.8 

Lower storage costs II 4.5 5.8 36.6 46.8  3.6 4.0 9.4 16.9 
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Tab. A 5: Storage unit capacity of the scenarios in Kühne [167]. The data is based on [167] and on personal 

communication with M. Kühne. 

Scenario Storage unit capacity [GWhel] 

 PHS aCAES H2 Total 

Reference Scenario 40 490 4,655 5,184 

Time Series 2003 40 371 5,572 5,982 

Time Series 2004 40 462 6,364 6,866 

Time Series 2005 40 414 7,326 7,780 

Time Series 2006 40 305 7,148 7,493 

Time Series 2007 40 - 3,947 3,987 

Time Series 2008 40 118 6,397 6,555 

Time Series 2009 40 708 2,107 2,855 

Time Series 2010 40 689 3,289 4,018 

Time Series 2011 40 47 5,701 5,788 

RE share 40 % - - - - 

RE share 50 % 40 - - 40 

RE share 60 % 40 106 179 325 

RE share 70 % 40 313 3,247 3,600 

RE share 90 % 40 52 1,339 1,431 

RE share 100 % 40 36 1,785 1,861 

RE structure: Var 1 40 417 11,784 12,241 

RE structure: Var 2 40 524 5,210 5,774 

RE structure: Var 3 40 604 5,897 6,540 

RE structure: Var 4 40 486 8,318 8,844 

RE structure: Var 5 40 551 12,115 12,706 

RE structure: Var 6 40 434 12,011 12,485 

RE structure: Var 7 40 501 4,366 4,906 

RE structure: Var 8 40 506 4,686 5,232 

RE structure: Var 9 40 497 8,079 8,617 

RE structure: Var 10 40 443 12,313 12,796 

RE structure: Var 11 40 377 2,790 3,207 

RE structure: Var 12 40 495 5,755 6,290 

RE structure: Var 13 40 468 12,438 12,947 

RE structure: Var 14 40 179 1,918 2,138 

RE structure: Var 15 40 391 9,269 9,700 

Fuel Costs Level minus 10 % 40 412 3,820 4,272 

Fuel Cost Level plus 10 % 40 550 5,158 5,748 

Expensive Gas & Oil I 40 595 6,343 6,978 

Expensive Gas & Oil II 40 871 10,319 11,230 

Discount 0 % 40 47 202 288 

Discount 10 % 40 103 1,129 1,272 

Discount 20 % 40 174 2,008 2,222 

Discount 30 % 40 258 2,273 2,571 

Discount 40 % 40 363 3,473 3,875 

Lower storage costs I 40 205 5,113 5,358 

Lower storage costs II 40 98 8,379 8,517 
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Fig. B 1: Storage converter capacity expansion (GW) and storage utilization in terms of annually discharged energy 

(TWh/a) compared over the scenarios (PV share β of 0.6) with increasing VRE share (α) and over the different 

modeling approaches (MILP, LP) for power plants. 

Tab. B 1: Techno-economic parameters of thermal power plant clusters for the LP modeling approach. 

Power plant cluster ηgross [-]a ηnet [-]b O&Mvar [€/kWh] 
Wear & tear costs 
[€/kW]c 

Nuclear large 0.324 0.309 0.00171 0.0015 

Nuclear midsize 0.324 0.309 0.00171 0.0015 

Nuclear small 0.324 0.309 0.00171 0.0015 

Lignite large 0.433 0.406 0.00358 0.0015 

Lignite midsize 0.395 0.370 0.00358 0.0015 

Lignite small 0.373 0.350 0.00358 0.0015 

Coal large 0.414 0.379 0.00358 0.0015 

Coal midsize 0.415 0.380 0.00358 0.0015 

Coal small 0.405 0.371 0.00358 0.0015 

CCGT large 0.461 0.453 0.00288 0.0005 

CCGT midsize 0.517 0.508 0.00288 0.0005 

CCGT small 0.493 0.484 0.00288 0.0005 

Gas turbine large 0.400 0.395 0.01236 0.0005 

Gas turbine midsize 0.289 0.285 0.01236 0.0005 

Gas turbine small 0.358 0.354 0.01236 0.0005 

a ηgross is based on [168]. 
b As reference [168] does not provide data for ηnet, the ratio of ηgross to ηnet provided 
by Scholz et al. [193] is used. Note that this publication does not differentiate 
between capacity groups and includes only technology-specific efficiencies. In 
consequence, the ratio of ηgross to ηnet in this table is identical within each technology 
group. 
c Based on [177]. For nuclear power plants, the values of Advanced Nuclear were 
used, for lignite and coal power plants the values of Advanced Pulverized Coal 

Facility, for gas turbines Conventional Combustion Turbine and for CCGT 
Conventional Natural Gas Combined Cycle. To conclude to €, an exchange rate of 
1.3US $/€ and an inflation rate of 2% p.a. is assumed. 
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Tab. B 2: Techno-economic parameters of thermal power plant clusters for the MILP modeling approach. η@Pmax describes the efficiency at maximal power; η@Pmin the 

efficiency at minimum load of the unit. Load ratemin is defined as the minimal load rate of the unit relative to the gross capacity. 

Power plant cluster η@Pmax
a η@Pmin

b Load 
ratemin [-]c 

Fuel cons. start 
[MWhth/MWel]d 

Auxiliary power 
coolingmin

e [MW] 
Auxiliary power 
othersmin

e [MW] 
Minimum on- 
line time [h] 

Minimum off- 
line time [h] 

O&Mvar 
[k€/GWhel]f 

Startup costs 
[k€/GW]g 

Ramping costs 
[k€/GW]g 

Nuclear large 0.3240 0.2786 0.50 2.27 6.10 32.00 48 48 1.71 6.6 2.53 

Nuclear midsize 0.3240 0.2786 0.50 2.27 104.10 32.00 48 48 1.71 6.6 2.53 

Nuclear small 0.3240 0.2786 0.50 2.27 104.10 32.00 48 48 1.71 6.6 2.53 

Lignite large 0.4325 0.3720 0.40 3.08 3.20 57.00 12 12 3.58 6.52 2.53 

Lignite midsize 0.3950 0.3397 0.40 2.05 2.00 60.76 12 12 3.58 5.01 2.83 

Lignite small 0.3725 0.3204 0.40 2.05 0.50 91.20 12 12 3.58 5.01 3.13 

Coal large 0.4137 0.3558 0.40 3.08 2.50 57.00 12 8 3.58 6.52 2.53 

Coal midsize 0.4150 0.3569 0.40 2.05 1.40 60.76 12 8 3.58 5.01 2.83 

Coal small 0.4052 0.3484 0.40 2.05 0.50 91.20 12 8 3.58 5.01 3.13 

CCGT large 0.4612 0.2652 0.30 0.14 0.30 16.50 8 4 2.88 1.56 0.60 

CCGT midsize 0.5171 0.2973 0.30 0.14 0.20 21.95 8 4 2.88 1.56 0.60 

CCGT small 0.4928 0.2834 0.30 0.14 0.00 27.51 8 4 2.88 1.56 0.60 

Gas turbine large 0.4000 0.1520 0.20 0.062 0.00 16.50 0 1 12.36 0.78 2.80 

Gas turbine midsize 0.2895 0.1100 0.20 0.062 0.00 21.95 0 1 12.36 0.78 2.10 

Gas turbine small 0.3585 0.1362 0.20 0.062 0.00 27.51 0 1 12.36 0.78 1.40 

a Based on [168]. 

b Based on [169–171, 173]. 
c Based on [171–173]. 

d Based on [178]. Assumed to be warm start. 

e All other parasitics, excluding cooling. Based on [173–176]. 
f Based on [177]. For nuclear power plants, the values of Advanced Nuclear were used, for lignite and coal power plants the values of Advanced Pulverized Coal Facility, for gas turbines Conventional 
Combustion Turbine and for CCGT Conventional Natural Gas Combined Cycle. To conclude to €, an exchange rate of 1.3US $/€ and an inflation rate of 2% p.a was assumed. 
g

 Based on [178]. For nuclear power plants, internal assumptions were used. 
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Tab. B 3: Total specific operating expenditures (OPEX) disaggregated into the cost components CO2 and fuel costs 

as well as variable operations and maintenance costs (O&Mvar) over the scenarios with different VRE shares for the 

LP approach. Note that the total OPEX in this table do not include wear & tear costs as they are a result of the 

optimization. 

VRE share α [-] Technology 
CO2 costs 
[€/t CO2] 

Fuel costs 
[€/MWhth] 

ηnet [-] 
CO2 costs  
[€/MWhel]a 

Fuel costs 
[€/MWhel] 

O&Mvar 

[€/MWhel] 
Total OPEX 
[€/MWhel] 

0.33 Nuclear large 27 3.3 0.309 0.00 10.68 1.71 12.39 

0.33 Nuclear midsize 27 3.3 0.309 0.00 10.68 1.71 12.39 

0.33 Nuclear small 27 3.3 0.309 0.00 10.68 1.71 12.39 

0.33 Lignite large 27 60.0 0.406 26.57 147.78 3.58 177.94 

0.33 Lignite midsize 27 60.0 0.370 29.16 162.16 3.58 194.90 

0.33 Lignite small 27 60.0 0.350 30.83 171.43 3.58 205.83 

0.33 Coal large 27 77.0 0.379 23.85 203.17 3.58 230.60 

0.33 Coal midsize 27 77.0 0.380 23.79 202.63 3.58 230.00 

0.33 Coal small 27 77.0 0.371 24.37 207.55 3.58 235.49 

0.33 CCGT large 27 76.0 0.453 12.02 167.77 2.88 182.67 

0.33 CCGT midsize 27 76.0 0.508 10.71 149.61 2.88 163.20 

0.33 CCGT small 27 76.0 0.484 11.25 157.02 2.88 171.15 

0.33 GT large 27 76.0 0.395 13.78 192.41 12.36 218.55 

0.33 GT midsize 27 76.0 0.285 19.10 266.67 12.36 298.13 

0.33 GT small 27 76.0 0.354 15.38 214.69 12.36 242.43 

0.66 Nuclear large 60 3.3 0.309 0.00 10.68 1.71 12.39 

0.66 Nuclear midsize 60 3.3 0.309 0.00 10.68 1.71 12.39 

0.66 Nuclear small 60 3.3 0.309 0.00 10.68 1.71 12.39 

0.66 Lignite large 60 86.0 0.406 59.05 211.82 3.58 274.46 

0.66 Lignite midsize 60 86.0 0.370 64.80 232.43 3.58 300.81 

0.66 Lignite small 60 86.0 0.350 68.50 245.71 3.58 317.80 

0.66 Coal large 60 117.0 0.379 53.00 308.71 3.58 365.29 

0.66 Coal midsize 60 117.0 0.380 52.86 307.89 3.58 364.34 

0.66 Coal small 60 117.0 0.371 54.15 315.36 3.58 373.09 

0.66 CCGT large 60 113.0 0.453 26.70 249.45 2.88 279.03 

0.66 CCGT midsize 60 113.0 0.508 23.81 222.44 2.88 249.13 

0.66 CCGT small 60 113.0 0.484 24.99 233.47 2.88 261.34 

0.66 GT large 60 113.0 0.395 30.62 286.08 12.36 329.06 

0.66 GT midsize 60 113.0 0.285 42.44 396.49 12.36 451.29 

0.66 GT small 60 113.0 0.354 34.17 319.21 12.36 365.74 

1.00 Nuclear large 75 3.3 0.309 0.00 10.68 1.71 12.39 

1.00 Nuclear midsize 75 3.3 0.309 0.00 10.68 1.71 12.39 

1.00 Nuclear small 75 3.3 0.309 0.00 10.68 1.71 12.39 

1.00 Lignite large 75 100.0 0.406 73.82 246.31 3.58 323.70 

1.00 Lignite midsize 75 100.0 0.370 81.00 270.27 3.58 354.85 

1.00 Lignite small 75 100.0 0.350 85.63 285.71 3.58 374.92 

1.00 Coal large 75 136.0 0.379 66.25 358.84 3.58 428.67 

1.00 Coal midsize 75 136.0 0.380 66.08 357.89 3.58 427.55 

1.00 Coal small 75 136.0 0.371 67.68 366.58 3.58 437.84 

1.00 CCGT large 75 131.0 0.453 33.38 289.18 2.88 325.44 

1.00 CCGT midsize 75 131.0 0.508 29.76 257.87 2.88 290.52 

1.00 CCGT small 75 131.0 0.484 31.24 270.66 2.88 304.78 

1.00 GT large 75 131.0 0.395 38.28 331.65 12.36 382.28 

1.00 GT midsize 75 131.0 0.285 53.05 459.65 12.36 525.06 

1.00 GT small 75 131.0 0.354 42.71 370.06 12.36 425.13 
a The following specific emission factors were assumed [t CO2/MWhth]: uranium = 0.00, lignite = 0.40, coal = 0.33, natural gas = 0.20. 
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Fig. B 2: Merit order for the scenarios differing in their VRE share α for all power plant groups in the LP approach. 
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Tab. B 4: Cluster with regard to power plant technology type and plant size for the scenario with reduced number of 

blocks (485, 20, 5).  

Technology 
group 

Capacity 
group 

Capacity range 

[MW] 
Number of blocks [-] 

Installed 
capacity [MW] 

   485 20 5  

Nuclear Large > 800 8 1 1 20,400 

Nuclear Midsize  - - - - - 

Nuclear Small - - - - - 

Lignite Large > 800 2 1 - 3,800 

Lignite Midsize  400 ≤ 800 9 1 1 9,900 

Lignite Small < 400 37 1 - 7,40 

Coal Large > 550 6 1 - 9,000 

Coal Midsize  350 ≤ 550 10 1 1 8,000 

Coal Small < 350 58 2 - 11,600 

CCGT Large > 350 8 1  6,750 

CCGT Midsize  150 ≤ 350 13 1 1 6,500 

CCGT Small < 150 119 3 - 4,740 

Gas turbine Large > 150 1 1 - 400 

Gas turbine Midsize  50 ≤ 150 29 1 1 3,990 

Gas turbine Small < 50 185 5 - 3,700 

Total   485 20 5 96,180 
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Appendix C 

1. Spatial examination area and resolution 

 

Fig. C 1: European and German observation area. 

2. Electricity transmission grid 

Storage systems allow a temporal decoupling of electricity demand and supply. The 

transmission and distribution grid, on the other hand, is able to shift energy on a spatial level. In 

this analysis both—the three-phase transmission system (AC) as well as the direct current (DC) 

grid—are considered. Both grid modeling approaches do not include each individual grid line but 

aggregate all lines of one model region to a link between two regions. The AC transmission 

system is modeled as a DC approximation (see [179]). It is characterized by its net transfer 

capacity (NTC) between two neighboring regions, length (approximate air-line distance between 

geographic centers of the regions), the associated losses, and the lifetime. In addition, investment 

cost assumptions for land- and sea-lines, necessary converter stations as well as fix and variable 

operations and maintenance costs are part of the optimization problem. The AC transmission line 

technology is considered to be a 380 kV four bundle Al/St, whereas DC differentiates between 

underground cables and overhead high voltage direct current lines as well as between various 

rated powers from 500 MW up to 3,200 MW for each line. This modeling approach neglects 

lower voltage levels (distribution grid) and assumes perfect electricity distribution without any 

losses or limitations within each model region (“copper plate”). The technical and economic 
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parameters for the AC and DC transmission grid can be found in Tab. C 1 and Tab. C 2. The 

values are based on [180, 181]. 

Tab. C 1: Technical parameter of AC and DC transmission grid. 

 
Rated power [MW] Losses land [1/100Km]a Losses sea [1/100Km] Losses converter [-]b 

HVDC_2200_UC 2,200 0.0035 0.0027 0.007 

HVDC_3200 3,200 0.0045 0.0027 0.007 

HVDC_1400 1,400 0.0045 0.0027 0.007 

HVDC_1000 1,000 0.0045 0.0027 0.007 

HVDC_0950 950 0.0045 0.0027 0.007 

HVDC_0750 750 0.0045 0.0027 0.007 

HVDC_0700 700 0.0045 0.0027 0.007 

HVDC_0600 600 0.0045 0.0027 0.007 

HVDC_0500 500 0.0045 0.0027 0.007 

AC 380kV  1,500 0.0002c 0.0002 - 
a Land losses for AC transmission grid given in 1/km. 
b Losses factor for each converter station. Only modeled for DC transmission grid. 
c The AC modeling approach does not differentiate between land and sea losses. The values here are 
  therefore identical and should not be understood additively. 

Tab. C 2: Length-specific overnight investment costs for AC and DC transmission grid lines based on [180, 181]. 

Scenario Technology Invest land [k€/km] Invest sea [k€/km]a Interest rate [-] Amor. time [a] O&Mfix 

G+ AC 380kV 1,000 1,000 0.06 40 0.003 

G+ HVDC_2200_UC 913 1,815 0.06 40 0.010 

G+ HVDC_3200 384 2,640 0.06 40 0.010 
a For the modeling of the AC transmission grid no differentiation between land and sea investment costs is considered. The values of 
invest land and invest sea are therefore identical and should not be understood additively. 

 

The topology of the AC and DC transmission grid is based on the Ten Year Network 

Development Plan (TYNDP) of the European Network of Transmission System Operators for 

Electricity (ENTSO-E) [182]. However, the grid infrastructure used in this work was developed 

for the time horizon 2022 and therefore does not match the high amounts of RE capacities 

fostered by 80%constr. In consequence, an initial model run with the grid topology of the TYNDP 

was performed and the NTCs of overloaded lines were increased subsequently. More specifically, 

the NTCs of the German offshore grid connection (Tennet0-Tennet1, 50Hertz0-50Hertz2) were 

increased by 5 GW. The resulting AC and DC transmission grids with their associated NTCs are 

illustrated in Fig. C 2. 
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Fig. C 2: Exogenous AC and DC infrastructure for the European examination area based on a modification of the 

Ten Year Network Development Plan (TYNDP). 

