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Abstract13

Future energy systems increasingly relying on variable renewable sources will require14

flexibility, yet the role and competition of different flexibility providers remain uncertain.15

We use a pan-European sector-coupled energy system model to quantify flexibility16

needs across sectors, regions, and timescales in a Net-Zero energy system. We explore17

uncertainty spaces for flexibility portfolios using 33 weather years and Monte Carlo18

simulations.19

20

Sector coupling unlocks flexibility opportunities, through electrified heating, electric21

vehicles and hydrogen production. Daily and weekly flexibility are provided by electric22

heating, electric vehicles, transmission and batteries, whereas annual flexibility relies on23

hydropower, electrolyzers, electricity transmission -nearly doubled by 2050- and peak24

gas. Peak gas capacity remains necessary as a low-capacity-factor backup, transitioning25

from natural gas to biomethane, with a 212 GW median capacity. Uncertainty in26

electric vehicles and hydrogen deployment impacts the flexibility mix. Our study27

highlights the need for diverse, cross-sectoral flexibility portfolios across regions and28

timescales.29
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1 Introduction30

Flexibility will be required to integrate growing shares of variable renewable energy31

(VRE) in the future [1–4]. Flexibility options [5, 6], including transmission, energy32

storage, flexible generation and flexible consumption, can be unlocked through sector33

coupling [7] and are required across multiple timescales [8]. Several definitions and34

quantification methods for flexibility exist [9, 10]. ENTSO-E defines long-duration35

flexibility as the capacity of the energy system to respond to variability of supply and36

demand over daily, weekly and seasonal timeframes [11].37

38

Flexibility needs are expected to rise towards 2050. The International Energy Agency39

(IEA) sees daily and weekly flexibility needs increasing by 50% by 2030 and doubling40

by 2050 compared to 2022 levels [6], while seasonal flexibility needs are projected to41

increase by around two-third by 2050 [6]. Based on a residual load curve methodology,42

the Joint research Center (JRC) [12] projects that the total flexibility requirement43

across daily, weekly, and monthly timescales will increase from 11 % of the annual EU44

electricity demand in 2021 to 30 % by 2050. Despite increasing recognition of flexibility45

to ensure adequate energy systems in the future, the role and competition of long-term46

flexibility options considering the inherent uncertainties remain under discussion.47

48

Existing studies have often focus on the role of one flexibility type e.g. electric vehi-49

cles (EV) [13, 14], demand response [15], hydrogen [16], thereby ignoring potential50

competition and synergies, despite its importance, as highlighted by Sinsel et al. [3].51

Other studies include multiple flexibility options but model only the power system52

[8, 17, 18], thereby overlooking the benefits of sector coupling [12, 19]. Some studies53

assessed flexibility needs for sector coupled system at regional or country scale [9,54

20] or represent Europe with only a few nodes [6], which ignore the potentially large55

deployment of transmission. A growing body of studies considers multiple weather56

years when investigating future energy systems to assess how the system is impacted57

by differences across weather years [5, 6, 21, 22]. However, Grochowicz et al. [21]58

considers only the European power system, IEA [6] mainly focuses on power systems59

and performs dispatch rather than investment optimisation and Gøtske et al. [22]60

focuses on the dispatch with greater emphasis on the impact of weather years than on61

the role of flexibility options. Finally, uncertainty in flexibility provision has mainly62

been explored through scenario analysis or by activating and deactivating selected63

flexibility options to assess their individual impact on the system [23–25]. Although64

these approaches provide valuable insights, uncertainty in flexibility options remains65

insufficiently explored, using methods to explore the structural uncertainty, such as66

Modelling-to-Generate-Alternatives (MGA) [26, 27], or parametric uncertainty through67

Monte Carlo analysis [28, 29].68

69

Despite the urgent need for flexibility in the future, there is a lack of a comprehensive70

energy transition pathway analysis that: 1) consider sector-coupling across power, heat,71

hydrogen, and electrified transport, 2) model all main flexibility options, 3) cover entire72

pan-Europe, 4) combine investment optimisation (capacity expansion) with hourly73

dispatch, 5) include multiple weather years, and 6) explore parametric uncertainty74

space for flexibility providers.75
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76

Here, we address these gaps, and investigate the role and competition of flexibility77

options in a sector-coupled, pan-European energy system, while considering multiple78

weather years and Monte Carlo simulations to explore the uncertainty space and identify79

key drivers for the deployment of the different flexibility options. We do so by extending80

and applying the pan-European sector coupled energy system model, Balmorel [30, 31],81

which determines the least-cost investments and operation across energy supply, trans-82

mission and storage to satisfy energy demands (see Methods). Balmorel represents all83

main flexibility options within the power system, heat sector (electric heating and heat84

storage) [32], hydrogen sector (production, transmission and storage) [31], and electric85

mobility (smart charging and Vehicle-to-grid (V2G))) [33]. To quantify flexibility needs86

across annual, weekly and daily timescales, while considering hourly results, we use87

the Fourier-based frequency filtering approach outlined in Heggarty et al. [8]. While88

the reference year is 2012 for the baseline results, we conduct a multiple weather year89

simulations relying on 33 historic profiles extracted from CorRES [34–36]. Finally, we90

explore the uncertainty space by running 100 Monte Carlo simulations, identified as the91

minimum sample size for robust results by Frey et al. [28], and use Spearman rank corre-92

lation coefficients to indicate the most influential parameters for each flexibility provider.93