3. Stock of generation capacities 

Although the capacity expansion of most of the generation technologies is endogenously 

optimized (partial greenfield approach), some technologies are exogenously pre-defined and 

illustrated in Tab. C 3. This either refers to capacities which were built before 2050 and still exist 

in the observation year (e.g. some fossil-fired technologies) or to technologies which capacities 

were defined based on an exogenous scenario. 

Tab. C 3: Stock of generation capacities which were exogenously pre-defined for the year 2050. 

 Existing generation capacities [GW] 

 
Nuclear Lignite Coal CSP Geothermal power Conventional hydro PHS 

Austria + Switzerland - - - - 0.90 14.45 4.32 

BeNeLux - - - - 0.30 - 2.51 

Denmark west - - - - 0.10 - - 

PL + CZ + SK 2.94 0.16 - - 1.95 0.98 3.50 

France 11.71 - - 0.70 2.70 6.52 4.52 

Iberia - - - 7.88 3.50 15.54 6.30 

Italy - - 1.00 1.00 3.74 3.35 5.94 

Northern Europe - - 1.00 - 0.90 10.11 1.45 

Germany - 1.07 - - 2.95 0.35 8.23 

UK + IE 1.32 - - - 0.17 0.15 2.54 

Total 15.97 1.23 2.00 9.58 17.21 51.44 39.31 
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4. Electricity generation from fossil-fired and nuclear power plants 

REMix provides two modeling approaches for the representation of fossil-fired power plants: 

a linear programming- (LP, see [191]) and a mixed-integer, clustered unit-commitment approach 

(MIP, see [183]). For this analysis, the LP methodology was chosen, mainly due to its favorable 

computational performance. However, this approach neglects certain technological aspects of the 

power plant representation, such as part-load behavior or ramping constraints. Furthermore, LP 

modeling does not allow discrete dispatch and expansion decision variables (e.g. on/off decision 

of a specific power plant). The approach, however, seems sufficient, since the importance of the 

degree of detail in conventional power plant modeling decreases with increasing share of RE 

generation. Moreover, as shown in chapter 5, in highly renewable energy scenario for large 

observations areas (e.g. Europe) LP modeling for thermal power plants is sufficient when 

analyzing storage expansion. Conventional power plant technologies considered here comprise 

lignite and coal-fired power plants, gas turbines (GT), combined cycle gas turbines (CCGT), and 

nuclear power plants. Within the scenarios, capacity expansion of nuclear power plants is not 

allowed. The techno-economic parameters can be found in Tab. C 4, whereas the existing 

capacity stock is shown in Tab. C 3. 
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Tab. C 4: Techno-economic parameters for fossil-fired thermal power-plants which are relevant for the observation 

year 2050 due to their lifetime. Each technology is further separated into different cohorts’ with regard to their 

construction year. These groups differentiate from each other only by their net and gross efficiencies η net and η 

gross. Furthermore, the table shows the availability, the amortization and lifetime, interest rate and specific 

investment costs. The wear and tear costs describe a cost factor that occurs due to power plant ramping. The variable 

operations and maintenance costs O&Mvar are specific to the power output, while the fixed operations and 

maintenance costs O&MFix are related relatively to the total investment. 

Construc. 
year [-] 

η gross [-] η net [-] 
Avail- 
ability [-] 

Amor. 
time [a] 

Life 
time [a] 

Interest 
rate [-] 

Investment 
costs [€/kWel] 

O&MFix 

[-] 
O&MVar 

[€/kWhel] 
Wear & tear 
costs [€/kWel] 

CCGT 2020 0.61 0.60 0.96 25 30 0.06 700 0.04 0.0003 0.0005 

CCGT 2030 0.63 0.62 0.96 25 30 0.06 700 0.04 0.0003 0.0005 

CCGT 2040 0.63 0.62 0.96 25 30 0.06 700 0.04 0.0003 0.0005 

CCGT 2050 0.63 0.62 0.96 25 30 0.06 700 0.04 0.0003 0.0005 

GT 2020 0.44 0.44 0.95 25 30 0.06 400 0.04 0.0003 0.0005 

GT 2030 0.46 0.46 0.95 25 30 0.06 400 0.04 0.0003 0.0005 

GT 2040 0.47 0.47 0.95 25 30 0.06 400 0.04 0.0003 0.0005 

GT 2050 0.47 0.47 0.95 25 30 0.06 400 0.04 0.0003 0.0005 

Lignite 2010 0.46 0.43 0.90 25 40 0.06 1,500 0.04 0.0001 0.0015 

Lignite 2020 0.50 0.47 0.90 25 40 0.06 1,500 0.04 0.0001 0.0015 

Lignite 2030 0.52 0.49 0.90 25 40 0.06 1,500 0.04 0.0001 0.0015 

Lignite 2040 0.52 0.49 0.90 25 40 0.06 1,500 0.04 0.0001 0.0015 

Lignite 2050 0.52 0.49 0.90 25 40 0.06 1,500 0.04 0.0001 0.0015 

Nuclear 2000 0.32 0.31 0.90 25 50 0.06 5,000a 0.04a 0.0001 0.0015 

Nuclear 2010 0.32 0.31 0.90 25 50 0.06 5,000a 0.04a 0.0001 0.0015 

Nuclear 2020 0.32 0.31 0.90 25 50 0.06 5,000a 0.04a 0.0001 0.0015 

Nuclear 2030 0.32 0.31 0.90 25 50 0.06 5,000a 0.04a 0.0001 0.0015 

Nuclear 2040 0.32 0.31 0.90 25 50 0.06 5,000a 0.04a 0.0001 0.0015 

Nuclear 2050 0.32 0.31 0.90 25 50 0.06 5,000a 0.04a 0.0001 0.0015 

a Not used since the capacity expansion of nuclear power plants is restricted. 
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4.1. Fuel price and CO2 emission certificate assumptions 

Tab. C 5: Prices for each fuel type and CO2 emission costs scenarios for the sensitivity analysis (see Sec. 6.3.5). 

Fuel type 
Fuel price 
[€2010/MWhtherm] 

Source 
 Cost 

scenario 
CO2 costs 
[€/tCO2] 

Source 

Coal 20.88 [189]  Reference 57 [192]a 

Lignite 9.18 [184]  High 150 Own assumption 

Natural gas 47.52 [189]  a Price path B. 

Uranium 5.24 [185]     

a Scenario B, moderate price path.      

5. Electricity generation from variable renewable energies (VRE) 

The model includes representations of photovoltaic, on- and offshore wind as well as run-of-

the-river hydroelectricity. Conventional hydroelectricity, sometimes referred to as impoundment 

facilities ('dams'), are accounted as dispatchable renewable energy and therefore covered in 

Sec 6. In order to derive the cost optimal dispatch of VRE, REMix requires the potential, 

technology and region-specific, hourly renewable electricity generation on the one hand (solar 

irradiation, wind speeds, water runoff) as input (see Fig. C 3). On the other hand, for the capacity 

expansion, an upper threshold for the maximal installable capacity based on the renewable 

resource potential of the region is necessary (e.g. maximum installable PV capacity in one region, 

see Fig. 21). 

 

 

Fig. C 3: Potential technology and region-specific, hourly renewable electricity generation of PV, wind on, and 

offshore based on the Energy Data Analysis Tool (EnDAT). 
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Both, the potential renewable generation time-series as well as the maximal installable 

capacities are a result of the REMix sub-model EnDAT (Energy Data Analysis Tool) and based 

on the weather year 2006. In terms of annual electricity generation potential for the VRE 

technologies, this year shows rather small variations from the mean annual electricity generation 

over the time period of 2006–2012 (see [186, 187]). It, therefore, can be considered as a 'typical' 

weather year and is suitable as a base year. Moreover, in the sensitivity analysis, the effect of 

different weather years has been analyzed (see Sec. 6.3.5). The results show that their influence 

with regard to storage and capacity expansion is negligible. The optimized VRE feed-in derives 

from the potential generation less the curtailments. The techno-economic parameters of all VRE 

technologies are shown in Tab. C 6. 

Tab. C 6: Technology and cost parameter for electricity generation from variable renewable energies. Values are 

based on [189]. The fixed operations and maintenance costs O&MFix are related relatively to the total investment. 

Technology Invest [€/kWel] Amor. time [a] Interest rate [-] O&Mfix [-] 

PV 903 20 0.06 0.010 

Offshore wind 1,300 18 0.06 0.055 

Onshore wind 900 18 0.06 0.040 

Hydro run-of-the-river 5,030 60 0.06 0.050 

6. Electricity generation from dispatchable renewable energies 

Within the REMix model, dispatchable renewable energies include electricity generation from 

concentrating solar power (CSP), geothermal and solid biomass systems, and conventional 

hydroelectricity (reservoir hydroelectricity). Although the electricity generation from 

conventional hydroelectricity and CSP is dependent on a fluctuating resource, i.e. water inflow 

and solar irradiation, their ability to store energy over several hours makes these technologies 

dispatchable to some extent. 

6.1. Concentrating solar power (CSP) 

The modeling of CSP power plants includes a solar field (SF), a thermal energy storage (TES), 

a power block (PB), and a natural gas-fired backup system. Additionally to the dispatch 

optimization, the dimensioning of these components can be endogenously and individually 

determined by the model. As another option, the model allows using a pre-defined TES to PB 

ratio and a solar multiple. The latter describes the ratio of the SF to the PB. For the analysis at 

hand, the expansion of each individual component is not treated model endogenously but fixed 

via a solar multiple of three and a TES to PB ratio of 12. Based on the hourly solar irradiation, 

the thermal output of the SF is calculated by the sub-model EnDAT. The TES is characterized by 
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the hourly charging and discharging as well as the associated efficiencies, the storage level, and a 

self-discharge rate. The techno-economic parameters are shown in Tab. C 7. 

Tab. C 7: Technology and cost parameter for electricity generation from concentrating solar power plants. Values are 

based on [189]. The variable operations and maintenance costs O&Mvar are specific to the power output of the power 

block, while the fixed operations and maintenance costs O&MFix are related relatively to the total investment. 

 
CSP  

Invest SF  [€/kWtherm] 252 

Invest TES  [€/kWhtherm] 25 

Invest PB  [€/kWel] 971 

η TES [-] 0.95 

η PB  [-] 0.37 

TES to PB ratio [-] 12 

TES self-discharge rate  [-] 0.0005 

SM [-] 3 

Availability [-] 0.95 

Amortization time  [a] 25 

Interest rate [-] 0.06 

O&Mfix [-] 0.025 

O&Mvar [€/kWhel] 0.0000001 

6.2. Solid biomass and geothermal systems 

For solid biomass systems, REMix endogenously determines the capacities. In this analysis, 

no upper capacity expansion limits (technical potential) are assumed. The techno-economic 

parameters of biomass and geothermal systems are shown in Tab. C 8. 

Tab. C 8: Technology and cost parameter for electricity generation from biomass and geothermal systems. Values 

are based on [190]. The variable operations and maintenance costs O&Mvar are specific to the power output, while 

the fixed operations and maintenance costs O&MFix are related relatively to the total investment. 

Technology η [-] Availability [-] Invest [€/kWel] Amortization time [a] Interest rate [-] O&Mfix [-] O&Mvar [€/kWhel] 

Solid biomass 0.28 0.95 2,500 20 0.06 0.05 0.0000001 

Geothermal 0.11 0.95 7,600a 20 0.06 0.045 0.0000001 
a Not used for optimization since only dispatch optimization is applied for geothermal technologies.  

 
Geothermal electricity generation is modeled via pre-defined scenario capacities. In 

consequence, only the dispatch is optimized, but no capacity expansion. The values are based on 

[193] and shown subsequently. 
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Tab. C 9: European exogenous scenario capacities for electricity generation from geothermal systems based on 

[193]. The German regions are aggregated and a model region-specific illustration is shown in Tab. C 10. 

Country Model region Capacity [MW] 

Austria Austria + Switzerland 200 

Switzerland Austria + Switzerland 700 

Belgium BeNeLux 150 

Netherlands BeNeLux 135 

Luxembourg BeNeLux 15 

Denmark west Denmark west 100 

Czech Republic PL + CZ + SK 1,300 

Poland PL + CZ + SK 500 

Slovakia PL + CZ + SK 150 

France France 2,700 

Portugal Iberia 1,300 

Spain Iberia 2,200 

Italy Italy 3,738 

Finland Northern Europe 200 

Norway Northern Europe 200 

Sweden Northern Europe 400 

Denmark east Northern Europe 100 

Germany Germany 2,950 

Ireland UK + IE 70 

UK UK + IE 100 
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Tab. C 10: German exogenous scenario capacities for electricity generation from geothermal systems based on [193]. 

Country Model region Capacity [MW] 

Germany Amprion1 103 

Germany Amprion2 98 

Germany Amprion3 105 

Germany Amprion4 40 

Germany Amprion5 184 

Germany Amprion6 92 

Germany Transnet1 95 

Germany Transnet2 325 

Germany Tennet0 - 

Germany Tennet1 108 

Germany Tennet2 174 

Germany Tennet3 264 

Germany Tennet4 73 

Germany Tennet5 267 

Germany Tennet6 186 

Germany 50Hertz0 - 

Germany 50Hertz1 604 

Germany 50Hertz2 13 

Germany 50Hertz3 98 

Germany 50Hertz4 121 

 

6.3. Conventional hydroelectricity 

For conventional hydroelectricity, the model uses a daily, model region-specific, normalized 

(with regard to the turbine power) water inflow to the upper reservoir, based on a GIS analysis in 

[213] of the sub-model EnDAT (see Fig. C 4). In order to use the daily resolution in the hourly 

REMix model, all 24 hours of one day are characterized by the same inflow value. This 

approximation is valid assumption as the temporal variability of conventional hydroelectricity 

typically is based on seasonal cycles, influenced by water runoff due to the melting of snow and 

precipitation. Moreover, in this analysis, conventional hydroelectricity modeling relies on 

systems with a water reservoir as storage, and, as shown in Haydt et al. [188], hourly variations 

of the water inflow are negligible in such approaches. 
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Fig. C 4: Normalized, hourly water inflow based on calculations of the REMix sub-model EnDAT. The upper plot 

shows all considered European model regions excluding the German regions. The lower plot depicts all relevant 

German model regions. The normalized values can be > 1 since the normalization of the water inflow is calculated 

with regard to the turbine power. 

Furthermore, REMix is able to calculate new capacities for the turbine, also including the 

option to retrofit existing systems with a pump if a suitable lower reservoir is existent. In this 

analysis, however, the dispatch of pre-defined, exogenous pump and turbine capacities is 

optimized, based on data from [191, 213] (see Tab. C 12, Tab. C 13). The techno-economic 

parameters of conventional hydroelectricity are shown in Tab. C 11. Purely PHS systems are 

covered in Sec. 8. 

Tab. C 11: Technology and cost parameter for electricity generation from conventional, reservoir hydropower plants. 

Values are based on [189, 190]. The variable operations and maintenance costs O&Mvar are specific to the power 

output, while the fixed operations and maintenance costs O&MFix are related relatively to the total investment. 

Technology 
η turbine 
[-] 

η pumpa  
[-] 

Availability 
[-] 

Invest system 
[€/kWel] 

Invest retrofit 
pump [€/kWel] 

Amor. time 
system [a] 

Amor. time 
pump [a] 

Interest 
rate [-] 

O&Mfix  
[-] 

O&Mvar 
[€/kWhel] 

Reservoir hydro 0.90 0.89 0.98 1,565 640 60 20 0.06 0.05 0.0000001 

a Only used if the reservoir hydro system is retrofitted with a pump. 
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Tab. C 12: European turbine and pump power (if retrofitted) as well as the reservoir capacity of conventional 

hydroelectricity based on [191, 213]. The German regions are here shown aggregated and a model region-specific 

illustration is shown in Tab. C 13. 

Country Model region Turbine power [MW] Pump power [MW] Reservoir capacity [MWhel] 

Austria Austria + Switzerland 5,500 3,006 3,259,259 

Switzerland Austria + Switzerland 10,000 3,219 8,842,105 

Belgium BeNeLux - - - 

Netherlands BeNeLux - - - 

Luxembourg BeNeLux - - - 

Denmark west Denmark west - - - 

Czech Republic PL + CZ + SK 660 - 737,975 

Poland PL + CZ + SK 156 - 174,430 

Slovakia PL + CZ + SK 167 - 186,730 

France France 12,317 - 10,405,741 

Portugal Iberia 2,426 - 3,003,619 

Spain Iberia 13,113 - 31,334,961 

Italy Italy 3,350 - 3,576,351 

Finland Northern Europe 593 - 663,059 

Norway Northern Europe 8,960 846 102,057,707 

Sweden Northern Europe 832 - 930,295 

Denmark east Northern Europe - - - 

Germany Germany 350 - 391,361 

UK UK + IE 25 - 27,954 

Ireland UK + IE 122 - 136,414 
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Tab. C 13: German turbine and pump power (if retrofitted) as well as the reservoir capacity of conventional 

hydroelectricity based on [191, 213]. 

Country Model region Turbine power [MW] Pump power [MW] Reservoir capacity [MWhel] 

Germany Amprion1 - - - 

Germany Amprion2 11 - 11,785 

Germany Amprion3 19 - 21,144 

Germany Amprion4 8 - 9,415 

Germany Amprion5 30 - 32,985 

Germany Amprion6 134 - 149,798 

Germany Transnet1 17 - 18,841 

Germany Transnet2 116 - 129,693 

Germany Tennet1 - - - 

Germany Tennet2 - - - 

Germany Tennet3 2 - 2,359 

Germany Tennet4 - - - 

Germany Tennet5 - - - 

Germany Tennet6 14 - 15,341 

Germany 50Hertz1 - - - 

Germany 50Hertz2 - - - 

Germany 50Hertz3 - - - 

Germany 50Hertz4 - - - 
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7. Electricity demand 

Tab. C 14: Annual electricity demand for all model regions of the observation area for the year 2050. 