94

The overall objectives of this study are therefore to i) assess the needs for, and95

competition between, long-duration flexibility provision in future European sector-96

coupled energy systems, ii) identify the main flexibility providers and the main drivers97

of deployment of flexibility options, and iii) investigate the uncertainty spaces for the98

main flexibility providers.99
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2 Results100

(a) (b)

(c) (d)

Figure 1: a) EU electricity production evolution, from 2030 to 2050, from flexible assets in the power
sector. b) EU power grid expansion and electricity production mix from flexible assets in 2050. Pie
charts indicate the distribution of electricity flexibility, per technology in each region. The line width
represent the size of the electricity transmission capacity. Background shows the peak gas capacity
per country, regardless of the fuel used (natural gas or biomethane). c) EU installed capacity of
assets providing flexibility in electricity, heat and hydrogen sectors. d) EU yearly power grid flow and
electricity production mix in 2050. Pie charts indicate the distribution of electricity production, per
technology in each region. The line width represent the flow of electricity in the transmission per year.
Background shows the yearly electricity demand per country. Results are shown for the weather year
2012, used as baseline.

2.1 Flexibility needs increase over time shifting towards new101

flexibility options102

An increasing share of VRE is occurring in the electricity mix which raises the yearly103

electricity production from flexible assets from 662 TWh by 2030 to 936 TWh by 2040,104

reaching 1060 TWh by 2050 (Fig. 1a).105

106

The expansion of electricity transmission infrastructure is the largest electricity flex-107

ibility option in terms of capacity, with transmission capacity projected to nearly108
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double from current levels to approximately 690 GW (Fig. 1c), allowing increased109

trade between electricity price zones (Fig. 1b and d).110

111

While hydropower contribution to flexibility remains stable as no new projects are112

assumed, the additional flexibility requirements are increasingly met through a com-113

bination of electricity transmission, battery storage, EV smart charging, V2G, and114

demand response (Figure 1b).115

116

The assumed role-out of EV’s reaching 225 million cars in Europe by 2050 (Tab.1)117

unlocks a remarkable flexibility option for the electricity sector, with high deployment118

of smart charging. Our findings illustrate that V2G, if realised, can become a key119

provider of flexibility, delivering an average of 0.63 MWh of flexibility per EV annually in120

2050, equivalent to approximately 12 additional full battery discharge cycles per vehicle.121

122

In our study, we exogenously constrain minimum batteries deployment levels set out123

by ENTSO-E [37], with thresholds of 52 GW by 2030, 198 GW by 2040, and 216 GW124

by 2050, enabling batteries to provide flexibility at hourly level. While binding in 2030125

and 2040, the model endogenously invests in additional capacity in 2050, reaching 282126

GW.127

128

Peak backup shifts from natural gas to biomethane from 2040, driven by the CO2 tax129

and net-zero constraint (Fig. 1a). Electricity generation from natural gas declines130

to 7 TWh by 2050, compared with 550 TWh in 2023 [38], while biomethane-based131

generation increases to 88 TWh. Indeed, natural gas is almost phased out by 2050,132

contributing only to 0.1% and 0.4% of total electricity and heat generation, respectively.133

However, a sufficient level of peak gas capacity - around 262 GW in 2050- needs to134

be maintained to ensure sufficient peak-load flexibility (Fig. 1c), particularly during135

prolonged winter stress periods.136

137

Demand response (DR) is mainly provided by residential space and water heating.138

From 2040 onward, DR from the tertiary sector, particularly space and water heating,139

ventilation, and cooling, also becomes a main contributor to deliver demand response140

(Supplementary Fig.6).141

142

2.2 Cross-sectoral flexibility becomes essential in a future sector-143

coupled European energy system144

Flexibility increasingly originates from interactions between the electricity, heat, and145

hydrogen sectors in the future rather than from the power sector alone (Fig. 1c). The146

results indicate a significant deployment of heat pumps and electric heating, reaching147

up to 1126 GW by 2050 and supplying approximately 69% of total heat demand. Heat148

pumps act as a flexible asset, by shifting electricity consumption when combined with149

heat storage and dispatchable heat sources such as biomass. District heating in com-150

bination with large-scale heat pumps and heat storage further enhance cross-sectoral151

flexibility provision for countries such as Denmark and Germany.152

153
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Assuming a hydrogen demand of 1000 TWh by 2050 (Tab.1) for the decarbonization of154

hard-to-abate sectors such as heavy long-distance transport and parts of the industry,155

leads to the deployment of electrolyzers, hydrogen storage and hydrogen transmission156

infrastructure, which enables the hydrogen sector to become a key flexibility provider,157

acting as a flexible electricity demand (Fig. 1c).158
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Figure 2: Frequency-based approach of flexibility provision (see Method 4.5): Flexibility contribution
distributions on annual, weekly and daily timescales for the European energy system in a) 2030, b)
2040 and c) 2050. d) Country specific flexibility contribution median value in 2050. 7 of 27
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2.3 Different countries rely on different flexibility options159

Flexibility portfolios varies substantially across Europe, reflecting differences in the160

electricity mix, demand levels, hydropower availability and geographical characteristics161

(Fig. 1b and 2d).162

163

Hydropower-rich countries, including Norway, Sweden, Austria and Switzerland, pri-164

marily rely on reservoir hydropower to provide system flexibility. In Norway, this is165

complemented by extensive electricity interconnections and widespread electrification of166

heating. In contrast, countries with high hydrogen production, such as Spain, Italy, and167

Denmark benefit from the flexibility of electrolyzers (Fig. 2d and Supplementary Fig.5).168

169

Countries with high solar PV deployment, including Germany, Italy, France and the170

Netherlands, rely more on smart charging and V2G or batteries, depending on the171

amount of EVs, to balance the daily variations. This highlights the complementarity172

between solar PV and daily flexibility options such as smart charging, V2G and batteries.173

174

Despite the deployment of other flexibility assets, peak gas remains necessary in most175

regions. Peak capacity requirements are higher in countries with high peak electricity176

demand e.g. Germany, United Kingdom, France and in regions with a greater reliance177

on one technology to generate electricity e.g. Italy compared to Spain (Fig. 1b). Since178

the optimisation is performed for an interconnected European system, these capacity179

requirements account for the possibility of sharing peak generation through cross-border180

electricity transmission.181

2.4 Different flexibility options provides flexibility at different182

timescales183

Using the frequency-based approach framework defined in Heggarty et al. [8] (see Meth-184

ods 4.5), we quantify the flexibility provision at daily, weekly and annual timeframes185

to reveal and quantify the role of different flexibility options.186

187

Daily flexibility is primarily provided by heat pumps from 2030 onwards, while EV188

through smart charging and V2G, electrolyzers and batteries become increasingly im-189

portant toward 2050. Together, these technologies provide two-thirds of daily flexibility190

by 2050, emphasising the opportunities for unlocking the demand-side and storage191

flexibility in balancing hourly and daily variations in renewable generation (Fig. 2).192

193

Our results reveal a shift from the conventional generation based flexibility provision in194

2030 towards demand side flexibility, storage and transmission over time. For example,195

peak gas generators transition from baseload generation to rare winter stress periods,196

operating only 144 hours on average per country in 2050 (Fig. 2).197

198

Weekly flexibility is delivered through a combination of assets across multiple energy199

sectors. Heat pumps, electric heating and thermal storage provide significant flexibility200

from the heating sector, followed by EV, while electrolysers and hydrogen storage201

become increasingly important as hydrogen demand increases. Electricity transmissions202

are the third largest contributor to weekly flexibility by 2040 and 2050, enabling the203
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power system to exploit spatial weather differences across Europe and thereby improve204

the integration of VRE.205

206

Annual flexibility, typically across months, is provided by hydropower, although this207

remains highly country specific (Fig. 2d), as well as by electrolyzer and electricity208

transmission, while peak generators are mostly operated in Dunkelflaute periods.209

210

Across all timescales, electricity transmission and electrolyzers emerge as key flexibility211

providers. Overall, our results confirm that ensuring system adequacy relies on a212

combination of complementary flexibility assets operating over different timescales.213

These findings also highlight the importance of coordinated investments across sectors,214

to unlock demand side flexibility and storage opportunities, together with cross-border215

coordination to efficiently harvest and use the location specific VRE generation.216

2.5 Multiple weather years reveal higher peak gas capacity217

requirements218

Our analysis across 33 historical weather years (see Methods 4.6) reveal that peak gas219

generation and capacity highly depend on the weather year (Fig. 4). The capacity220

expansion is fixed to the 2050 solution obtained using the 2012 weather year, consistent221

with the baseline scenario, while only the dispatch is re-optimised using each of the 33222

historical weather years.223

224

The overall flexibility provision and capacity deployment of peak gas units are positively225

correlated with the level of electricity demand for heating in the selected weather year226

(Fig. 3b). A median value of 308 GW of peak gas capacity in 2050 is observed across227

the different weather years dispatch simulations (Fig. 3a). In 2050, peak gas units228

operate, on average per country, between 43 hours (2005, low heat demand year) and229

419 hours (1987, high heat demand year), with a mean of 197 hours across all weather230

years. Thus, the role of peak gas generators remains largely unchanged across weather231

years, with operation limited to rare system stress periods during winter. Beyond the232

impacts on solar and wind (Supplementary Fig.10), weather-year selection also affects233

hydropower generation through interannual variability in inflows.234
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(a)

(b)

Figure 3: (a) Distribution of electricity production from flexible assets provided by different flexibility
providers across various weather years in 2050. Black points indicate the baseline values for the 2012
weather year. (b) Relation between electricity demand for heating, peak gas electricity generation,
and peak gas electricity capacity across different weather years.