Country Model region El. demand [TWh]a 

   

Austria Austria + Switzerland 60.43 

Switzerland Austria + Switzerland 60.38 

Belgium BeNeLux 82.47 

Netherlands BeNeLux 109.93 

Luxembourg BeNeLux 6.63 

Denmark west Denmark west 22.4 

Czech Republic PL + CZ + SK 72.03 

Poland PL + CZ + SK 162.83 

Slovakia PL + CZ + SK 22.87 

France France 473.88 

Portugal Iberia 55.86 

Spain Iberia 284.95 

Italy Italy 331.7 

Finland Northern Europe 77.75 

Norway Northern Europe 119.71 

Sweden Northern Europe 132.53 

Denmark east Northern Europe 13.32 

Germany Germanyb 514 

UK UK + IE 343.85 

Ireland UK + IE 29.78 

a The annual electricity demand for Germany is based on a modified version 
of scenario A of [192]. Opposed to [192], the electricity demand for this 
analysis excludes the demand for electric vehicles (44 TWh/a) and heat 
pumps (16 TWh/a). These values again are based on [193]. For the European 
countries values from [194, 195] were used. In order to disaggregate 
Germany’s electricity demand to the 20 sub-regions, artificial surfaces and 
associated areas from [213] were applied, which again are based on [196] 
and [197]. 
b In this table the German model regions are aggregated to Germany. The 
actual model region resolution within Germany is shown in Fig. C 1. 
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8. Storage technologies 

8.1. Techno-economic parameters 

Tab. C 15: Technology and cost parameter for all considered storage technologies. Values are based on [198–204, 

208]. The variable operations and maintenance costs O&Mvar are specific to storage charging, while the fixed 

operations and maintenance costs O&MFix are related relatively to the total investment. 

  aCAES H2 Li-ion PHS Redox-flow 

Invest storage [€/kWhel] 47 1 150 10 100 

Invest converter [€/kWel] 570 1,200 50 450 630 

Amortization timestorage [a] 40 30 25 60 20 

Amortization timeconverter [a] 20 15 25 20 20 

Interest-rate [-] 0.06 0.06 0.06 0.06 0.06 

O&Mfix [-] 0.010 0.020 0.005 0.010 0.032 

O&Mvar [€/kWh] 0.00001 0.00001 0.00001 0.00001 0.00001 

η charge [-] 0.84 0.75 0.97 0.91 0.92 

η discharge [-] 0.89 0.62 0.97 0.91 0.92 

Self-discharge rate [-] 0.000833 0.000000 0.000011 0.000005 0.000054 

Availability [-] 0.95 0.95 0.98 0.98 0.98 

8.2. Potentials for pumped hydropower 

Due to the long lifetime of the storage unit, i.e. the water reservoir, existing PHS also play a 

role for the observation year 2050. For Germany, the existing pump and turbine power are based 

on a literature review. The data is shown in Tab. C 16. 

For converter power in the other European countries, the Platts World Electric Power Plants 

Database (WEPP) of 2010 is used [210]. This database, however, does not provide information 

for the storage capacity. To conclude from converter power to the storage capacity, an energy-to-

power ratio (E2P) of 7h for all PHS is assumed.  

Within the analysis, PHS expansion is limited by the potential storage capacity of the 

reservoirs (technical potential), whereas the power for the turbine and the pump has no upper 

limit. For the installable storage capacity, Gimeno-Guitiérrz and Arantegui [205] provide a GIS-

based assessment of PHS potentials. Here, a conservative scenario (“Topology 1, realisable 

potential”) of this study is used, where for example no further capacity expansion of PHS in 

Germany is assumed. The calculation of the PHS potentials in this scenario requires two existing 

reservoirs with an adequate difference in elevation and a sufficient proximity to connect both 

with a new penstock and electrical equipment. Furthermore, a number of constraints, such as 

centers of population, protected natural areas or transport infrastructure, reduce the potential for 

the storage capacity. The technical potential for the PHS storage capacity for each region can be 

found in Tab. 10 in the main text. To conclude from the German potential storage capacity of 
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[205] to the German model regions as used in this analysis (see Fig. C 1), it is assumed that the 

storage potentials within Germany are equally distributed as the already existing PHS systems. 

 

Tab. C 16: Existing German PHS capacities mapped to the model regions based on [206–209]. 

Locationb 
Model 
region 

Turbine power [MW] Storage capacity [MWhel] 

Atdorfa  Transnet2 1,400 13,000 

Blautala  Transnet2 46 370 

Bleiloch 50Hertz3 80 753 

Einodena Tennet6 200 1,600 

Einsiedel  Transnet2 1 23 

Erzhausen Tennet3 220  940 

Geesthacht Tennet2 120 600 

Glems  Transnet2 90 560 

Goldisthal 50Hertz3 1,060 8,480 

Happburg Tennet5 160 900 

Häusern  Transnet2 144 514 

Hohenwarte I 50Hertz3 63 795 

Hohenwarte II 50Hertz3 320 2,087 

Koepchenwerk Herdecke Amprion3 153 590 

Langenprozelten Tennet5 168 950 

Leitzachwerk 1 Tennet6 49 225c 

Leitzachwerk 2 Tennet6 49 225c 

Markersbach 50Hertz4 1,050 4,018 

Maxhofen-Oberberg Tennet6 10 547 

Niederwartha 50Hertz4 120 591 

Reisach Rabenleite Tennet5 105 630 

Rönkhausen Amprion3 140 690 

Säckingen  Transnet2 353 2,064 

Schwarzenbachwerk  Transnet2 45 198 

Sorpetalsperre Amprion3 10 44 

Tanzmühle Rabenleite Tennet5 35 404 

Waldeck 1 Tennet4 140 478 

Waldeck 2 Tennet4 440 3,428 

Waldshut  Transnet2 176 476 

Wehr  Transnet2 980 6,073 

Wendefurth 50Hertz3 80 523 

Witznau Transnet2 220 642 

Total   8,227 53,418 

a Planned and therefore included (at the time of the model parametrization).  
b PHS capacities that are connected to the German transmission grid infrastructure but not 
located in Germany are not accounted to the German model regions. This applies for the 
PHS Vianden (Luxembourg) and the Austrian units Robund I/II, Kopswerk II, 
Kühtai/Sellrain-Silz, and Lünersee. 
c Leitzachwerk 1 and 2 share the same reservoir but have 2 power blocks (each consisting of 
a pump and a turbine). To account for that in the modeling approach, the storage capacity of 
550 MWhel is divided by 2.  
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Tab. C 17: Existing European PHS capacities based on [210]. 

Model region Turbine power [GW] Storage capacity [GWhel] 

Austria + Switzerland 4.32 30.25 

BeNeLux 2.51 17.56 

Denmark west 0.00 0.00 

PL + CZ + SK 3.50 24.50 

France 4.52 31.64 

Iberia 6.30 44.12 

Italy 5.94 41.55 

Northern Europe 1.45 10.16 

UK + IE 2.54 17.79 

Total 39.31 271.08 

 

8.3. Potentials for adiabatic compressed air and hydrogen storage 

As for PHS, the capacity expansion of aCAES is only constrained by an upper limit of the 

storage unit (technical potential) and hence the volume of an underground salt cavern. The 

converter power for aCAES is not limited. As for all storage technologies in this analysis, the 

charging and discharging converter unit are not modeled individually. In this regard, the 

converter power of an aCAES consists of the compression unit and the generator. The potentials 

for the underground salt cavern are based on [213], which, in turn, relies on data from [211]. 

These volumina are converted into storable electric energy via an energy density of 

2.73 kWhtherm/m³ (lower heating value). This value again is based on an aCAES pressure 

difference from 30 to 70 bar [212]. 

Using the specific energy density of gaseous H2 at a pressure of 120bar and a temperature of 

300 K in the cavern, the cavern volumina potentials from [213] are converted into storable 

electricity. For H2 storage the charging converter unit is an alkaline water electrolyzer; the 

discharging converter a CCGT. Again, the converter power for the electricity reconversion is not 

constrained by an upper expansion limit. Since both, aCAES and H2 storage, require an 

underground salt cavern as a storage unit, it is assumed that these technologies both use 50% of 

the resource potential.  
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9. Detailed results 

9.1. Overall generation capacities in Europe 

The following tables show the overall generation capacities for all European model regions. 

The values of the German model regions (see Fig. C 1) are aggregated (Germany). 

Tab. C 18: Overall generation capacities in GW for the reference scenario, including the model endogenously 

derived capacities as well as the exogenous stock. The table refers to Fig. 22. 

 
Austria + 
Switzerland 

BeNeLux 
Denmark 
west 

PL + CZ+ 
SK 

France Iberia Italy 
Northern 
Europe 

Germany UK + IE 

Offshore wind - 43.20 9.97 0.05 106.74 64.44 29.95 89.66 47.51 72.81 

Onshore wind 22.00 18.72 2.59 80.89 33.35 2.88 62.14 0.37 54.86 50.41 

PV 19.91 35.51 0.06 59.78 46.74 90.45 47.73 5.03 86.90 0.06 

Run-of-river 0.02 0.01 - 0.01 0.01 0.01 0.01 0.02 4.24 0.01 

Hydro res. 14.45 - - 0.98 6.52 15.54 3.35 10.11 0.35 0.15 

CSP - - - - 0.70 7.88 1.00 - - - 

Lignite 0.65 0.08 0.02 8.09 0.02 0.07 15.62 0.04 21.42 0.02 

CCGT 0.04 0.24 0.02 5.13 0.12 0.10 2.05 1.23 7.20 0.04 

Coal 0.03 0.03 0.02 0.05 0.02 0.03 1.05 1.03 0.63 0.02 

GT 0.05 2.52 0.04 5.11 13.19 0.05 4.89 21.84 10.1 0.26 

Geothermal 0.90 0.30 0.10 1.95 2.70 3.50 3.74 0.90 2.95 0.17 

Nuclear 0.01 0.01 0.01 2.95 11.72 0.01 0.01 0.01 0.17 1.33 

 

Tab. C 19: Overall generation capacities in GW for the scenario Stor_Inv_low, including the model endogenously 

derived capacities as well as the exogenous stock. The table refers to Fig. 29. 

  

Austria + 
Switzerland 

BeNeLux 
Denmark 
west 

PL + CZ + 
SK 

France Iberia Italy 
Northern 
Europe 

Germany UK + IE 

Offshore wind - 53.87 8.03 0.01 133.73 60.79 16.78 89.12 45.35 71.69 

Onshore wind 22.00 18.72 6.38 80.89 4.41 0.73 62.14 0.13 55.42 50.41 

PV 19.91 35.51 0.02 59.78 11.16 90.45 47.73 0.12 86.00 0.02 

Run-of-river 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.14 0.00 

Hydro res. 14.45 - - 0.98 6.52 15.54 3.35 10.11 0.35 0.15 

CSP - - - - 0.70 7.88 1.00 - - - 

Lignite 0.86 0.01 0.01 7.51 0.01 0.01 18.20 0.01 19.01 0.01 

CCGT 0.01 0.01 0.01 3.18 0.01 0.01 0.85 0.14 2.96 0.01 

Coal 0.01 0.01 0.01 0.02 0.01 0.01 1.02 1.01 0.25 0.01 

GT 0.02 0.02 0.01 0.05 0.02 0.02 4.16 18.27 2.11 0.01 

Geothermal 0.90 0.30 0.10 1.95 2.70 3.50 3.74 0.90 2.95 0.17 

Nuclear 0.01 0.00 0.00 2.94 11.71 0.00 0.01 0.00 0.07 1.32 
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Tab. C 20: Overall generation capacities in GW for the scenario Stor_Inv_high, including the model endogenously 

derived capacities as well as the exogenous stock. The table refers to Fig. 29. 

  

Austria + 
Switzerland 

BeNeLux 
Denmark 
west 

PL + CZ + 
SK 

France Iberia Italy 
Northern 
Europe 

Germany UK + IE 

Offshore wind - 35.99 10.31 0.07 92.10 63.81 40.47 91.83 50.33 92.18 

Onshore wind 22.00 18.72 1.20 80.89 54.28 9.17 62.14 0.59 54.90 25.83 

PV 19.91 35.51 0.11 59.78 62.98 90.45 47.73 8.12 90.62 0.13 

Run-of-river 0.05 0.02 0.01 0.02 0.01 0.01 0.02 0.02 4.24 0.01 

Hydro res. 14.45 - - 0.98 6.52 15.54 3.35 10.11 0.35 0.15 

CSP - - - - 0.70 7.88 1.00 - - - 

Lignite 0.45 0.36 0.02 8.61 0.04 0.12 13.86 0.05 21.58 0.03 

CCGT 0.05 3.86 0.04 5.11 0.19 0.99 2.56 1.58 9.30 0.07 

Coal 0.04 0.06 0.02 0.07 0.03 0.05 1.08 1.04 0.88 0.03 

GT 0.07 6.61 0.06 7.17 22.33 0.11 5.60 21.74 13.48 10.52 

Geothermal 0.90 0.30 0.10 1.95 2.70 3.50 3.74 0.90 2.95 0.17 

Nuclear 0.02 0.01 0.01 2.95 11.72 0.01 0.02 0.01 0.22 1.33 

 

Tab. C 21: Overall generation capacities in GW for the scenario VRE_Inv_low, including the model endogenously 

derived capacities as well as the exogenous stock. The table refers to Fig. 29. 

  

Austria + 
Switzerland 

BeNeLux 
Denmark 
west 

PL + CZ + 
SK 

France Iberia Italy 
Northern 
Europe 

Germany UK + IE 

Offshore wind - 44.36 9.42 0.09 83.06 58.00 43.58 89.30 53.13 107.78 

Onshore wind 22.00 18.72 0.83 80.89 62.06 17.84 62.14 1.10 55.42 0.84 

PV 19.91 35.51 0.22 59.78 63.88 90.45 47.73 17.09 93.13 2.27 

Run-of-river 1.89 0.02 0.01 0.02 0.02 0.01 0.02 0.02 4.24 0.01 

Hydro res. 14.45 - - 0.98 6.52 15.54 3.35 10.11 0.35 0.15 

CSP - - - - 0.70 7.88 1.00 - - - 

Lignite 0.05 0.06 0.02 8.33 0.02 0.03 12.89 0.03 19.67 0.02 

CCGT 0.03 0.26 0.03 5.21 0.14 0.04 2.82 1.36 7.99 0.06 

Coal 0.02 0.03 0.02 0.04 0.02 0.02 1.04 1.03 0.54 0.02 

GT 0.04 5.35 0.04 6.09 23.81 0.05 5.58 21.31 14.27 13.31 

Geothermal 0.90 0.30 0.10 1.95 2.70 3.50 3.74 0.90 2.95 0.17 

Nuclear 0.01 0.01 0.01 2.95 11.72 0.01 0.01 0.01 0.15 1.33 
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Tab. C 22: Overall generation capacities in GW for the scenario VRE_Inv_high, including the model endogenously 

derived capacities as well as the exogenous stock. The table refers to Fig. 29. 

  

Austria + 
Switzerland 

BeNeLux 
Denmark 
west 

PL + CZ + 
SK 

France Iberia Italy 
Northern 
Europe 

Germany UK + IE 

Offshore wind - 43.59 8.36 0.03 129.24 62.26 20.34 88.17 45.39 72.30 

Onshore wind 22.00 18.72 6.36 80.89 18.30 0.95 62.14 0.28 55.34 50.41 

PV 19.91 35.51 0.04 59.78 23.78 90.45 47.73 0.24 86.10 0.04 

Run-of-river 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 2.67 0.01 

Hydro res. 14.45 - - 0.98 6.52 15.54 3.35 10.11 0.35 0.15 

CSP - - - - 0.70 7.88 1.00 - - - 

Lignite 1.00 0.08 0.02 7.75 0.02 0.60 17.44 0.05 22.22 0.02 

CCGT 0.05 0.32 0.03 5.36 0.08 0.73 1.54 1.67 7.73 0.03 

Coal 0.03 0.04 0.02 0.06 0.02 0.05 1.06 1.04 0.76 0.02 

GT 0.06 0.62 0.04 3.99 0.19 0.05 4.62 20.10 8.48 0.06 

Geothermal 0.90 0.30 0.10 1.95 2.70 3.50 3.74 0.90 2.95 0.17 

Nuclear 0.01 0.01 0.01 2.95 11.72 0.01 0.01 0.01 0.19 1.33 

 

Tab. C 23: Overall generation capacities in GW for the scenario FP_low, including the model endogenously derived 

capacities as well as the exogenous stock. The table refers to Fig. 29. 

  

Austria + 
Switzerland 

BeNeLux 
Denmark 
west 

PL + CZ + 
SK 

France Iberia Italy 
Northern 
Europe 

Germany UK + IE 

Offshore wind - 40.00 10.16 0.04 104.38 63.06 37.25 89.23 48.18 73.34 

Onshore wind 22.00 18.72 2.45 80.89 32.55 2.07 62.14 0.39 54.68 50.41 

PV 19.91 35.51 0.07 59.78 49.50 90.45 47.73 4.26 87.19 0.06 

Run-of-river 0.03 0.01 0.00 0.01 0.01 0.01 0.01 0.01 4.23 0.01 

Hydro res. 14.45 - - 0.98 6.52 15.54 3.35 10.11 0.35 0.15 

CSP - - - - 0.70 7.88 1.00 - - - 

Lignite 0.02 0.02 0.01 0.18 0.02 0.02 0.02 0.02 1.38 0.01 

CCGT 0.08 2.90 0.03 13.21 0.11 1.04 17.02 2.20 29.06 0.04 

Coal 0.02 0.02 0.01 0.03 0.02 0.02 1.03 1.02 0.39 0.02 

GT 0.05 2.66 0.04 4.29 14.47 0.06 3.50 21.15 7.64 0.21 

Geothermal 0.90 0.30 0.10 1.95 2.70 3.50 3.74 0.90 2.95 0.17 

Nuclear 0.02 0.01 0.01 2.95 11.72 0.01 0.02 0.01 0.25 1.33 
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Tab. C 24: Overall generation capacities in GW for the scenario FP_high, including the model endogenously derived 

capacities as well as the exogenous stock. The table refers to Fig. 29. 