2.6 Solar PV investment cost is a key driver of V2G and bat-235

teries output236

Monte Carlo simulations using the 2012 weather year generate 100 scenarios to quan-237

tify uncertainty in flexibility and system outcomes (see Methods 4.7) and results are238

presented in Figures 4 and 5.239

240

V2G contribution to flexibility remains significant across scenarios, contributing at241

least to a level of 105 TWh in 2050, with a median value of 216 TWh (Fig. 4).242

V2G output increases with higher solar PV deployment, greater EV uptake, lower243

charging infrastructure costs and higher charger capacity, which enable higher V2G244

peak capacities. Solar PV installed capacity shows higher uncertainty than onshore245

and offshore wind (Supplementary Fig.13). Higher solar PV production is correlated246

with an increased use of both V2G and batteries (Figures 4 and Supplementary Fig.14).247
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Overall, demand response and hydropower contributions remain stable across scenarios,248

whereas V2G, peak gas capacity, electrolyzers, electricity and hydrogen transmission249

are identified as more uncertain flexible assets (Fig. 4).250

2.7 Uncertainty in peak gas requirements251

Peak gas generation and capacity decrease with increasing CO2 tax, natural gas price252

and greater deployment of onshore wind (Fig. 5). Additionally, higher CO2 tax incen-253

tivise greater electrification of heating.254

255

Peak gas generation and capacity increase when hydrogen storage deployment is limited,256

as reduced storage flexibility requires more dispatchable generation to meet periods of257

peak demand (Fig. 5). Similarly, peak gas capacity increases as electricity transmission258

deployment decreases.259

260

Across all Monte Carlo scenarios, peak gas generation ranges from 14 to 306 TWh, with261

a median value of 37 TWh, consistent with the baseline scenario, and is predominantly262

fuelled by biomethane (Fig. 4). Peak gas capacity ranges from 167 to 275 GW, with a263

median value of 212 GW, also aligned with the baseline results. Despite uncertainty on264

peak gas capacities amount needed, their role remain largely unchanged across scenario.265

2.8 Cross-sectoral trade-offs shape future flexibility mix266

Flexibility deployment is influenced not only by uncertainty within individual technolo-267

gies but also by interactions between energy sectors, highlighting the importance of268

considering sector-coupling when assessing flexibility needs.269

270

Higher hydrogen storage costs shift flexibility provision towards the power sector,271

increasing electricity transmission, peak backup, battery and V2G, while reducing272

electrolyzers and hydrogen transmission deployment. Similarly, higher electrolyzer273

costs increase V2G deployment. This highlights competition between electricity and274

hydrogen sector.275

276

Higher offshore wind investment cost shifts renewable production from offshore to on-277

shore wind, more geographically distributed, therefore reducing electricity transmission278

flows. This creates a cross-sectoral trade-off, with increased deployment of hydrogen279

transmission (Fig. 5).280

281

Considering a sector-coupled system allows these cross-sectoral flexibility synergies to282

emerge, enabling the system to provide flexibility across sectors rather than relying solely283

on power-sector flexibility solutions. Other examples are described in Supplementary284

material.285
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2.9 Uncertainty in flexibility assets is country-dependent and286

significantly depends on hydrogen and EV assumed deploy-287

ment288

Uncertainty in flexibility assets is more pronounced in countries with large population,289

which are associated with high peak demands and high EV deployment, as well as in290

solar-rich countries and regions with high hydrogen demand or production. For instance,291

peak gas generation is highly uncertain in Italy and Germany, while V2G is most292

uncertain in Italy, Spain and Germany (Supplementary Fig.16). Spain’s flexibility mix293

uncertainty is further driven by potential hydrogen production, whereas in Germany it294

is impacted by uncertainty on hydrogen demand. Therefore, uncertainty in hydrogen295

and EV deployment significantly impacts the contribution of flexible assets of these296

sectors.297

Figure 4: (a) Distribution of electricity production from flexible assets provided by different flexibility
providers across 100 Monte Carlo simulation scenarios in 2050. Black points indicate the baseline
values from the 2050 Net Zero scenario shown in Fig. 1. (b) Distribution of other flexibility assets
across the same 100 Monte Carlo simulation scenarios in 2050.
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Figure 5: Spearman rank correlation coefficients calculated from 100 Monte Carlo simulation scenarios
in 2050. The Spearman rank correlation coefficient (ρ) is a non-parametric statistical measure that
quantifies the strength and direction of the monotonic relationship between two variables. The x-axis
shows the input parameters modified in the Monte Carlo simulations, while the y-axis shows the
key model outputs, grouped per category (electricity flexibility, heat flexibility, hydrogen flexibility
and renewable production). Green circles indicate positive correlations, whereas red circles indicate
negative correlations between the corresponding input and output variables. The size of each circle is
proportional to the absolute value of the Spearman correlation coefficient (ρ). Grey boxes indicate
correlations that are not statistically significant.

3 Discussions298

Our study explores flexibility requirement in a future European energy system and299

how this need can be met through different flexibility assets across sectors, regions and300

timescales. We assess the role of these flexibility assets at European and country levels301

within a sector-coupled Net-Zero energy system. By considering multiple weather year302

and Monte Carlo simulations, our study goes beyond existing literature by quantifying303

the uncertainty space of future flexible assets deployment.304
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Following previous studies [5, 12], our results highlight the need for substantial flex-305

ibility investments, particularly in electricity transmission and storage. Electricity306

transmission expands to around 690 GW, nearly doubling from 2030 plans, while307

batteries reach around 282 GW, both aligned with ENTSO-E projections [5]. Existing308

hydropower infrastructure also remains an important flexibility source. Our results309

further identify smart charging and V2G as important flexibility options. While consis-310

tent with Aliasghari et al. [13], our V2G contribution exceeds ENTSO-E projections311