  

Austria + 
Switzerland 

BeNeLux 
Denmark 
west 

PL + CZ + 
SK 

France Iberia Italy 
Northern 
Europe 

Germany UK + IE 

Offshore wind - 42.47 8.56 0.04 117.38 62.91 19.24 92.52 45.87 71.36 

Onshore wind 22.00 18.72 3.47 80.89 36.32 2.81 62.14 0.37 54.75 50.41 

PV 19.91 35.51 0.05 59.78 36.76 90.45 47.73 1.60 84.58 0.05 

Run-of-river 0.02 0.01 0.00 0.01 0.01 0.01 0.01 0.01 4.22 0.01 

Hydro res. 14.45 - - 0.98 6.52 15.54 3.35 10.11 0.35 0.15 

CSP - - - - 0.70 7.88 1.00 - - - 

Lignite 1.13 0.30 0.02 13.95 0.03 1.83 20.49 2.69 30.05 0.02 

CCGT 0.03 0.04 0.02 0.08 0.04 0.02 0.07 0.18 0.74 0.03 

Coal 0.02 0.02 0.01 0.03 0.02 0.02 1.02 1.03 0.37 0.02 

GT 0.05 1.96 0.04 3.81 6.02 0.04 3.45 20.21 9.06 0.27 

Geothermal 0.90 0.30 0.10 1.95 2.70 3.50 3.74 0.90 2.95 0.17 

Nuclear 0.01 0.01 0.00 2.95 11.72 0.01 0.01 0.01 0.11 1.32 

 

Tab. C 25: Overall generation capacities in GW for the scenario CO2_low, including the model endogenously 

derived capacities as well as the exogenous stock. The table refers to Fig. 29. 

  

Austria + 
Switzerland 

BeNeLux 
Denmark 
west 

PL + CZ + 
SK 

France Iberia Italy 
Northern 
Europe 

Germany UK + IE 

Offshore wind - 40.02 9.44 0.04 114.23 65.07 21.28 91.66 46.25 71.66 

Onshore wind 22.00 18.72 3.12 80.89 36.02 2.37 62.14 0.33 54.64 50.41 

PV 19.91 35.51 0.05 59.78 41.41 90.45 47.73 4.18 86.11 0.05 

Run-of-river 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 4.21 0.01 

Hydro res. 14.45 - - 0.98 6.52 15.54 3.35 10.11 0.35 0.15 

CSP - - - - 0.70 7.88 1.00 - - - 

Lignite 1.09 0.83 0.01 11.51 0.02 1.07 18.67 0.07 28.22 0.02 

CCGT 0.02 0.06 0.02 0.24 0.07 0.03 0.09 0.13 0.93 0.03 

Coal 0.02 0.03 0.01 0.04 0.02 0.03 1.04 1.03 0.49 0.01 

GT 0.04 3.60 0.03 7.20 8.14 0.04 4.86 22.74 11.62 0.35 

Geothermal 0.90 0.30 0.10 1.95 2.70 3.50 3.74 0.90 2.95 0.17 

Nuclear 0.01 0.01 0.00 2.95 11.72 0.01 0.01 0.00 0.10 1.32 
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Tab. C 26: Overall generation capacities in GW for the scenario CO2_high, including the model endogenously 

derived capacities as well as the exogenous stock. The table refers to Fig. 29. 

  

Austria + 
Switzerland 

BeNeLux 
Denmark 
west 

PL + CZ + 
SK 

France Iberia Italy 
Northern 
Europe 

Germany UK + IE 

Offshore wind - 43.97 9.93 0.04 104.28 62.92 36.09 89.33 48.59 72.74 

Onshore wind 22.00 18.72 2.42 80.89 33.59 3.52 62.14 0.36 54.77 50.41 

PV 19.91 35.51 0.07 59.78 45.62 90.45 47.73 5.55 88.81 0.06 

Run-of-river 0.03 0.01 0.00 0.01 0.01 0.01 0.01 0.01 4.24 0.01 

Hydro res. 14.45 - - 0.98 6.52 15.54 3.35 10.11 0.35 0.15 

CSP - - - - 0.70 7.88 1.00 - - - 

Lignite 0.02 0.02 0.01 0.20 0.02 0.02 0.06 0.02 1.58 0.01 

CCGT 0.04 0.79 0.02 13.84 0.22 0.16 15.06 2.90 23.58 0.04 

Coal 0.02 0.02 0.01 0.03 0.02 0.02 1.04 1.02 0.45 0.02 

GT 0.05 2.01 0.04 2.84 13.94 0.04 3.61 20.18 7.35 0.28 

Geothermal 0.90 0.30 0.10 1.95 2.70 3.50 3.74 0.90 2.95 0.17 

Nuclear 0.73 0.01 0.01 2.97 11.72 0.01 1.97 0.01 4.00 1.33 

 

Tab. C 27: Overall generation capacities in GW for the scenario G++, including the model endogenously derived 

capacities as well as the exogenous stock. The table refers to Fig. 29. 

  

Austria + 
Switzerland 

BeNeLux 
Denmark 
west 

PL + CZ + 
SK 

France Iberia Italy 
Northern 
Europe 

Germany UK + IE 

Offshore wind - - 103.02 - - - - 66.62 15.54 353.56 

Onshore wind - - 6.38 - - - - - 2.51 50.41 

PV - - - - - 90.45 - - 0.01 - 

Run-of-river - - - - - - - - - - 

Hydro res. 14.45 - - 0.98 6.52 15.54 3.35 10.11 0.35 0.15 

CSP - - - - 0.70 7.88 1.00 - - - 

Lignite 14.32 - - 0.16 - - 14.32 - 6.43 - 

CCGT 2.63 0.25 0.25 0.25 0.25 0.25 2.63 0.25 35.93 0.25 

Coal - - - - - - 1.00 1.00 0.01 - 

GT 1.76 6.18 6.18 6.18 6.18 6.18 1.76 6.18 36.87 6.18 

Geothermal 0.90 0.30 0.10 1.95 2.70 3.50 3.74 0.90 2.95 0.17 

Nuclear - - - 2.94 11.71 - - - - 1.32 
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Tab. C 28: Overall generation capacities in GW for the scenario G+, including the model endogenously derived 

capacities as well as the exogenous stock. The table refers to Fig. 29. 

  

Austria + 
Switzerland 

BeNeLux 
Denmark 
west 

PL + CZ + 
SK 

France Iberia Italy 
Northern 
Europe 

Germany UK + IE 

Offshore wind - 0.01 36.28 - 0.55 0.06 0.02 101.31 57.88 308.96 

Onshore wind 0.02 5.00 6.38 10.84 61.80 0.11 19.29 0.09 12.04 50.41 

PV 19.84 0.01 0.01 0.73 0.02 90.43 47.73 0.02 0.50 0.01 

Run-of-river - - - - - - - - 0.04 - 

Hydro res. 14.45 - - 0.98 6.52 15.54 3.35 10.11 0.35 0.15 

CSP - - - - 0.70 7.88 1.00 - - - 

Lignite 0.01 0.01 0.01 16.10 0.01 0.05 15.10 0.01 2.60 0.01 

CCGT 0.02 0.03 0.01 6.99 0.05 3.01 8.25 0.04 18.35 0.02 

Coal 0.01 0.01 0.01 0.01 0.01 0.01 1.01 1.01 0.16 0.01 

GT 0.07 7.51 0.06 8.59 27.95 2.10 6.54 6.26 32.87 0.12 

Geothermal 0.90 0.30 0.10 1.95 2.70 3.50 3.74 0.90 2.95 0.17 

Nuclear - - - 2.94 11.71 - - - 0.04 1.32 

 

Tab. C 29: Overall generation capacities in GW for the scenario G+_Inv_high, including the model endogenously 

derived capacities as well as the exogenous stock. The table refers to Fig. 29. 

  

Austria + 
Switzerland 

BeNeLux 
Denmark 
west 

PL + CZ + 
SK 

France Iberia Italy 
Northern 
Europe 

Germany UK + IE 

Offshore wind - 0.04 30.55 0.02 1.41 0.71 0.05 91.47 62.08 294.04 

Onshore wind 0.06 13.08 6.38 31.29 59.08 1.38 41.24 0.40 13.59 50.41 

PV 19.91 0.06 0.03 16.71 0.09 90.44 47.73 0.06 3.78 0.04 

Run-of-river 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.12 0.01 

Hydro res. 14.45 - - 0.98 6.52 15.54 3.35 10.11 0.35 0.15 

CSP - - - - 0.70 7.88 1.00 - - - 

Lignite 0.04 0.04 0.02 15.97 0.04 0.82 11.48 0.04 4.09 0.03 

CCGT 0.06 0.09 0.04 4.57 0.13 3.49 8.01 0.31 17.07 0.05 

Coal 0.02 0.02 0.02 0.04 0.02 0.03 1.04 1.02 0.47 0.02 

GT 0.19 6.07 0.13 6.52 23.45 2.58 5.90 11.15 30.67 0.29 

Geothermal 0.90 0.30 0.10 1.95 2.70 3.50 3.74 0.90 2.95 0.17 

Nuclear 0.01 0.01 0.01 2.95 11.72 0.01 0.01 0.01 0.11 1.33 

 
  



190 Appendix C 

 
Tab. C 30: Overall generation capacities in GW for the scenario G+_In_veryhigh, including the model endogenously 

derived capacities as well as the exogenous stock. The table refers to Fig. 29. 

  

Austria + 
Switzerland 

BeNeLux 
Denmark 
west 

PL + CZ + 
SK 

France Iberia Italy 
Northern 
Europe 

Germany UK + IE 

Offshore wind - 0.14 26.35 0.07 8.68 8.80 0.20 87.58 64.19 274.18 

Onshore wind 0.23 18.72 6.38 41.97 47.40 3.78 56.70 1.01 20.36 50.41 

PV 19.91 0.20 0.13 24.64 0.33 90.41 47.73 0.23 12.22 0.13 

Run-of-river 0.03 0.02 0.01 0.02 0.03 0.02 0.02 0.02 0.40 0.02 

Hydro res. 14.45 - - 0.98 6.52 15.54 3.35 10.11 0.35 0.15 

CSP - - - - 0.70 7.88 1.00 - - - 

Lignite 0.12 0.12 0.07 14.29 0.12 2.20 10.27 0.12 6.08 0.08 

CCGT 0.17 0.24 0.13 4.17 0.35 1.65 6.53 1.73 14.36 0.15 

Coal 0.07 0.08 0.06 0.11 0.08 0.10 1.12 1.08 1.49 0.07 

GT 0.41 3.70 0.33 5.37 19.02 2.31 5.47 12.61 22.64 0.75 

Geothermal 0.90 0.30 0.10 1.95 2.70 3.50 3.74 0.90 2.95 0.17 

Nuclear 0.02 0.02 0.02 2.97 11.73 0.02 0.03 0.02 0.40 1.34 

 

Tab. C 31: Overall generation capacities in GW for the scenario Cur.003, including the model endogenously derived 

capacities as well as the exogenous stock. The table refers to Fig. 29. 

  

Austria + 
Switzerland 

BeNeLux 
Denmark 
west 

PL + CZ + 
SK 

France Iberia Italy 
Northern 
Europe 

Germany UK + IE 

Offshore wind - 49.51 11.74 0.03 110.15 65.19 31.09 74.15 40.19 87.56 

Onshore wind 22.00 18.72 0.16 80.89 22.15 3.14 62.14 0.14 55.42 25.93 

PV 19.91 35.51 0.05 59.78 51.81 90.45 47.73 28.68 90.42 0.06 

Run-of-river 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.01 4.24 0.00 

Hydro res. 14.45 - - 0.98 6.52 15.54 3.35 10.11 0.35 0.15 

CSP - - - - 0.70 7.88 1.00 - - - 

Lignite 0.83 0.04 0.01 7.72 0.01 0.04 15.37 0.03 22.42 0.01 

CCGT 0.03 0.07 0.01 5.20 0.08 0.06 2.14 1.59 5.95 0.02 

Coal 0.02 0.02 0.01 0.03 0.01 0.02 1.03 1.02 0.40 0.01 

GT 0.03 0.61 0.02 2.59 8.09 0.03 4.98 19.78 10.15 0.03 

Geothermal 0.90 0.30 0.10 1.95 2.70 3.50 3.74 0.90 2.95 0.17 

Nuclear 0.01 0.00 0.00 2.95 11.72 0.00 0.01 0.00 0.10 1.32 
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Tab. C 32: Overall generation capacities in GW for the scenario Cur.010, including the model endogenously derived 

capacities as well as the exogenous stock. The table refers to Fig. 29. 

  

Austria + 
Switzerland 

BeNeLux 
Denmark 
west 

PL + CZ + 
SK 

France Iberia Italy 
Northern 
Europe 

Germany UK + IE 

Offshore wind - 43.42 10.14 0.02 106.28 65.22 29.71 89.61 47.36 72.79 

Onshore wind 22.00 18.72 2.38 80.89 33.79 1.78 62.14 0.17 54.58 50.41 

PV 19.91 35.51 0.03 59.78 46.48 90.45 47.73 4.91 86.40 0.03 

Run-of-river 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.19 0.00 

Hydro res. 14.45 - - 0.98 6.52 15.54 3.35 10.11 0.35 0.15 

CSP - - - - 0.70 7.88 1.00 - - - 

Lignite 0.68 0.04 0.01 8.07 0.01 0.04 15.70 0.02 21.68 0.01 

CCGT 0.02 0.15 0.01 5.14 0.06 0.05 1.99 1.20 7.14 0.02 

Coal 0.01 0.02 0.01 0.02 0.01 0.02 1.02 1.01 0.30 0.01 

GT 0.02 2.99 0.02 5.29 13.32 0.02 4.97 21.97 10.07 0.14 

Geothermal 0.90 0.30 0.10 1.95 2.70 3.50 3.74 0.90 2.95 0.17 

Nuclear 0.01 0.00 0.00 2.94 11.71 0.00 0.01 0.00 0.07 1.32 

 

Tab. C 33: Overall generation capacities in GW for the scenario VRE_exp_CO2_med, including the model 

endogenously derived capacities as well as the exogenous stock. The table refers to Fig. 29. 

  

Austria + 
Switzerland 

BeNeLux 
Denmark 
west 

PL + CZ + 
SK 

France Iberia Italy 
Northern 
Europe 

Germany UK + IE 

Offshore wind - 0.03 2.18 0.01 57.83 6.59 0.01 68.99 34.52 32.00 

Onshore wind 0.03 18.72 6.38 26.88 16.21 7.10 0.06 0.09 36.56 50.41 

PV 5.30 0.03 0.01 2.75 0.04 57.53 30.13 0.02 1.34 0.01 

Run-of-river - - - - - - - - 0.04 - 

Hydro res. 14.45 - - 0.98 6.52 15.54 3.35 10.11 0.35 0.15 

CSP - - - - 0.70 7.88 1.00 - - - 

Lignite 7.55 20.77 0.12 25.45 25.03 22.36 35.27 6.49 46.04 16.62 

CCGT 0.01 0.97 0.92 1.18 4.83 0.01 0.02 5.25 6.23 10.11 

Coal 0.01 0.01 0.01 0.01 0.01 0.01 1.01 1.01 0.17 0.01 

GT 0.01 5.88 1.23 5.17 20.07 0.01 0.05 16.20 14.91 14.26 

Geothermal 0.90 0.30 0.10 1.95 2.70 3.50 3.74 0.90 2.95 0.17 

Nuclear - - - 2.94 11.71 - - - - 1.32 
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Tab. C 34: Overall generation capacities in GW for the scenario VRE_exp_CO2_high, including the model 

endogenously derived capacities as well as the exogenous stock. The table refers to Fig. 29. 

  

Austria + 
Switzerland 

BeNeLux 
Denmark 
west 

PL + CZ + 
SK 

France Iberia Italy 
Northern 
Europe 

Germany UK + IE 

Offshore wind - 19.46 8.32 0.01 69.51 36.80 1.03 84.12 41.68 63.04 

Onshore wind 22.00 18.72 0.68 74.89 21.99 8.17 62.14 0.12 53.64 48.84 

PV 19.91 18.42 0.02 39.05 25.74 90.35 47.73 0.06 70.17 0.02 

Run-of-river - - - - - - - - 0.29 - 

Hydro res. 14.45 - - 0.98 6.52 15.54 3.35 10.11 0.35 0.15 

CSP - - - - 0.70 7.88 1.00 - - - 

Lignite 0.05 0.02 0.01 0.19 0.02 0.02 2.99 0.01 1.90 0.01 

CCGT 0.33 14.97 0.03 16.12 23.04 7.55 20.92 8.39 39.12 5.90 

Coal 0.01 0.01 0.01 0.01 0.01 0.01 1.02 1.01 0.22 0.01 

GT 0.02 4.15 0.02 4.93 19.94 0.01 0.71 16.41 10.68 6.09 

Geothermal 0.90 0.30 0.10 1.95 2.70 3.50 3.74 0.90 2.95 0.17 

Nuclear - - - 2.94 11.71 - - - - 1.32 

 

Tab. C 35: Overall generation capacities in GW for the scenario VRE_exp_CO2_veryhigh, including the model 

endogenously derived capacities as well as the exogenous stock. The table refers to Fig. 29. 