[5] of around 85 TWh in 2050, highlighting uncertainty in this emerging flexibility312

option. Our study confirms a need for peak gas capacity throughout the entire period313

towards 2050, aligning with previous European assessments [5, 21]. However, gas use314

declines substantially across power and heat sectors. The role of gas in the electricity315

sector fundamentally changes, shifting from baseload generation to low-capacity-factor316

peak units, consistent with findings from the literature [5, 6, 12]. We also observe317

a shift from natural gas to biomethane, driven by ambitious fossil phase-out targets.318

Similarly, Gøtske et al. [22] argued that peak gas generation could shift from fossil319

fuels to synthetic green fuels, as only limited energy volumes are required to provide320

backup. This translates in a median value of 212 GW of peak gas capacity by 2050,321

predominantly fueled by biomethane. Although this exceeds estimates from ENTSO-E322

[5] (185 GW) and Grochowicz et al. [21] (77 GW in a power sector only model), the323

overall requirement for peak gas capacity is consistent across studies.324

325

Our findings are aligned with ENTSO-E’s assessment that flexibility solutions are both326

country and timescale dependent [11]. Increasing shares of renewables in the power327

system require greater volumes and a diverse combination of flexibility assets across328

sectors, as pointed out by ENTSO-E and IEA [5, 6]. In line with IEA study, we find329

that demand-side flexibility from EVs and electrified heating, together with batteries330

provides most of the daily flexibility. The IEA similarly highlights that these resources331

could supply up to two-thirds of daily flexibility by 2050 [6]. Hydropower, electricity332

transmission and electrolyzers emerge as key flexibility providers of annual flexibility,333

consistent with previous assessments in the literature [6, 12].334

335

The higher contribution of peak gas and batteries to flexibility in the JRC assessment336

may result from limited sector coupling, which overlooks cross-sectoral interactions337

[12]. This highlights the importance of sector-coupled modelling, as power-sector-only338

approaches may misestimate the flexibility levels needed [39]. Key contributors to339

cross-sectoral flexibility include the electrification of transport, heating, and e-fuel pro-340

duction. The Monte Carlo simulations further highlight that changes in one sector can341

impact the deployment of flexibility assets in other sectors, reinforcing the importance342

for a sector-coupled energy system perspective even when assessing electricity system343

flexibility.344

345

While the main flexibility assets remain consistent across weather years and Monte346

Carlo simulations, the deployment pathways of hydrogen and electric vehicles introduce347

substantial uncertainty into the 2050 flexibility landscape. Countries with greater348

reliance on these emerging technologies, as well as solar-rich countries, exhibit the349

largest uncertainty in their future flexibility mix.350

351
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The comparison with the literature underscores several limitations of our study. First,352

capacity expansion is optimized using representative time slices, which may affect353

dispatch outcomes. Second, the model does not capture flexibility needs associated354

with balancing services or forecast errors, although ongoing work is addressing this355

limitation [40]. Third, distribution grid constraints on EV charging are not represented356

[14], potentially overestimating V2G flexibility contribution [13, 14, 33]. Furthermore,357

alternative solutions to peak gas capacity to resolve potential infeasibilities, such as358

additional renewable capacity or batteries, are not explicitly assessed during dispatch.359

Consequently, the observed increase in peak gas capacity under multiple weather years360

should be interpreted as a model-dependent outcome rather than an indication of361

an optimal system requirement. We also do not evaluate the economic viability of362

keeping peak gas units for the operators. In addition, our results may reflect overly363

fast deployment rates for emerging technologies. Finally, because the model does not364

represent the complete energy system (Section 4.2), residual energy demand may be365

supplied through fossil fuels. These limitations should therefore be considered when366

interpreting the estimated flexibility mix and the implications for achieving net zero.367

368

Our findings have policy implications for the deployment of flexibility to support369

renewable integration, emphasizing the importance of considering flexibility needs370

across sectors and timescales. Policies should therefore promote a diverse portfolio of371

flexibility options, including demand-side flexibility, sector coupling solutions, trans-372

mission expansion and storage. In addition, maintaining operational peak gas capacity,373

fueled by green fuels, will be essential to ensure security of supply during periods of374

prolonged system stress, particularly in winter. Our results show a transition from375

conventional generation-based flexibility in combination with transmission towards376

a more diverse flexibility landscape with increasing contribution from demand-side377

flexibility and storage across sectors.378

379

Several open questions should still be addressed regarding flexibility needs in future380

highly renewable energy systems. First, integrated modelling frameworks are needed381

to capture flexibility requirements across multiple timescales, including day-ahead382

operation, balancing markets, and ancillary services, enabling a more comprehensive383

assessment of future system flexibility. Secondly, private economic feasibility and384

willingness to participate in V2G services as well as the feasibility of deploying smart385

charging strategies at scale need to be further analyzed.386

15 of 27



Assessing uncertainty space for long-term flexibility needs in future European
sector-coupled energy system

4 Methods (2420 words)387

4.1 Overall methodology framework388

The overall methodological framework used to assess flexibility needs in future energy389

systems is presented in Fig. 6. The study applies the large-scale, sector-coupled energy390

system model, Balmorel, which considers long term investment decisions followed by391

hourly dispatch. Balmorel is extended to model all flexibility options, while representing392

the electricity, heating, hydrogen and parts of the transport sector. In this study, the393

modelling framework enables simulations of 33 multiple weather years and explore the394

parametric uncertainty space using 100 Monte Carlo simulations. The Spearman rank395

correlation coefficient is used on the 100 Monte Carlo simulations to identify the most396

influential parameters of specific output results. The flexibility contribution is assessed397

through a frequency based post-analysis, following the methodology of Heggarty et al.398

[8].399

Figure 6: Methodological framework to assess flexibility needs using the sector-coupled energy
system Balmorel. Hourly results are obtained through a three steps approach, combining investment
optimisation and dispatch runs.