  

Austria + 
Switzerland 

BeNeLux 
Denmark 
west 

PL + CZ + 
SK 

France Iberia Italy 
Northern 
Europe 

Germany UK + IE 

Offshore wind - 22.33 8.76 0.01 78.75 41.91 16.66 87.14 43.87 67.62 

Onshore wind 22.00 18.72 0.53 78.58 30.16 5.20 62.14 0.13 54.32 50.41 

PV 19.91 35.35 0.02 51.93 40.53 90.45 47.73 0.12 77.75 0.02 

Run-of-river 0.01 - - - - - - - 2.59 - 

Hydro res. 14.45 - - 0.98 6.52 15.54 3.35 10.11 0.35 0.15 

CSP - - - - 0.70 7.88 1.00 - - - 

Lignite 0.01 0.01 0.01 0.17 0.01 0.01 0.01 0.01 1.20 0.01 

CCGT 0.11 12.86 0.02 15.49 14.05 6.74 21.74 8.29 36.56 0.15 

Coal 0.01 0.01 0.01 0.01 0.01 0.01 1.01 1.01 0.15 0.01 

GT 0.02 3.59 0.02 3.06 13.47 0.02 0.67 15.99 7.97 4.92 

Geothermal 0.90 0.30 0.10 1.95 2.70 3.50 3.74 0.90 2.95 0.17 

Nuclear - - - 2.94 11.71 - - - - 1.32 
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Tab. C 36: Overall generation capacities in GW for the scenario TempRes_2h, including the model endogenously 

derived capacities as well as the exogenous stock. The table refers to Fig. 29. 

  

Austria + 
Switzerland 

BeNeLux 
Denmark 
west 

PL + CZ + 
SK 

France Iberia Italy 
Northern 
Europe 

Germany UK + IE 

Offshore wind - 42.99 10.11 0.02 106.20 65.03 29.78 89.69 47.60 72.76 

Onshore wind 22.00 18.72 2.39 80.89 33.91 1.94 62.14 0.22 54.66 50.41 

PV 19.91 35.51 0.04 59.78 46.81 90.45 47.73 4.81 86.66 0.04 

Run-of-river 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.01 4.21 0.00 

Hydro res. 14.45 - - 0.98 6.52 15.54 3.35 10.11 0.35 0.15 

CSP - - - - 0.70 7.88 1.00 - - - 

Lignite 0.65 0.06 0.01 8.10 0.01 0.05 15.72 0.02 21.63 0.01 

CCGT 0.02 0.19 0.01 5.04 0.08 0.07 1.99 1.19 7.17 0.02 

Coal 0.02 0.02 0.01 0.03 0.01 0.02 1.03 1.02 0.39 0.01 

GT 0.03 3.41 0.02 5.32 13.41 0.03 4.99 21.73 9.83 0.18 

Geothermal 0.90 0.30 0.10 1.95 2.70 3.50 3.74 0.90 2.95 0.17 

Nuclear - - - 2.94 11.71 - - - - 1.32 

 

Tab. C 37: Overall generation capacities in GW for the scenario TempRes_6h, including the model endogenously 

derived capacities as well as the exogenous stock. The table refers to Fig. 29. 

  

Austria + 
Switzerland 

BeNeLux 
Denmark 
west 

PL + CZ + 
SK 

France Iberia Italy 
Northern 
Europe 

Germany UK + IE 

Offshore wind - 41.81 10.20 0.03 106.33 65.07 29.95 89.79 48.27 72.73 

Onshore wind 22.00 18.72 2.31 80.89 25.96 1.06 62.14 0.27 54.64 50.41 

PV 19.91 35.51 0.07 59.78 57.43 90.45 47.73 4.00 88.50 0.07 

Run-of-river 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 4.23 0.01 

Hydro res. 14.45 - - 0.98 6.52 15.54 3.35 10.11 0.35 0.15 

CSP - - - - 0.70 7.88 1.00 - - - 

Lignite 0.71 0.07 0.01 8.05 0.02 0.06 15.68 0.03 21.33 0.01 

CCGT 0.03 0.23 0.02 5.10 0.10 0.12 1.56 1.30 7.13 0.03 

Coal 0.02 0.03 0.01 0.04 0.02 0.03 1.04 1.02 0.51 0.01 

GT 0.04 4.38 0.03 5.05 13.58 0.04 5.47 21.43 9.29 0.24 

Geothermal 0.90 0.30 0.10 1.95 2.70 3.50 3.74 0.90 2.95 0.17 

Nuclear - - - 2.94 11.71 - - - - 1.32 
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Tab. C 38: Overall generation capacities in GW for the scenario Weather 2007, including the model endogenously 

derived capacities as well as the exogenous stock. The table refers to Fig. 29. 

  

Austria + 
Switzerland 

BeNeLux 
Denmark 
west 

PL + CZ + 
SK 

France Iberia Italy 
Northern 
Europe 

Germany UK + IE 

Offshore wind - 48.16 5.58 0.01 93.74 37.18 29.29 84.30 45.07 72.16 

Onshore wind 22.00 18.72 6.38 80.89 61.65 28.56 62.14 0.61 55.42 50.41 

PV 19.91 21.91 0.01 42.28 22.39 90.45 47.73 0.01 67.95 0.02 

Run-of-river - - - - - - - - 3.18 - 

Hydro res. 14.45 - - 0.98 6.52 15.54 3.35 10.11 0.35 0.15 

CSP - - - - 0.70 7.88 1.00 - - - 

Lignite 0.21 0.03 - 8.29 - 0.82 14.37 0.01 22.74 - 

CCGT 0.01 0.07 0.01 3.33 0.01 1.06 1.33 0.28 7.49 0.01 

Coal 0.01 0.01 - 0.01 - 0.01 1.01 1.01 0.14 - 

GT 0.01 1.05 0.01 9.62 6.11 0.56 7.95 21.40 11.71 0.02 

Geothermal 0.90 0.30 0.10 1.95 2.70 3.50 3.74 0.90 2.95 0.17 

Nuclear - - - 2.94 11.71 - - - 0.03 1.32 

 

Tab. C 39: Overall generation capacities in GW for the scenario Weather 2008, including the model endogenously 

derived capacities as well as the exogenous stock. The table refers to Fig. 29. 

  

Austria + 
Switzerland 

BeNeLux 
Denmark 
west 

PL + CZ + 
SK 

France Iberia Italy 
Northern 
Europe 

Germany UK + IE 

Offshore wind - 52.37 6.02 0.04 134.34 50.11 27.38 86.38 48.12 62.57 

Onshore wind 22.00 18.72 6.38 80.89 1.35 13.86 62.14 0.29 54.47 50.41 

PV 19.91 22.24 0.18 53.66 18.94 90.45 47.73 0.14 77.11 0.05 

Run-of-river 0.03 0.01 - 0.01 0.01 0.01 0.01 0.01 3.85 0.01 

Hydro res. 14.45 - - 0.98 6.52 15.54 3.35 10.11 0.35 0.15 

CSP - - - - 0.70 7.88 1.00 - - - 

Lignite 0.87 0.04 0.02 8.16 0.02 0.03 17.23 0.04 20.86 0.02 

CCGT 0.03 0.06 0.03 3.25 0.06 0.06 1.67 1.84 7.76 0.04 

Coal 0.03 0.03 0.02 0.05 0.02 0.03 1.05 1.03 0.62 0.02 

GT 0.04 0.12 0.04 7.62 4.13 0.47 7.07 14.70 7.47 0.20 

Geothermal 0.90 0.30 0.10 1.95 2.70 3.50 3.74 0.90 2.95 0.17 

Nuclear 0.01 0.01 0.01 2.95 11.72 0.01 0.01 0.01 0.17 1.33 
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Tab. C 40: Overall generation capacities in GW for the scenario Weather 2009, including the model endogenously 

derived capacities as well as the exogenous stock. The table refers to Fig. 29. 

  

Austria + 
Switzerland 

BeNeLux 
Denmark 
west 

PL + CZ + 
SK 

France Iberia Italy 
Northern 
Europe 

Germany UK + IE 

Offshore wind - 54.57 8.33 0.07 124.07 56.44 80.66 96.60 52.04 76.97 

Onshore wind 0.62 18.72 5.50 80.89 0.27 0.17 0.13 0.15 53.54 46.30 

PV 19.91 35.51 0.07 59.78 50.82 90.45 47.73 0.09 79.61 0.06 

Run-of-river 0.05 0.01 0.01 0.01 0.01 0.01 0.02 0.01 4.24 0.01 

Hydro res. 14.45 - - 0.98 6.52 15.54 3.35 10.11 0.35 0.15 

CSP - - - - 0.70 7.88 1.00 - - - 

Lignite 4.78 0.03 0.02 10.42 0.02 0.02 12.58 0.04 19.34 0.02 

CCGT 0.06 0.05 0.03 6.10 0.07 0.04 3.74 0.89 8.89 0.04 

Coal 0.04 0.03 0.02 0.07 0.03 0.02 1.07 1.04 0.78 0.02 

GT 0.05 0.07 0.05 6.57 6.20 0.56 3.31 14.17 5.20 0.10 

Geothermal 0.90 0.30 0.10 1.95 2.70 3.50 3.74 0.90 2.95 0.17 

Nuclear 0.02 0.01 0.01 2.95 11.72 0.01 0.01 0.01 0.22 1.33 

 

Tab. C 41: Overall generation capacities in GW for the scenario Weather 2011, including the model endogenously 

derived capacities as well as the exogenous stock. The table refers to Fig. 29. 

  

Austria + 
Switzerland 

BeNeLux 
Denmark 
west 

PL + CZ + 
SK 

France Iberia Italy 
Northern 
Europe 

Germany UK + IE 

Offshore wind - 53.72 6.38 0.10 140.01 61.64 73.86 86.76 49.14 102.26 

Onshore wind 0.16 18.72 6.38 80.89 0.11 0.11 0.10 0.14 46.34 0.70 

PV 19.91 35.51 0.05 59.78 28.72 90.45 47.73 0.07 86.13 0.06 

Run-of-river 0.06 0.01 - 0.01 0.01 0.01 0.01 0.01 4.24 0.01 

Hydro res. 14.45 - - 0.98 6.52 15.54 3.35 10.11 0.35 0.15 

CSP - - - - 0.70 7.88 1.00 - - - 

Lignite 4.97 0.03 0.02 10.25 0.02 0.02 16.15 0.03 18.40 0.02 

CCGT 0.05 0.04 0.03 5.77 0.05 0.03 2.31 0.17 6.56 0.04 

Coal 0.04 0.02 0.02 0.06 0.02 0.02 1.06 1.03 0.67 0.02 

GT 0.05 0.12 0.04 6.86 1.02 0.05 7.94 19.77 10.05 1.65 

Geothermal 0.90 0.30 0.10 1.95 2.70 3.50 3.74 0.90 2.95 0.17 

Nuclear 0.02 0.01 0.01 2.95 11.72 0.01 0.01 0.01 0.19 1.33 
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Tab. C 42: Overall generation capacities in GW for the scenario Weather 2012, including the model endogenously 

derived capacities as well as the exogenous stock. The table refers to Fig. 29. 

  

Austria + 
Switzerland 

BeNeLux 
Denmark 
west 

PL + CZ + 
SK 

France Iberia Italy 
Northern 
Europe 

Germany UK + IE 

Offshore wind - 56.55 8.42 0.04 132.78 62.63 73.18 88.51 50.09 103.23 

Onshore wind 10.76 18.72 3.31 80.89 0.20 0.08 0.09 0.10 50.48 0.20 

PV 19.91 31.00 0.04 59.78 35.94 90.45 47.73 0.05 79.61 0.04 

Run-of-river 0.02 0.01 - 0.01 0.01 0.01 0.01 0.01 4.23 0.01 

Hydro res. 14.45 - - 0.98 6.52 15.54 3.35 10.11 0.35 0.15 

CSP - - - - 0.70 7.88 1.00 - - - 

Lignite 3.77 0.02 0.01 10.25 0.02 0.07 15.08 0.03 19.13 0.01 

CCGT 0.04 0.05 0.02 4.97 0.23 0.77 2.29 0.40 7.84 0.04 

Coal 0.03 0.02 0.01 0.05 0.02 0.03 1.05 1.02 0.54 0.01 

GT 0.04 0.07 0.03 6.94 3.91 0.05 4.36 17.07 8.41 2.10 

Geothermal 0.90 0.30 0.10 1.95 2.70 3.50 3.74 0.90 2.95 0.17 

Nuclear - - - 2.94 11.71 - - - - 1.32 

 

Tab. C 43: Overall generation capacities in GW for the scenario Redox-flow_Inv_low, including the model 

endogenously derived capacities as well as the exogenous stock. The table refers to Fig. 29. 

  

Austria + 
Switzerland 

BeNeLux 
Denmark 
west 

PL + CZ + 
SK 

France Iberia Italy 
Northern 
Europe 

Germany UK + IE 

Offshore wind - 41.23 9.75 0.04 106.06 64.10 28.74 91.18 47.34 72.73 

Onshore wind 22.00 18.72 2.47 80.89 33.15 3.00 62.14 0.37 54.81 50.41 

PV 19.91 35.51 0.06 59.78 47.17 90.45 47.73 1.12 86.78 0.06 

Run-of-river 0.02 0.01 - 0.01 0.01 0.01 0.01 0.01 4.24 0.01 

Hydro res. 14.45 - - 0.98 6.52 15.54 3.35 10.11 0.35 0.15 

CSP - - - - 0.70 7.88 1.00 - - - 

Lignite 0.69 0.09 0.02 7.91 0.02 0.10 15.94 0.03 21.62 0.02 

CCGT 0.04 0.30 0.03 4.98 0.13 0.13 1.87 0.18 6.47 0.04 

Coal 0.03 0.04 0.02 0.05 0.02 0.03 1.05 1.03 0.63 0.02 

GT 0.05 4.79 0.04 5.31 13.66 0.05 4.83 14.89 8.54 0.26 

Geothermal 0.90 0.30 0.10 1.95 2.70 3.50 3.74 0.90 2.95 0.17 

Nuclear - - - 2.94 11.71 - - - - 1.32 
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Tab. C 44: Overall generation capacities in GW for the scenario PHS_w/o_old_stock, including the model 

endogenously derived capacities as well as the exogenous stock. The table refers to Fig. 29. 

  

Austria + 
Switzerland 

BeNeLux 
Denmark 
west 

PL + CZ + 
SK 

France Iberia Italy 
Northern 
Europe 

Germany UK + IE 

Offshore wind - 43.01 9.67 0.11 108.60 63.03 29.83 89.46 47.36 72.86 

Onshore wind 22.00 18.72 3.07 80.89 33.51 5.64 62.14 0.72 55.24 50.41 

PV 19.91 35.51 0.13 59.78 44.17 90.45 47.73 5.17 87.60 0.12 

Run-of-river 0.06 0.02 0.01 0.02 0.02 0.01 0.02 0.02 4.24 0.01 

Hydro res. 14.45 - - 0.98 6.52 15.54 3.35 10.11 0.35 0.15 

CSP - - - - 0.70 7.88 1.00 - - - 

Lignite 0.70 0.13 0.03 7.88 0.04 0.11 15.61 0.07 21.42 0.03 

CCGT 0.07 0.31 0.05 5.20 0.22 0.18 2.19 1.41 7.50 0.07 

Coal 0.05 0.06 0.03 0.10 0.04 0.06 1.11 1.06 1.17 0.03 

GT 0.10 2.21 0.08 4.85 12.27 0.09 5.88 21.74 10.66 0.38 

Geothermal 0.90 0.30 0.10 1.95 2.70 3.50 3.74 0.90 2.95 0.17 

Nuclear - - - 2.94 11.71 - - - - 1.32 
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9.2. Storage converter capacity in Europe 

The following tables show the overall generation capacities for all European model regions. 

The values of the German model regions (see Fig. C 1) are aggregated (Germany); their model 

region-specific values are described in Sec. 9.3. 

Tab. C 45: Region-specific installed storage converter capacity in GW (including old existing PHS capacities) for the 

reference scenario. The table refers to Fig. 29. The 20 German model regions are aggregated in this table. 

  H2 Li-ion aCAES PHS Redox-flow 

Austria + Switzerland 0.02 0.51 0.05 4.54 0.04 

BeNeLux 10.02 1.76 2.24 2.86 0.06 

Denmark west 4.99 0.87 0.21 - 0.06 

PL + CZ + SK 0.48 6.97 2.66 3.50 0.06 

France 25.99 3.42 0.25 4.89 0.06 

Iberia 3.22 10.02 0.15 12.09 0.07 

Italy 0.05 6.36 0.11 8.08 0.06 

Northern Europe - 3.21 - 2.86 0.07 

Germany 10.10 15.65 3.11 8.23 0.93 

UK + IE 31.14 5.28 5.36 2.92 0.07 

Tab. C 46: Region-specific installed storage converter capacity in GW (including old existing PHS capacities) for the 

scenario Stor_Inv_low. The table refers to Fig. 29. The 20 German model regions are aggregated in this table. 

  H2 Li-ion aCAES PHS Redox-flow 

Austria + Switzerland 0.01 0.39 0.04 5.11 0.03 

BeNeLux 18.42 1.36 4.64 2.78 0.04 

Denmark west 7.59 0.64 0.69 - 0.04 

PL + CZ + SK 7.83 11.57 2.19 3.50 0.04 

France 39.37 1.63 6.00 4.89 0.05 

Iberia 5.16 15.39 0.12 9.81 0.05 

Italy 0.15 7.21 0.16 8.30 0.04 

Northern Europe - 11.96 - 2.12 0.06 

Germany 15.33 18.47 4.40 8.23 0.67 

UK + IE 36.91 1.45 4.23 2.87 0.05 
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Tab. C 47: Region-specific installed storage converter capacity in GW (including old existing PHS capacities) for the 

scenario Stor_Inv_high. The table refers to Fig. 29. The 20 German model regions are aggregated in this table. 

  H2 Li-ion aCAES PHSa Redox-flow 

Austria + Switzerland 0.02 0.51 0.05 4.47 0.05 

BeNeLux 3.50 2.09 0.67 2.87 0.06 

Denmark west 3.47 1.02 0.15 - 0.06 

PL + CZ + SK 0.07 5.94 0.51 3.50 0.06 

France 15.87 4.43 0.20 4.95 0.07 

Iberia 1.46 8.26 0.15 12.91 0.07 

Italy 0.05 6.27 0.11 7.92 0.06 

Northern Europe - 2.22 - 2.94 0.07 

Germany 7.20 14.94 1.56 8.23 0.96 

UK + IE 24.66 5.02 0.42 2.95 0.07 

Tab. C 48: Region-specific installed storage converter capacity in GW (including old existing PHS capacities) for the 

scenario VRE_Inv_low. The table refers to Fig. 29. The 20 German model regions are aggregated in this table. 

  H2 Li-ion aCAES PHS Redox-flow 

Austria + Switzerland 0.02 0.46 0.05 4.42 0.04 

BeNeLux 8.32 2.39 1.06 2.87 0.05 

Denmark west 2.50 0.78 0.14 - 0.05 

PL + CZ + SK 0.15 5.75 1.84 3.50 0.05 

France 14.29 4.82 0.18 4.95 0.06 

Iberia 3.97 6.81 0.13 12.81 0.06 

Italy 0.10 6.79 0.12 7.83 0.05 

Northern Europe - 2.84 - 3.13 0.06 

Germany 7.69 14.72 2.14 8.23 0.86 

UK + IE 20.01 4.83 1.28 2.97 0.06 

Tab. C 49: Region-specific installed storage converter capacity in GW (including old existing PHS capacities) for the 

scenario VRE_Inv_high. The table refers to Fig. 29. The 20 German model regions are aggregated in this table. 

  H2 Li-ion aCAES PHS Redox-flow 

Austria + Switzerland 0.02 0.59 0.06 4.61 0.05 

BeNeLux 10.78 1.68 3.22 2.84 0.07 

Denmark west 6.83 1.20 0.49 - 0.07 

PL + CZ + SK 1.40 9.02 2.87 3.50 0.07 

France 39.50 2.29 1.49 4.88 0.07 

Iberia 2.18 13.29 0.18 10.80 0.08 

Italy 0.05 6.03 0.12 8.31 0.06 

Northern Europe - 6.58 - 2.61 0.09 

Germany 10.93 17.37 3.75 8.23 1.06 

UK + IE 34.38 4.20 3.67 2.90 0.08 
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Tab. C 50: Region-specific installed storage converter capacity in GW (including old existing PHS capacities) for the 

scenario FP_low. The table refers to Fig. 29. The 20 German model regions are aggregated in this table. 

  H2 Li-ion aCAES PHS Redox-flow 

Austria + Switzerland 0.02 0.52 0.05 4.51 0.05 

BeNeLux 7.43 1.62 2.38 2.87 0.06 

Denmark west 4.76 0.94 0.23 - 0.06 

PL + CZ + SK 0.29 5.99 3.29 3.50 0.06 

France 24.43 3.94 0.27 4.91 0.07 

Iberia 2.39 10.27 0.16 11.97 0.07 

Italy 0.07 6.51 0.12 7.98 0.06 

Northern Europe - 2.94 - 2.88 0.07 

Germany 9.72 15.12 3.21 8.23 0.96 

UK + IE 31.34 5.41 5.15 2.93 0.07 

Tab. C 51: Region-specific installed storage converter capacity in GW (including old existing PHS capacities) for the 

scenario FP_high. The table refers to Fig. 29. The 20 German model regions are aggregated in this table. 

  H2 Li-ion aCAES PHS Redox-flow 

Austria + Switzerland 0.02 0.50 0.05 4.50 0.04 

BeNeLux 11.07 1.81 1.81 2.86 0.06 

Denmark west 5.03 0.95 0.21 - 0.06 

PL + CZ + SK 1.34 5.83 3.27 3.50 0.06 

France 32.92 2.90 0.24 4.86 0.06 

Iberia 1.62 10.15 0.15 11.77 0.06 

Italy 0.05 5.99 0.12 8.33 0.05 

Northern Europe - 4.01 - 2.79 0.07 

Germany 10.13 15.20 3.18 8.23 0.92 

UK + IE 30.78 5.49 5.91 2.93 0.07 

Tab. C 52: Region-specific installed storage converter capacity in GW (including old existing PHS capacities) for the 

scenario CO2_low. The table refers to Fig. 29. The 20 German model regions are aggregated in this table. 

  H2 Li-ion aCAES PHS Redox-flow 

Austria + Switzerland 0.02 0.45 0.05 4.46 0.04 

BeNeLux 8.55 2.02 2.16 2.86 0.05 

Denmark west 5.13 0.93 0.20 - 0.05 

PL + CZ + SK 0.24 6.08 2.99 3.50 0.05 

France 30.47 3.34 0.21 4.85 0.05 

Iberia 2.20 10.10 0.14 11.85 0.06 

Italy 0.04 6.01 0.10 8.33 0.05 

Northern Europe - 3.38 - 2.85 0.06 

Germany 9.57 14.08 3.11 8.23 0.83 

UK + IE 30.82 5.36 5.76 2.92 0.06 
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Tab. C 53: Region-specific installed storage converter capacity in GW (including old existing PHS capacities) for the 

scenario CO2_high. The table refers to Fig. 29. The 20 German model regions are aggregated in this table. 

  H2 Li-ion aCAES PHS Redox-flow 

Austria + Switzerland 0.02 0.48 0.05 4.51 0.04 

BeNeLux 10.11 1.62 2.50 2.86 0.06 

Denmark west 4.81 0.77 0.21 - 0.06 

PL + CZ + SK 0.94 5.90 3.47 3.50 0.06 

France 25.37 3.20 0.28 4.89 0.06 

Iberia 3.94 9.46 0.13 12.21 0.06 

Italy 0.09 6.62 0.14 7.88 0.05 

Northern Europe - 3.01 - 2.86 0.07 

Germany 10.54 15.13 3.30 8.23 0.91 

UK + IE 30.90 5.27 5.61 2.92 0.07 

Tab. C 54: Region-specific installed storage converter capacity in GW (including old existing PHS capacities) for the 

scenario G++. The table refers to Fig. 29. The 20 German model regions are aggregated in this table. 

  H2 Li-ion aCAES PHS Redox-flow 

Austria + Switzerland 0.50 1.38 - 6.65 - 

BeNeLux 4.31 3.23 - 2.85 - 

Denmark west 4.34 3.23 - - - 

PL + CZ + SK 4.31 3.23 - 3.50 - 

France 4.33 3.24 - 4.88 - 

Iberia 4.34 3.24 - 13.08 - 

Italy 0.50 1.38 - 8.49 - 

Northern Europe - 3.23 - 2.69 - 

Germany 14.65 20.36 0.02 8.23 0.01 

UK + IE 4.34 3.24 - 2.83 - 

Tab. C 55: Region-specific installed storage converter capacity in GW (including old existing PHS capacities) for the 

scenario G+. The table refers to Fig. 29. The 20 German model regions are aggregated in this table. 

  H2 Li-ion aCAES PHS Redox-flow 

Austria + Switzerland 0.02 0.26 0.04 6.65 0.01 

BeNeLux 0.07 0.69 0.08 2.85 0.01 

Denmark west 0.12 1.81 0.08 - 0.01 

PL + CZ + SK 0.02 1.45 0.06 3.50 0.01 

France 0.09 4.09 0.09 4.89 0.01 

Iberia 0.03 7.03 0.05 13.08 0.01 

Italy 0.02 3.55 0.05 8.49 0.01 

Northern Europe - 4.86 - 2.72 0.01 

Germany 0.46 11.32 0.54 8.23 0.24 

UK + IE 34.86 0.69 0.12 2.84 0.01 
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Tab. C 56: Region-specific installed storage converter capacity in GW (including old existing PHS capacities) for the 

scenario G+_Inv_high. The table refers to Fig. 29. The 20 German model regions are aggregated in this table. 

  H2 Li-ion aCAES PHS Redox-flow 

Austria + Switzerland 0.04 0.58 0.10 6.63 0.04 

BeNeLux 0.16 0.84 0.22 2.86 0.04 

Denmark west 0.49 1.00 0.26 - 0.04 

PL + CZ + SK 0.05 0.81 0.13 3.50 0.04 

France 0.21 1.28 0.27 4.89 0.04 

Iberia 0.07 3.68 0.15 13.07 0.04 

Italy 0.04 2.05 0.12 8.49 0.04 

Northern Europe - 1.61 - 2.69 0.04 

Germany 0.94 14.32 1.47 8.23 0.71 

UK + IE 36.86 0.94 0.41 2.85 0.04 

Tab. C 57: Region-specific installed storage converter capacity in GW (including old existing PHS capacities) for the 

scenario G+_Inv_veryhigh. The table refers to Fig. 29. The 20 German model regions are aggregated in this table. 

  H2 Li-ion aCAES PHS Redox-flow 

Austria + Switzerland 0.12 1.61 0.28 6.50 0.14 

BeNeLux 0.40 1.76 0.67 2.89 0.15 

Denmark west 1.09 1.87 0.63 - 0.15 

PL + CZ + SK 0.15 1.77 0.38 3.50 0.14 

France 0.53 2.00 0.67 4.93 0.15 

Iberia 0.20 3.29 0.43 13.04 0.15 

Italy 0.12 2.52 0.33 8.46 0.14 

Northern Europe - 2.16 - 2.71 0.16 

Germany 2.21 30.90 3.06 8.23 2.58 

UK + IE 36.12 2.04 1.27 2.90 0.16 

Tab. C 58: Region-specific installed storage converter capacity in GW (including old existing PHS capacities) for the 

scenario Cur.003. The table refers to Fig. 29. The 20 German model regions are aggregated in this table. 

  H2 Li-ion aCAES PHS Redox-flow 

Austria + Switzerland 0.01 0.30 0.03 4.46 0.03 

BeNeLux 11.85 1.16 2.42 2.85 0.03 

Denmark west 6.90 0.81 0.73 - 0.04 

PL + CZ + SK 2.75 8.55 3.52 3.50 0.04 

France 30.81 4.22 0.32 4.88 0.04 

Iberia 3.27 9.81 0.09 12.08 0.04 

Italy 0.04 6.39 0.07 8.04 0.03 

Northern Europe - 11.70 - 2.52 0.05 

Germany 10.79 12.60 3.33 8.23 0.56 

UK + IE 32.35 4.21 4.47 2.89 0.04 
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Tab. C 59: Region-specific installed storage converter capacity in GW (including old existing PHS capacities) for the 

scenario Cur.010. The table refers to Fig. 29. The 20 German model regions are aggregated in this table. 

  H2 Li-ion aCAES PHS Redox-flow 

Austria + Switzerland 0.01 0.22 0.02 4.45 0.02 

BeNeLux 10.13 1.79 2.38 2.85 0.03 

Denmark west 5.06 0.39 0.11 - 0.03 

PL + CZ + SK 0.33 6.85 2.78 3.50 0.03 

France 25.89 3.64 0.13 4.86 0.03 

Iberia 3.32 10.04 0.07 12.05 0.03 

Italy 0.02 6.43 0.05 8.10 0.02 

Northern Europe - 2.92 - 2.86 0.03 

Germany 10.12 11.14 2.89 8.23 0.42 

UK + IE 31.23 5.15 5.47 2.90 0.03 

Tab. C 60: Region-specific installed storage converter capacity in GW (including old existing PHS capacities) for the 

scenario VRE_exp_CO2_med. The table refers to Fig. 29. The 20 German model regions are aggregated in this table. 

  H2 Li-ion aCAES PHS Redox-flow 

Austria + Switzerland - 0.12 0.01 4.34 0.01 

BeNeLux 0.01 0.17 0.03 2.88 0.01 

Denmark west 0.03 0.30 0.69 - 0.01 

PL + CZ + SK 0.01 0.13 0.02 3.50 0.01 

France 0.01 1.10 0.04 4.89 0.01 

Iberia - 1.91 0.02 6.39 0.01 

Italy 0.01 2.56 0.02 7.64 0.01 

Northern Europe - 0.28 - 2.79 0.01 

Germany 0.05 3.97 0.41 8.23 0.21 

UK + IE 0.41 5.13 3.41 2.88 0.01 

Tab. C 61: Region-specific installed storage converter capacity in GW (including old existing PHS capacities) for the 

scenario VRE_exp_CO2_high. The table refers to Fig. 29. The 20 German model regions are aggregated in this table. 

  H2 Li-ion aCAES PHS Redox-flow 

Austria + Switzerland 0.01 0.17 0.02 4.36 0.02 

BeNeLux 0.02 0.62 0.05 2.83 0.02 

Denmark west 1.72 0.42 0.22 - 0.02 

PL + CZ + SK 0.02 5.15 0.31 3.50 0.02 

France 0.31 4.13 0.06 4.80 0.02 

Iberia 0.02 6.86 0.04 12.54 0.02 

Italy 0.01 5.61 0.03 8.37 0.02 

Northern Europe - 1.42 - 2.93 0.02 

Germany 1.74 10.11 1.31 8.23 0.34 

UK + IE 21.10 4.67 5.72 2.95 0.02 
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Tab. C 62: Region-specific installed storage converter capacity in GW (including old existing PHS capacities) for the 

scenario VRE_exp_CO2_veryhigh. The table refers to Fig. 29. The 20 German model regions are aggregated. 

  H2 Li-ion aCAES PHS Redox-flow 

Austria + Switzerland 0.01 0.19 0.02 4.36 0.02 

BeNeLux 0.05 1.80 0.11 2.85 0.02 

Denmark west 2.04 0.32 0.10 - 0.02 

PL + CZ + SK 0.09 5.01 3.07 3.50 0.02 

France 13.33 4.38 0.09 4.82 0.02 

Iberia 0.05 7.75 0.05 12.31 0.03 

Italy 0.01 5.89 0.04 8.37 0.02 

Northern Europe - 1.71 - 2.88 0.03 

Germany 4.90 11.17 2.27 8.23 0.37 

UK + IE 27.06 4.85 5.75 2.93 0.03 

Tab. C 63: Region-specific installed storage converter capacity in GW (including old existing PHS capacities) for the 

scenario TempRes_2h. The table refers to Fig. 29. The 20 German model regions are aggregated in this table. 

  H2 Li-ion aCAES PHS Redox-flow 

Austria + Switzerland 0.01 0.29 0.03 4.46 0.03 

BeNeLux 9.75 1.67 2.59 2.86 0.03 

Denmark west 5.02 0.48 0.13 0.03 

PL + CZ + SK 0.41 6.51 2.61 3.50 0.04 

France 25.71 3.26 0.15 4.87 0.04 

Iberia 3.21 9.72 0.09 12.00 0.04 

Italy 0.03 5.21 0.07 8.13 0.03 

Northern Europe 3.19 2.74 0.04 

Germany 10.11 11.12 2.93 8.23 0.55 

UK + IE 31.32 3.17 5.35 2.89 0.04 

Tab. C 64: Region-specific installed storage converter capacity in GW (including old existing PHS capacities) for the 

scenario TempRes_6h. The table refers to Fig. 29. The 20 German model regions are aggregated in this table. 

  H2 Li-ion aCAES PHS Redox-flow 

Austria + Switzerland 0.02 0.37 0.04 4.48 0.03 

BeNeLux 9.19 0.51 1.94 2.85 0.04 

Denmark west 4.90 0.62 0.16 0.04 

PL + CZ + SK 0.57 2.93 2.11 3.50 0.04 

France 24.75 0.58 0.17 4.82 0.04 

Iberia 3.22 2.24 0.11 13.55 0.05 

Italy 0.04 0.83 0.09 8.35 0.05 

Northern Europe 2.35 2.45 0.05 

Germany 10.21 8.44 2.71 8.23 0.70 

UK + IE 31.29 1.34 4.85 2.93 0.06 
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Tab. C 65: Region-specific installed storage converter capacity in GW (including old existing PHS capacities) for the 

scenario Weather 2007. The table refers to Fig. 29. The 20 German model regions are aggregated in this table. 

  H2 Li-ion aCAES PHS Redox-flow 

Austria + Switzerland - 0.10 0.01 4.39 0.01 

BeNeLux 10.99 0.67 2.76 2.86 0.01 

Denmark west 5.61 0.18 0.83 - 0.01 

PL + CZ + SK 1.80 2.76 3.83 3.50 0.01 

France 28.36 2.50 0.11 4.83 0.01 

Iberia 1.42 13.26 0.04 11.77 0.01 

Italy 0.01 4.15 0.04 8.31 0.01 

Northern Europe - 3.36 - 2.79 0.02 

Germany 9.54 7.16 4.83 8.23 0.18 

UK + IE 24.83 3.14 7.14 2.88 0.01 

Tab. C 66: Region-specific installed storage converter capacity in GW (including old existing PHS capacities) for the 

scenario Weather 2008. The table refers to Fig. 29. The 20 German model regions are aggregated in this table. 

  H2 Li-ion aCAES PHS Redox-flow 

Austria + Switzerland 0.02 0.49 0.05 4.47 0.04 

BeNeLux 11.91 0.80 2.91 2.84 0.06 

Denmark west 4.42 0.86 0.25 - 0.06 

PL + CZ + SK 1.80 4.52 2.67 3.50 0.06 

France 25.66 1.98 4.29 4.90 0.06 

Iberia 2.82 13.15 0.19 11.74 0.07 

Italy 0.06 5.12 0.14 8.20 0.05 

Northern Europe - 3.65 - 2.91 0.07 

Germany 10.06 14.25 3.57 8.23 0.92 

UK + IE 27.46 8.50 7.94 2.92 0.07 

Tab. C 67: Region-specific installed storage converter capacity in GW (including old existing PHS capacities) for the 

scenario Weather 2009. The table refers to Fig. 29. The 20 German model regions are aggregated in this table. 