4.2 Scenario description400

The scenario Net Zero considers an ambitious net zero energy system in 2050 with401

a large electrification of the transport sectors including EV as well as an hydrogen402

demand of 1000 TWh in 2050. CO2 tax is taken from the Net Zero scenario of the403

IEA World Energy Outlook for Europe [41]. The scenario considers the years 2030,404

2040 and 2050. A few main input data are gathered in Tab.1. It should be noted405

that the energy system considered in this study achieves net-zero emissions only for406

the sectors explicitly modelled, which are electricity, heat, transport electrification,407

and the production of 1000 TWh of hydrogen. Thus, the overall energy system may408

not be fully net zero if additional energy demands from hard-to-abate sectors are409

needed, which might be fulfilled by fossil fuels. Hydrogen demand is aligned with410

the CLEVER scenario [42] which projects a hydrogen demand around 1000 TWh411
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in 2050. This scenario is consistent with the European net-zero target and follows412

a Sufficiency–Efficiency–Renewables framework, which assesses the level of energy413

required for all to meet societal needs and combines it with technological improvements414

and renewable energy deployment. The projected hydrogen demand is close to the415

median value across published scenarios [43]. It should be noted that the ENTSO-E416

TYNDP 2024 scenarios [37] project hydrogen demand between 2,500 and 3,000 TWh417

in 2050, substantially exceeding the demand assumed in this study. Furthermore, these418

scenarios account for hydrogen imports, which are not considered in this study.419

Year Unit 2030 2040 2050
CO2 tax [41] [e/tonCO2

] 120 175 213
Natural gas price[11] [e/MWh] 20.9 20.9 20.9
Hydrogen demand [TWh] 200 670 1000
Minimum battery capacity [37] [GW] 52 198 216
EV Smartcharging,share

y [44] [%] 95 99 99.9
EV V 2G,share

y [11] [%] 21 31 41
EV available

EU,y [5] [Million of EV] 26.7 115.7 225.1

Table 1: Input data for the Net Zero scenario.

4.3 Energy system model, Balmorel420

The energy system model Balmorel is considered to quantify the flexibility in future421

European energy systems. Additional material about the Balmorel model is available in422

the Balmorel Community Github [45] and in Supplementary material (Supplementary423

Tab.4). The specific model used in this study is available on Zenodo [46].424

4.3.1 Balmorel425

Balmorel is a bottom-up, partial equilibrium, open source optimisation model that as-426

sumes perfect markets and perfect foresight for the simulated year. It optimises for the427

least-cost investments and operation of generation and transmission of a sector-coupled428

energy system, to meet specific demands. An overview of the structure of Balmorel is429

presented in Fig. 6.430

431

The model validity has been assessed through various comparisons with other models432

[47, 48]. Balmorel is commonly used to assess transition pathways in Europe for433

sector-coupled energy system, e.g. to identify the role of hydrogen in future European434

energy system [31], or the impacts of considering Planetary Boundaries when designing435

an energy system [49].436

4.3.2 Capacity development and dispatch run437

The scenario considers hourly resolution dispatch runs. This is done in 3 steps (Fig.438

6). The model is run for 2030, 2040 and 2050 with myopic vision. For computational439

complexity, the capacity development expansion step considers 8 weeks spread over the440

year and one every three hours used as representative timestep for the optimization.441

The capacity development results are then used for a two steps dispatch simulation. 1)442
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a full year simulation establishes storage levels at the end of every week, 2) a rolling,443

week-by-week optimisation is performed.444

445

To avoid infeasibility, peak backup with a maximum installable capacity of 1000 GW446

per region is introduced. This upper bound is intentionally set at a sufficiently high447

level to remain non-binding in all modelled scenarios, while variable operating costs448

discourage its use except when necessary. Peak backup capacity requirements are449

derived from the dispatch results of the backup generation technology. At the European450

level, it is assumed that countries can support each other through electricity trade451

and interconnection. Consequently, the required backup capacity is defined as the452

maximum fuel consumption of the backup technology observed across all seasons and453

timesteps during the simulated year, representing the simultaneous peak requirement454

for the interconnected system. At the country level, the required backup capacity455

is calculated as the maximum backup fuel consumption for each region across all456

seasons and timesteps. Since these national peak values do not necessarily occur457

simultaneously, summing them overestimates the total European backup capacity458

requirement. Therefore, country-level estimates should be interpreted as indicative of459

national backup needs rather than as capacities that can be directly aggregated to the460

European level (Fig. 1b).461

4.4 Balmorel, sectors modelling462

The power sector representation includes electricity generation technologies, electricity463

demand, and cross-border electricity exchanges. Final electricity consumption data464

are obtained from Eurostat. Electricity transmission flows are modelled through net465

transfer capacities, allowing electricity exchanges between regions.466

467

The heat sector is categorized into individual users areas for residential and tertiary468

sectors, temperature requirements areas for industry (low, medium and high) and469

district heating areas [31].470

471

The hydrogen sector is based on the modelling framework developed by Kountouris472

et al. [31]. Country-level hydrogen demand projections for industry and transport are473

derived from the European Hydrogen Backbone assumptions [50] and subsequently474

adjusted to align with the hydrogen demand levels defined in the CLEVER scenario.475

Hydrogen demand is exogenously specified in Balmorel for power-to-X applications,476

transport, and industrial uses, while additional electricity-related hydrogen demand477

can be endogenously determined by the optimisation model. Investments in hydrogen478

transmission infrastructure are enabled from 2030 onwards. The model allows hydrogen479

production from grey, blue, and green hydrogen pathways. This study does not include480

offshore energy hubs which, however, has been modelled in previous papers [51, 52].481

482

The rest of the transport sector, including bus, passenger cars, light commercial vehicles483

and rail are decarbonized through electrification towards 2050. There are represented484

as additional electricity demand profiles in Balmorel. Country level demand projections485

for electrifying the transport sector are extracted from ENTSO-E projections for EVs486

(Tab.1) and the EU Reference Scenario 2020 [53] for the remaining modes.487
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The model accounts for cross-sectoral interactions and sector coupling between elec-488

tricity, heat, hydrogen, transport, and fuels [7]. Synergies arising from the integration489

of different sectors are represented, such as the use of excess heat from electrolyzers490

and industrial processes for heat supply [54]. The coupling between sectors also en-491

ables additional flexibility options beyond the electricity sector. The electrification492

of transport introduces flexibility through smart charging and V2G [33]. Similarly,493

the electrification of heating through heat pumps provides demand-side flexibility by494

enabling temporal shifts in electricity consumption while maintaining heat supply. In495

addition to electricity storage, the model represents storage options across other energy496

carriers, including heat storage and hydrogen storage, allowing flexibility to be provided497

through multiple sectors [32].498

4.4.1 Balmorel, geographical scope and data developments499

This study focuses on pan-European countries, which will be referred as EU, including500

the 27 member states of European Union, the United Kingdom, Norway, Switzerland501

and the Balkans countries. The energy system considered includes electricity, individual502

and industrial heat demand, hydrogen and electrification of transport e.g. electrified503

rail, trucks and EVs and hydrogen. Yearly hydrogen demand is exogenously defined504

(Tab.1). Key technology data are summarised in Supplementary Tab.4. Electricity505

transmission expansion is aligned with the most recent pan-European electricity infras-506

tructure development plan from ENTSO-E up to 2030 [37]. Beyond 2030, investments507

in new transmission is allowed.508

509

The model used in this study incorporates several updates compared with previous510

model versions. Renewable energy potentials for solar PV, onshore and offshore wind511

have been updated based on the assumptions from ENTSO-E TYNDP 2024 scenar-512

ios [55]. The maximum renewable potentials are defined according to the installed513

capacity projected in the Distributed Energy scenario for 2050, which assumes a higher514

hydrogen demand of 2500 TWh. Minimum deployment level of batteries are aligned515

with ENTSO-E minimum potentials [55].516

517

EV modelling follows the work of Balanza et al. [33], using the charging profile for518

vehicles aligned with ENTSO-E TYNDP 2024 (referred as PRMiddle in Balanza et al.519

[33]) and includes charging infrastructure costs [14]. The modelling of demand response520

in Balmorel from Kirkerud et al. [15] has been expanded for this study to cover the521

entire European region. Several new modelling capabilities have also been introduced.522

Peak gas power and heat units can operate using either natural gas or biomethane fuel.523

Furthermore, biogenic carbon capture and storage technologies have been included524

in the model, with negative operational emissions resulting from the sequestration525

of biogenic carbon. Solar PV tracking technology has also been included. However,526

direct air capture and hydrogen imports from outside Europe are not allowed in this527

study. Finally, the techno-economic assumptions have been updated using the latest528

technology catalogue (Supplementary Tab.4) [56]. In particular, investment costs for529

offshore wind, onshore wind, and solar PV have been revised to reflect recent market530

developments, including the significant cost increases observed in the offshore wind531

supply chain. In addition, multiple historical weather years have been incorporated532

into the modelling framework to better capture interannual climate variability (Section533
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4.6).534

4.5 Flexibility quantification across different timeframes535

As highlighted by the IEA, flexibility requirements differ fundamentally across timescales:536

daily flexibility is driven by solar PV generation cycles and daily demand patterns,537

weekly variations reflect multi-day wind variability and weekday–weekend demand538

differences, while annual fluctuations are associated with seasonal heating demand.539

Analysing flexibility across all three timescales is therefore essential for a comprehensive540

assessment.541

542

Following the frequency-based approach framework of Heggarty et al. [8], flexibility543

contributions of different technologies are quantified separately across three timescales:544

daily (periods shorter than 2 days), weekly (from 2 to 60 days), and annual (periods545

longer than 60 days).546

547

To distinguish these different timescales of flexibility provision, Fourier-based frequency548

filtering is applied to the simulated time series of each flexibility asset. The input data549

consist of hourly time series obtained from the energy system model, representing the550

operation of each flexibility technology throughout the simulation year. The times551

series are decomposed into the three frequency bands previously stated. For each552

timescale and at every simulation timestep, the modulation provided by an individual553

flexibility asset is expressed as a percentage of the total modulation supplied by554

all flexibility assets within the timescale. Then, these contributions are aggregated555

over all the timesteps of the considered year for a specific timescale to obtain a556

statistical distribution for each flexible type of asset and timescale. The resulting557