  H2 Li-ion aCAES PHS Redox-flow 

Austria + Switzerland 0.02 0.65 0.06 4.41 0.06 

BeNeLux 10.90 1.38 4.21 2.86 0.08 

Denmark west 5.36 1.15 0.55 - 0.08 

PL + CZ + SK 0.15 7.34 1.64 3.50 0.08 

France 23.17 6.77 3.33 4.96 0.09 

Iberia 0.97 15.08 0.26 12.73 0.09 

Italy 0.26 7.51 0.48 7.95 0.07 

Northern Europe - 4.37 - 2.71 0.10 

Germany 7.79 18.57 5.31 8.23 1.22 

UK + IE 28.10 4.00 3.81 2.92 0.10 
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Tab. C 68: Region-specific installed storage converter capacity in GW (including old existing PHS capacities) for the 

scenario Weather 2011. The table refers to Fig. 29. The 20 German model regions are aggregated in this table. 

  H2 Li-ion aCAES PHS Redox-flow 

Austria + Switzerland 0.02 0.56 0.06 4.41 0.05 

BeNeLux 14.85 1.56 1.74 2.86 0.07 

Denmark west 5.56 1.15 0.31 - 0.07 

PL + CZ + SK 0.17 6.95 2.38 3.50 0.07 

France 22.52 2.93 6.52 4.87 0.07 

Iberia 1.14 14.71 0.28 11.94 0.08 

Italy 0.08 5.78 0.14 7.48 0.06 

Northern Europe - 5.96 - 2.95 0.10 

Germany 11.38 17.46 4.06 8.23 1.08 

UK + IE 26.85 9.52 1.86 3.17 0.09 

Tab. C 69: Region-specific installed storage converter capacity in GW (including old existing PHS capacities) for the 

scenario Weather 2012. The table refers to Fig. 29. The 20 German model regions are aggregated in this table. 

  H2 Li-ion aCAES PHS Redox-flow 

Austria + Switzerland 0.02 0.44 0.04 4.39 0.04 

BeNeLux 12.24 0.85 5.95 2.84 0.05 

Denmark west 4.99 0.92 0.56 - 0.05 

PL + CZ + SK 0.41 7.59 1.47 3.50 0.05 

France 24.38 2.37 4.28 4.94 0.06 

Iberia 1.49 17.19 0.22 11.30 0.06 

Italy 0.08 8.25 0.19 7.83 0.05 

Northern Europe - 5.95 - 2.69 0.07 

Germany 8.79 14.39 5.26 8.23 0.83 

UK + IE 21.77 9.15 10.11 2.98 0.07 

Tab. C 70: Region-specific installed storage converter capacity in GW (including old existing PHS capacities) for the 

scenario Redox-flow_Inv_low. The table refers to Fig. 29. The 20 German model regions are aggregated in this table. 

  H2 Li-ion aCAES PHS Redox-flow 

Austria + Switzerland 0.02 0.51 0.05 4.52 0.06 

BeNeLux 8.02 1.79 0.21 2.85 2.92 

Denmark west 4.57 0.93 0.13 - 0.14 

PL + CZ + SK 0.28 5.46 0.22 3.50 3.77 

France 25.37 3.29 0.22 4.89 0.42 

Iberia 3.10 9.82 0.14 12.12 0.20 

Italy 0.05 6.30 0.11 8.06 0.15 

Northern Europe - 1.61 - 3.01 8.62 

Germany 9.30 14.16 0.93 8.23 5.86 

UK + IE 31.06 5.08 3.52 2.94 2.11 
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Tab. C 71: Region-specific installed storage converter capacity in GW (excluding old existing PHS capacities) for 

the scenario PHS_w/o_old_stock. The table refers to Fig. 29. The 20 German model regions are aggregated in this 

table. 

  H2 Li-ion aCAES PHS Redox-flow 

Austria + Switzerland 0.04 1.15 0.13 1.38 0.10 

BeNeLux 9.50 3.65 3.79 0.44 0.12 

Denmark west 4.98 1.64 0.37 - 0.12 

PL + CZ + SK 0.69 10.15 3.28 - 0.12 

France 27.10 7.10 1.14 0.58 0.14 

Iberia 3.56 13.96 0.37 8.06 0.14 

Italy 0.12 9.70 0.42 3.63 0.13 

Northern Europe - 4.78 - 1.45 0.15 

Germany 10.19 28.08 4.23 - 1.92 

UK + IE 31.07 6.87 6.57 0.44 0.14 

 



 

9.3. Storage converter capacity in Germany 

Tab. C 72: Overall model endogenously derived storage converter power (in GW) for all German model regions (including existing PHS capacities) and the scenarios  reference, 

Stor_Inv_low, and Stor_Inv_high. 

Reference scenario 

Amp.1 Amp.2 Amp.3 Amp.4 Amp.5 Amp.6 Transn.1 Transn.2 Tennet1 Tennet2 Tennet3 Tennet4 Tennet5 Tennet6 50Hertz1 50Hertz2 50Hertz3 50Hertz4 

H2 - 3.50 - - - - - - 0.37 5.31 0.03 0.04 - - 0.83 - 0.03 - 

Li-ion 0.71 0.86 0.92 1.14 1.72 0.60 0.79 0.62 0.73 0.85 0.79 0.72 1.06 0.78 1.42 0.64 0.64 0.66 

aCAES - 0.62 - - - - - - 0.22 0.59 0.10 0.10 - - 1.38 - 0.10 - 

PHS - - 0.30 - - - - 3.45 - 0.12 0.22 0.58 0.47 0.31 - - 1.60 1.17 

Redox-fl. 0.05 0.06 0.05 0.05 0.06 0.05 0.05 0.05 0.05 0.06 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 

Total 0.76 5.03 1.28 1.20 1.77 0.64 0.84 4.12 1.38 6.92 1.18 1.49 1.58 1.14 3.70 0.68 2.41 1.88 

                  
Stor_Inv_low 

H2 - 4.03 - - - - - - 0.96 7.54 0.03 0.18 - - 2.56 - 0.03 - 

Li-ion 0.56 0.90 1.00 1.69 2.00 0.57 0.75 0.51 0.57 0.69 1.10 0.89 1.36 1.22 2.47 0.76 0.57 0.85 

aCAES - 0.55 - - - - - - 0.17 1.69 0.07 0.08 - - 1.76 - 0.07 - 

PHS - - 0.30 - - - - 3.45 - 0.12 0.22 0.58 0.47 0.31 - - 1.60 1.17 

Redox-fl. 0.04 0.04 0.04 0.04 0.04 0.03 0.04 0.03 0.04 0.04 0.03 0.03 0.04 0.04 0.04 0.03 0.03 0.03 

Total 0.60 5.53 1.34 1.73 2.04 0.60 0.79 4.00 1.74 10.08 1.46 1.77 1.87 1.57 6.82 0.79 2.31 2.06 

                  
Stor_Inv_high 

H2 - 2.54 - - - - - - 0.30 4.18 0.02 0.03 - - 0.10 - 0.03 - 

Li-ion 0.74 0.89 0.89 0.92 1.51 0.58 0.82 0.62 0.78 0.90 0.73 0.70 0.92 0.69 1.41 0.59 0.63 0.62 

aCAES - 0.30 - - - - - - 0.24 0.32 0.10 0.10 - - 0.42 - 0.09 - 

PHS - - 0.30 - - - - 3.45 - 0.12 0.22 0.58 0.47 0.31 - - 1.60 1.17 

Redox-fl. 0.05 0.06 0.06 0.05 0.06 0.05 0.06 0.05 0.06 0.06 0.05 0.05 0.05 0.05 0.06 0.05 0.05 0.05 

Total 0.79 3.79 1.24 0.97 1.57 0.63 0.87 4.13 1.38 5.58 1.12 1.45 1.44 1.05 1.99 0.64 2.40 1.84 
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Tab. C 73: Overall model endogenously derived storage converter power (in GW) for all German model regions (including existing PHS capacities) and the  scenarios 

VRE_Inv_low, VRE_Inv_high, and FP_low. 

VRE_Inv_low 

Amp.1 Amp.2 Amp.3 Amp.4 Amp.5 Amp.6 Transnet1 Transnet2 Tennet1 Tennet2 Tennet3 Tennet4 Tennet5 Tennet6 50Hertz1 50Hertz2 50Hertz3 50Hertz4 

H2 - 3.33 - - - - - - 0.29 3.60 0.03 0.04 - - 0.38 - 0.03 - 

Li-ion 0.70 0.81 0.81 0.87 1.73 0.58 0.74 0.59 0.69 0.80 0.72 0.70 1.10 0.73 1.33 0.57 0.62 0.62 

aCAES - 0.28 - - - - - - 0.22 0.27 0.11 0.13 - - 1.04 - 0.10 - 

PHS - - 0.30 - - - - 3.45 - 0.12 0.22 0.58 0.47 0.31 - - 1.60 1.17 

Redox-fl. 0.05 0.05 0.05 0.05 0.05 0.04 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.04 0.05 0.05 

Total 0.75 4.47 1.16 0.92 1.79 0.62 0.79 4.09 1.25 4.84 1.12 1.50 1.62 1.09 2.80 0.61 2.40 1.83 

VRE_Inv_high 

H2 - 3.82 - - - - - - 0.59 5.48 0.03 0.04 - - 0.94 - 0.04 - 

Li-ion 0.77 0.95 0.95 1.21 1.58 0.66 0.86 0.67 0.80 0.95 0.85 0.77 1.25 0.97 1.89 0.69 0.73 0.81 

aCAES - 0.64 - - - - - - 0.21 1.17 0.09 0.10 - - 1.43 - 0.10 - 

PHS - - 0.30 - - - - 3.45 - 0.12 0.22 0.58 0.47 0.31 - - 1.60 1.17 

Redox-fl. 0.06 0.06 0.06 0.06 0.06 0.05 0.06 0.05 0.06 0.07 0.06 0.06 0.06 0.06 0.06 0.05 0.05 0.06 

Total 0.83 5.48 1.32 1.27 1.65 0.71 0.92 4.18 1.67 7.79 1.24 1.55 1.78 1.34 4.32 0.75 2.53 2.03 

FP_low 

H2 - 3.40 - - - - - - 0.42 5.21 0.03 0.03 - - 0.61 - 0.03 - 

Li-ion 0.69 0.88 0.96 1.04 1.68 0.57 0.83 0.62 0.77 0.88 0.64 0.68 0.89 0.74 1.44 0.55 0.61 0.63 

aCAES - 0.72 - - - - - - 0.24 0.70 0.09 0.09 - - 1.29 - 0.09 - 

PHS - - 0.30 - - - - 3.45 - 0.12 0.22 0.58 0.47 0.31 - - 1.60 1.17 

Redox-fl. 0.05 0.06 0.06 0.05 0.06 0.05 0.06 0.05 0.06 0.06 0.05 0.05 0.05 0.05 0.06 0.05 0.05 0.05 

Total 0.75 5.06 1.32 1.10 1.74 0.62 0.89 4.13 1.48 6.97 1.02 1.43 1.41 1.10 3.39 0.60 2.38 1.84 
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Tab. C 74: Overall model endogenously derived storage converter power (in GW) for all German model regions (including existing PHS capacities) and the      scenarios 

FP_high, CO2_low, and CO2_high. 

FP_high 

Amp.1 Amp.2 Amp.3 Amp.4 Amp.5 Amp.6 Transnet1 Transnet2 Tennet1 Tennet2 Tennet3 Tennet4 Tennet5 Tennet6 50Hertz1 50Hertz2 50Hertz3 50Hertz4 

H2 - 3.43 - - - - - - 0.32 5.31 0.03 0.06 - - 0.94 - 0.04 -

Li-ion 0.70 0.83 0.99 1.08 1.71 0.59 0.76 0.61 0.73 0.83 0.77 0.73 0.92 0.75 1.31 0.65 0.62 0.63

aCAES - 0.43 - - - - - - 0.23 0.48 0.09 0.11 - - 1.73 - 0.10 -

PHS - - 0.30 - - - - 3.45 - 0.12 0.22 0.58 0.47 0.31 - - 1.60 1.17

Redox-fl. 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.06 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05

Total 0.76 4.74 1.34 1.13 1.76 0.64 0.82 4.11 1.33 6.80 1.16 1.53 1.45 1.10 4.03 0.70 2.41 1.85

CO2_low 

H2 - 3.39 - - - - - - 0.29 5.16 0.02 0.04 - - 0.64 - 0.03 -

Li-ion 0.65 0.78 0.90 0.99 1.61 0.53 0.71 0.55 0.67 0.76 0.73 0.67 0.91 0.68 1.23 0.61 0.56 0.56

aCAES - 0.44 - - - - - - 0.23 0.51 0.09 0.10 - - 1.66 - 0.08 -

PHS - - 0.30 - - - - 3.45 - 0.12 0.22 0.58 0.47 0.31 - - 1.60 1.17

Redox-fl. 0.05 0.05 0.05 0.05 0.05 0.04 0.05 0.04 0.05 0.05 0.04 0.04 0.05 0.04 0.05 0.04 0.04 0.04

Total 0.69 4.66 1.25 1.04 1.66 0.58 0.76 4.05 1.23 6.61 1.11 1.43 1.42 1.03 3.57 0.65 2.32 1.77

CO2_high 

H2 - 3.64 - - - - - - 0.46 5.42 0.03 0.04 - - 0.92 - 0.03 -

Li-ion 0.69 0.79 1.00 1.11 1.57 0.58 0.76 0.61 0.71 0.78 0.78 0.69 1.09 0.80 1.18 0.81 0.59 0.60

aCAES - 0.69 - - - - - - 0.22 0.60 0.14 0.12 - - 1.42 - 0.10 -

PHS - - 0.30 - - - - 3.45 - 0.12 0.22 0.58 0.47 0.31 - - 1.60 1.17

Redox-fl. 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05

Total 0.74 5.17 1.36 1.16 1.62 0.63 0.81 4.11 1.44 6.98 1.22 1.48 1.61 1.15 3.57 0.86 2.38 1.82
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Tab. C 75: Overall model endogenously derived storage converter power (in GW) for all German model regions (including existing PHS capacities) and the scenarios  G++, 

 G+, and G+_Inv_high. 

G++ 

Amp.1 Amp.2 Amp.3 Amp.4 Amp.5 Amp.6 Transnet1 Transnet2 Tennet1 Tennet2 Tennet3 Tennet4 Tennet5 Tennet6 50Hertz1 50Hertz2 50Hertz3 50Hertz4 

H2 - 3.84 - - - - - - 1.16 4.32 0.27 0.41 - - 4.32 - 0.32 - 

Li-ion 0.24 3.23 0.24 1.12 1.12 0.14 3.23 0.12 3.23 3.23 0.12 0.25 0.25 0.16 3.23 0.16 0.14 0.16 

aCAES - - - - - - - - - - - - - - - - - - 

PHS - - 0.30 - - - - 3.45 - 0.12 0.22 0.58 0.47 0.31 - - 1.60 1.17 

Redox-fl. - - - - - - - - - - - - - - - - - - 

Total 0.24 7.08 0.54 1.12 1.12 0.14 3.23 3.57 4.40 7.68 0.61 1.24 0.72 0.47 7.55 0.16 2.07 1.33 

G+ 

H2 - 0.07 - - - - - - 0.09 0.09 0.08 0.05 - - 0.05 - 0.03 - 

Li-ion 0.75 0.57 0.58 0.76 0.74 0.37 0.52 0.35 0.74 0.64 0.76 0.47 0.49 0.39 1.40 0.92 0.39 0.49 

aCAES - 0.07 - - - - - - 0.08 0.08 0.09 0.07 - - 0.09 - 0.06 - 

PHS - - 0.30 - - - - 3.45 - 0.12 0.22 0.58 0.47 0.31 - - 1.60 1.17 

Redox-fl. 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Total 0.77 0.73 0.90 0.77 0.76 0.38 0.54 3.81 0.92 0.94 1.16 1.18 0.97 0.71 1.56 0.93 2.10 1.67 

G+_Inv_high 

H2 - 0.14 - - - - - - 0.18 0.20 0.14 0.10 - - 0.11 - 0.07 - 

Li-ion 0.86 0.79 0.86 0.92 0.87 0.66 0.74 0.65 0.79 0.82 0.88 0.81 0.79 0.71 0.88 0.86 0.71 0.72 

aCAES - 0.21 - - - - - - 0.28 0.25 0.20 0.16 - - 0.23 - 0.14 - 

PHS - - 0.30 - - - - 3.45 - 0.12 0.22 0.58 0.47 0.31 - - 1.60 1.17 

Redox-fl. 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 

Total 0.90 1.19 1.20 0.96 0.91 0.70 0.77 4.15 1.28 1.42 1.48 1.69 1.30 1.06 1.25 0.90 2.57 1.93 
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Tab. C 76: Overall model endogenously derived storage converter power (in GW) for all German model regions (including existing PHS capacities) and the  scenarios 

G+_Inv_veryhigh, Cur003, and Cur010. 