Flexibility Solution Contribution Distribution are presented as box plots showing558

the median, interquartile range, minimum and maximum. This methodology from559

Heggarty [8] provides a comprehensive assessment of flexibility provision by identifying560

the relative importance of different technologies across daily, weekly, and annual561

timescales. Therefore, it offers a framework to compare flexibility portfolios between562

scenarios, countries and years across different timescales.563

4.6 Assessment of flexibility needs under different weather years564

As highlighted by Grochowicz et al. [21] and Gøtske et al. [22], interannual weather565

variability significantly impacts energy system model assessments. Thus, to demonstrate566

greater robustness in assessing flexibility needs, the analysis is conducted across multiple567

weather years.568

The optimal energy system configuration based on the capacity expansion step (Section569

4.3.2) obtained using the reference weather year 2012, is evaluated under alternative570

historical weather years ranging from 1982 to 2015 [34–36], generated with CorRES.571

This is achieved by running the dispatch steps of the framework (Section 4.3.2) for each572

weather year. This approach captures interannual variability in both energy demand573

and renewable energy generation, therefore enabling the assessment of flexibility assets574

under different meteorological conditions. For each weather year, the input data are575

updated to reflect weather year specific yearly full load hours and hourly generation576
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profiles for wind, solar PV and hydropower as well as annual and hourly demand577

profiles for electricity and heat demands.578

4.7 Monte Carlo Simulation579

Uncertainty is addressed using Monte Carlo sampling. Parameters are sampled using580

normal distributions, summarized in Supplementary Tab.3. Latin Hypercube Sampling581

is applied to explore the parameter space and generate multiple scenarios. This ap-582

proach enables the identification of a solution space for each flexibility type rather583

than a single outcome solution, allowing the robustness of flexibility contributions584

to be assessed under different scenarios. 100 scenarios are considered, representing585

a compromise between computational time and accuracy of the results. Frey et al.586

[28] highlights that robust energy system analyses should consider a sufficiently large587

number of scenarios, typically exceeding 100, to adequately capture uncertainty. The588

Monte Carlo scenarios are generated based on the Net Zero reference scenario (Section589

4.2) for 2050 only, following the three-step approach described in Section 4.3.2.590

591

The uncertain input parameters are selected to represent key drivers of future energy592

system development and flexibility provision. They are grouped into several categories.593

First, macroeconomic drivers of the Net Zero transition are considered, including the594

CO2 price and natural gas price. Second, investment costs of key technologies are varied,595

including renewable generation technologies (solar PV, onshore wind, and offshore596

wind) and flexibility providers across sectors: batteries in the power sector, heat pumps597

and thermal storage in the heating sector, and electrolysers and hydrogen storage in598

the hydrogen sector. Transmission infrastructure uncertainties are represented through599

variations in electricity and hydrogen transmission investment costs. The role of EVs600

as flexibility providers is assessed through variations in key parameters identified by601

Balanza et al. [33], including the amount of EVs deployed in Europe, technical charac-602

teristics affecting flexibility potential, such as charging capacity and the share of EVs603

participating in V2G as well as the charging infrastructure investments costs for both604

unidirectional and bidirectional charging. Hydrogen demand is also varied between 500605

and 1500 TWh to capture uncertainty in future hydrogen system development. Finally,606

the adoption rate of demand response is included, as it has been identified as a key607

factor influencing the deployment and contribution of demand response.608

609

The influence of uncertain input parameters on key energy system outputs is quantified610

using the Spearman rank correlation coefficient (SRCC), a non-parametric measure611

that evaluates the strength and direction of relationships between variables. The SRCC612

is calculated between each parameter varied in the Monte Carlo simulation and each613

selected output, indicating whether increases in input parameters are associated with614

increases or decreases in model outputs. Correlations are considered significant when615

the p-value is below 0.2 and the absolute SRCC value exceeds 0.1. The results are616

presented in Figure 5 as correlation matrices, where colour indicates the direction of617

correlation and the magnitude of the coefficient reflects its strength. This analysis618

identifies the main drivers of uncertainty in flexibility provision and highlights the619

parameters influencing the role of different flexibility providers.620
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5 Data availability statement621

The full model and all associated data are publicly available via GitHub and Zenodo622

[46]. Details of the underlying modelling framework are provided in the Balmorel623

Community.624

Github :625

• Balmorel (great_NetZero branch)626

• Balmorel_data (great_NetZero branch)627

High performance computer is required to run the scenarios of this study. The628

computational requirements depend on the type of simulation performed. The baseline629

Net Zero scenario capacity development for the years 2030, 2040, and 2050, requires630

approximately 10 hours of computation. A full-year dispatch simulation for a single631

representative year requires around 6 hours, while the rolling dispatch approach over632

one year requires approximately 10 hours. For these two steps, the runs for different633

years can be parallelized. The 100 Monte Carlo simulations using the three-steps634

approach requires approximately 15 days of computation. The total computation time635

is primarily determined by the number of scenarios that can be executed simultaneously636

through parallelization.637
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