G+_Inv_veryhigh 

Amp.1 Amp.2 Amp.3 Amp.4 Amp.5 Amp.6 Transnet1 Transnet2 Tennet1 Tennet2 Tennet3 Tennet4 Tennet5 Tennet6 50Hertz1 50Hertz2 50Hertz3 50Hertz4 

H2 - 0.34 - - - - - - 0.43 0.46 0.31 0.23 - - 0.25 - 0.19 - 

Li-ion 1.78 1.72 1.77 1.80 1.74 1.63 1.69 1.66 1.74 1.75 1.79 1.69 1.66 1.65 1.80 1.73 1.63 1.65 

aCAES - 0.49 - - - - - - 0.33 0.51 0.44 0.41 - - 0.51 - 0.37 - 

PHS - - 0.30 - - - - 3.45 - 0.12 0.22 0.58 0.47 0.31 - - 1.60 1.17 

Redox-fl. 0.15 0.14 0.14 0.15 0.14 0.14 0.14 0.14 0.15 0.15 0.14 0.14 0.14 0.14 0.14 0.15 0.14 0.14 

Total 1.93 2.70 2.22 1.95 1.88 1.77 1.84 5.26 2.64 2.98 2.90 3.06 2.27 2.10 2.71 1.88 3.94 2.96 

Cur003 

H2 -  3.58   - - - - - -  0.23    5.88    0.02    0.02   - -  1.05   -  0.02   - 

Li-ion  0.49    0.69    0.74    1.01    1.79    0.38    0.57    0.39    0.51    0.71    0.63    0.52    0.87    0.61    1.47    0.44    0.40    0.39   

aCAES -  0.47   - - - - - -  0.17    0.78    0.05    0.06   - -  1.74   -  0.05   - 

PHS - -  0.30   - - - -  3.45   -  0.12    0.22    0.58    0.47    0.31   - -  1.60    1.17   

Redox-fl.  0.03    0.03    0.03    0.03    0.03    0.03    0.03    0.03    0.03    0.03    0.03    0.03    0.03    0.03    0.03    0.03    0.03    0.03   

Total  0.52    4.77    1.08    1.04    1.82    0.41    0.61    3.87    0.94    7.52    0.95    1.21    1.37    0.95    4.30    0.47    2.10    1.58   

Cur010 

H2 - 3.65 - - - - - - 0.20 5.39 0.01 0.02 - - 0.83 - 0.01 - 

Li-ion 0.40 0.54 0.69 0.89 1.70 0.34 0.48 0.29 0.39 0.50 0.64 0.50 0.93 0.53 1.20 0.41 0.34 0.37 

aCAES - 0.54 - - - - - - 0.15 0.62 0.04 0.05 - - 1.46 - 0.04 - 

PHS - - 0.30 - - - - 3.45 - 0.12 0.22 0.58 0.47 0.31 - - 1.60 1.17 

Redox-fl. 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 

Total 0.42 4.76 1.02 0.91 1.73 0.36 0.50 3.77 0.76 6.66 0.94 1.17 1.42 0.86 3.51 0.43 2.03 1.57 
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Tab. C 77: Overall model endogenously derived storage converter power (in GW) for all German model regions (including existing PHS capacities) and the  scenarios 

VRE_exp_CO2_med, VRE_exp_CO2_high, and VRE_exp_CO2_veryhigh. 

VRE_exp_CO2_med 

Amp.1 Amp.2 Amp.3 Amp.4 Amp.5 Amp.6 Transnet1 Transnet2 Tennet1 Tennet2 Tennet3 Tennet4 Tennet5 Tennet6 50Hertz1 50Hertz2 50Hertz3 50Hertz4 

H2 - 0.01 - - - - - - 0.01 0.01 0.01 0.01 - - 0.01 - 0.01 - 

Li-ion 0.19 0.38 0.19 0.17 0.24 0.13 0.23 0.14 0.26 0.79 0.18 0.14 0.13 0.15 0.20 0.20 0.13 0.13 

aCAES - 0.05 - - - - - - 0.04 0.19 0.04 0.03 - - 0.05 - 0.03 - 

PHS - - 0.30 - - - - 3.45 - 0.12 0.22 0.58 0.47 0.31 - - 1.60 1.17 

Redox-fl. 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Total 0.20 0.44 0.50 0.18 0.25 0.14 0.25 3.60 0.32 1.13 0.45 0.76 0.61 0.47 0.26 0.21 1.77 1.31 

VRE_exp_CO2_high 

H2 - 0.13 - - - - - - 0.06 1.50 0.01 0.01 - - 0.02 - 0.01 - 

Li-ion 0.33 0.72 0.38 0.75 0.77 0.28 0.49 0.22 0.39 0.66 0.49 0.36 1.49 0.43 1.40 0.24 0.33 0.38 

aCAES - 0.17 - - - - - - 0.09 0.68 0.04 0.04 - - 0.24 - 0.04 - 

PHS - - 0.30 - - - - 3.45 - 0.12 0.22 0.58 0.47 0.31 - - 1.60 1.17 

Redox-fl. 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 

Total 0.34 1.04 0.70 0.77 0.79 0.30 0.51 3.69 0.56 2.97 0.78 1.01 1.98 0.76 1.69 0.26 2.00 1.57 

VRE_exp_CO2_veryhigh 

H2 - 1.30 - - - - - - 0.12 3.37 0.01 0.01 - - 0.06 - 0.01 - 

Li-ion 0.35 0.62 0.54 0.82 1.18 0.33 0.50 0.25 0.40 0.58 0.39 0.39 1.78 0.46 1.61 0.24 0.34 0.38 

aCAES - 0.29 - - - - - - 0.12 0.81 0.05 0.05 - - 0.92 - 0.05 - 

PHS - - 0.30 - - - - 3.45 - 0.12 0.22 0.58 0.47 0.31 - - 1.60 1.17 

Redox-fl. 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 

Total 0.37 2.23 0.87 0.84 1.20 0.35 0.52 3.72 0.66 4.91 0.68 1.04 2.27 0.79 2.62 0.26 2.03 1.57 
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Tab. C 78: Overall model endogenously derived storage converter power (in GW) for all German model regions (including existing PHS capacities) and the  

scenarios TempRes_2h and TempRes_6h. 

TempRes_2h 

Amp.1 Amp.2 Amp.3 Amp.4 Amp.5 Amp.6 Transnet1 Transnet2 Tennet1 Tennet2 Tennet3 Tennet4 Tennet5 Tennet6 50Hertz1 50Hertz2 50Hertz3 50Hertz4 

H2 - 3.60 - - - - - - 0.26 5.37 0.02 0.02 - - 0.83 - 0.02 - 

Li-ion 0.45 0.55 0.66 0.82 1.43 0.39 0.51 0.34 0.45 0.53 0.61 0.51 0.92 0.54 1.18 0.43 0.40 0.42 

aCAES - 0.58 - - - - - - 0.20 0.60 0.06 0.07 - - 1.37 - 0.06 - 

PHS - - 0.30 - - - - 3.45 - 0.12 0.22 0.58 0.47 0.31 - - 1.60 1.17 

Redox-fl. 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 

Total 0.48 4.76 1.00 0.85 1.46 0.42 0.54 3.82 0.93 6.65 0.93 1.21 1.42 0.88 3.41 0.46 2.11 1.62 

TempRes_6h 

H2 - 3.54 - - - - - - 0.33 5.49 0.02 0.03 - - 0.78 - 0.03 - 

Li-ion 0.44 0.49 0.48 0.57 0.72 0.39 0.48 0.43 0.48 0.50 0.40 0.41 0.47 0.42 0.59 0.38 0.40 0.40 

aCAES - 0.58 - - - - - - 0.20 0.63 0.07 0.08 - - 1.08 - 0.07 - 

PHS -  0.30 - - - - 3.45 - 0.12 0.22 0.58 0.47 0.31 - - 1.60 1.17 

Redox-fl. 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 

Total 0.48 4.64 0.83 0.61 0.76 0.43 0.52 3.92 1.05 6.79 0.75 1.14 0.98 0.76 2.49 0.42 2.13 1.60 
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Tab. C 79: Overall model endogenously derived storage converter power (in GW) for all German model regions (including existing PHS capacities) and the scenarios  weather 

2007, weather 2008, and weather 2009. 

Weather 2007 

Amp.1 Amp.2 Amp.3 Amp.4 Amp.5 Amp.6 Transnet1 Transnet2 Tennet1 Tennet2 Tennet3 Tennet4 Tennet5 Tennet6 50Hertz1 50Hertz2 50Hertz3 50Hertz4 

H2 - 3.45 - - - - - - 0.09 4.70 0.01 0.01 - - 1.27 - 0.01 - 

Li-ion 0.15 0.19 0.33 0.76 1.20 0.30 0.18 0.13 0.17 0.18 0.42 0.23 0.80 0.62 0.77 0.41 0.15 0.18 

aCAES - 0.74 - - - - - - 0.20 2.17 0.02 0.02 - - 1.66 - 0.02 - 

PHS -  0.30 - - - - 3.45 - 0.12 0.22 0.58 0.47 0.31 - - 1.60 1.17 

Redox-fl. 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Total 0.16 4.39 0.64 0.77 1.21 0.30 0.19 3.59 0.47 7.19 0.68 0.85 1.28 0.94 3.71 0.42 1.79 1.36 

Weather 2008 

H2 - 3.27 - - - - - - 0.35 5.05 0.03 0.04 - - 1.29 - 0.03 - 

Li-ion 0.61 0.69 0.85 0.99 1.41 0.58 0.68 0.57 0.66 0.71 0.77 0.67 0.95 0.84 1.34 0.67 0.61 0.64 

aCAES - 0.70 - - - - - - 0.23 1.08 0.09 0.11 - - 1.28 - 0.08 - 

PHS -  0.30 - - - - 3.45 - 0.12 0.22 0.58 0.47 0.31 - - 1.60 1.17 

Redox-fl. 0.05 0.05 0.05 0.05 0.06 0.05 0.05 0.05 0.05 0.06 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 

Total 0.67 4.72 1.21 1.05 1.46 0.62 0.73 4.07 1.29 7.02 1.16 1.45 1.47 1.20 3.97 0.72 2.37 1.86 

Weather 2009 

H2 - 2.87 - - - - - - 0.44 3.90 0.03 0.04 - - 0.48 - 0.03 - 

Li-ion 0.82 0.96 1.06 1.47 1.93 0.75 0.92 0.76 0.89 0.96 0.95 0.84 1.08 1.02 1.79 0.81 0.77 0.79 

aCAES - 0.66 - - - - - - 0.23 2.60 0.11 0.12 - - 1.48 - 0.10 - 

PHS -  0.30 - - - - 3.45 - 0.12 0.22 0.58 0.47 0.31 - - 1.60 1.17 

Redox-fl. 0.07 0.07 0.07 0.07 0.08 0.06 0.07 0.06 0.07 0.07 0.06 0.06 0.06 0.07 0.07 0.06 0.06 0.06 

Total 0.89 4.56 1.44 1.54 2.01 0.81 0.99 4.28 1.63 7.65 1.38 1.63 1.62 1.39 3.83 0.87 2.58 2.02 
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Tab. C 80: Overall model endogenously derived storage converter power (in GW) for all German model regions (including existing PHS capacities) and the scenarios  weather 

2011 and weather 2012. 

Weather 2011 

Amp.1 Amp.2 Amp.3 Amp.4 Amp.5 Amp.6 Transnet1 Transnet2 Tennet1 Tennet2 Tennet3 Tennet4 Tennet5 Tennet6 50Hertz1 50Hertz2 50Hertz3 50Hertz4 

H2 - 4.13 - - - - - - 0.42 5.17 0.03 0.04 - - 1.54 - 0.04 - 

Li-ion 0.77 0.92 1.04 1.34 1.93 0.66 0.87 0.66 0.81 0.93 0.91 0.77 1.26 0.85 1.55 0.71 0.73 0.75 

aCAES - 0.61 - - - - - - 0.21 1.24 0.09 0.11 - - 1.70 - 0.10 - 

PHS - - 0.30 - - - - 3.45 - 0.12 0.22 0.58 0.47 0.31 - - 1.60 1.17 

Redox-fl. 0.06 0.06 0.06 0.06 0.07 0.05 0.06 0.06 0.06 0.07 0.06 0.06 0.06 0.06 0.06 0.05 0.06 0.06 

Total 0.83 5.72 1.40 1.41 1.99 0.71 0.93 4.17 1.51 7.53 1.31 1.55 1.79 1.22 4.86 0.76 2.53 1.97 

Weather 2012 

H2 - 2.94 - - - - - - 0.31 4.43 0.02 0.03 - - 1.02 - 0.03 - 

Li-ion 0.56 0.65 0.80 1.16 1.66 0.52 0.64 0.51 0.61 0.63 0.76 0.65 0.91 0.66 1.93 0.63 0.55 0.56 

aCAES - 0.75 - - - - - - 0.23 2.78 0.09 0.10 - - 1.24 - 0.07 - 

PHS -  0.30 - - - - 3.45 - 0.12 0.22 0.58 0.47 0.31 - - 1.60 1.17 

Redox-fl. 0.05 0.05 0.05 0.05 0.05 0.04 0.05 0.04 0.05 0.05 0.04 0.04 0.04 0.04 0.05 0.04 0.04 0.04 

Total 0.60 4.39 1.16 1.21 1.71 0.57 0.69 4.01 1.20 8.02 1.13 1.40 1.43 1.01 4.24 0.68 2.29 1.77 
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Tab. C 81: Overall model endogenously derived storage converter power (in GW) for all German model regions and the scenarios Redox-flow_Inv_low and  PHS_w/o_old_stock. 

Scenario Redox-flow_Inv_low includes the existing PHS capacities; scenario PHS_w/o_old_stock assumes no existing PHS capacities. 

Redox-flow_Inv_low 

Amp.1 Amp.2 Amp.3 Amp.4 Amp.5 Amp.6 Transnet1 Transnet2 Tennet1 Tennet2 Tennet3 Tennet4 Tennet5 Tennet6 50Hertz1 50Hertz2 50Hertz3 50Hertz4 

H2 - 3.25 - - - - - - 0.35 5.04 0.03 0.04 - - 0.57 - 0.03  

Li-ion 0.68 0.78 0.80 0.92 1.11 0.58 0.73 0.59 0.70 0.79 0.81 0.72 1.09 0.71 1.15 0.65 0.65 0.67 

aCAES - 0.17 - - - - - - 0.14 0.18 0.08 0.09 - - 0.19 - 0.08 - 

PHS - - 0.30 - - - - 3.45 - 0.12 0.22 0.58 0.47 0.31 - - 1.60 1.17 

Redox-fl. 0.17 0.52 0.27 0.25 0.72 0.08 0.27 0.09 0.20 0.73 0.12 0.12 0.17 0.11 1.72 0.08 0.11 0.11 

Total 0.86 4.73 1.37 1.17 1.84 0.66 1.00 4.14 1.40 6.87 1.26 1.55 1.73 1.13 3.64 0.73 2.46 1.96 

PHS_w/o_old_stock 

H2 - 3.44 - - - - - - 0.66 5.02 0.05 0.07 - - 0.89 - 0.06 - 

Li-ion 1.34 1.49 1.66 1.50 2.26 1.17 1.44 1.98 1.37 1.50 1.38 1.48 1.58 1.53 2.19 1.21 1.35 1.66 

aCAES - 0.76 - - - - - - 0.28 1.08 0.17 0.25 - - 1.50 - 0.19 - 

PHS - - - - - - - - - - - - - - - - - - 

Redox-fl. 0.11 0.11 0.11 0.11 0.11 0.10 0.11 0.11 0.11 0.12 0.10 0.10 0.10 0.11 0.11 0.10 0.10 0.10 

Total 1.45 5.80 1.77 1.61 2.38 1.27 1.55 2.09 2.43 7.72 1.70 1.89 1.68 1.64 4.69 1.30 1.70 1.76 
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Appendix D 

Model fact sheet 
 

Basic characteristics 

Model name: REMix (Renewable Energy Mix) 
Author: DLR – German Aerospace Center, Institute of Engineering Thermodynamics 
Licence: proprietary 
Model scope: development and analysis of energy supply scenarios  
Model type: energy system model with cost minimization approach for capacity expansion 
planning and operation optimization  
Technical focus: power supply and its linkages to heat and transport sector 

Technical and mathematical basis 

Environment: GAMS 
Programming technique: linear programming, mixed-integer linear programming 
Preferred solver: CPLEX 

Consideration of uncertainty: scenario analysis and sensitivities 
Deterministic (Y/N): Yes  
Objective function: minimization of system costs 
Composition of the objective function:  

• annuities of all assets 
• fixed and variable operational costs of all assets, including fuel costs and CO2 emission 

certificate costs 
• costs of unsupplied demand, if applicable 

Temporal and spatial scope 

Typical geographic assessment area: Europe, North Africa, and Middle East 
Regional subdivision in Germany: either 18 regions of the transmission system operators‘ 
Regionenmodell or 16 federal states 
Minimum calculation interval:  1 hour 
Typical investigation period or years: 2020, 2030, 2040, 2050 

Technological coverage 

Considered power generation technologies:  

• Thermal power plants (e.g. fossil, nuclear, biomass, geothermal, CSP) 
• CHP (e.g. fossil, nuclear, biomass, geothermal) 
• Other renewables: run-of-the-river hydro power, reservoir hydro power, photovoltaic and 

wind power 
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Considered power transmission technologies: 
• High-voltage direct current 
• High-voltage alternating current  

Considered balancing technologies: 
• Electricity-to-electricity storage  
• Thermal energy storage 
• Demand response / demand side management 
• Hydrogen electrolysis and storage 

Considered linkages to heat and transport sector:  
• Electrical heat pumps and boilers 
• Battery electric vehicles with adjustable charging and vehicle-to-grid technology 
• Hydrogen production from electricity for utilization in fuel cell vehicles and industry  
• Methanization and gas network feed-in 

Considered system services 

• Demand for and provision of secondary and tertiary reserve  
Possible restrictions in the composition of the supply system: 

• Definition of supply shares and ratios for specific technologies  
• Definition of minimum firm power generation capacity 
• Definition of domestic supply shares 
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