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Extended Abstract

Problem statement: Research on 100% renewable electricity systems has expanded in the
academic literature, driven by the need for deep decarbonization and concerns over supply
security and resource flexibility (Denholm et.al, 2021; Khalili et.al, 2025). Peer-reviewed
assessments highlight persistent challenges related to long-duration storage, system stability
and balancing, as well as socio-economic challenges (Breyer et.al, 2022, Khalili et.al, 2025).
Ruhnau and Qvist (2022) show that multi-week periods of low wind and solar output can
impose storage requirements far exceeding conventional model assumptions. In terms of
system challenges, a critical meta-review by Heard et al. (2017) argues that many 100%
renewable scenarios lack robust feasibility assessments, particularly regarding dispatchable
capacity, ancillary services, and realistic transmission needs, often motivating consideration of
nuclear energy as a low-carbon alternative. On the other hand, other analyses responding to the
Burden of Proof critique highlight that, unlike nuclear power, which faces feasibility issues
such as finite uranium resources and reliance on unproven future technologies, renewable
systems based on wind and solar are already technically viable and steadily decreasing in cost
(Brown et al., 2018). Furthermore, the core socio-economic challenge of renewables is that
they require huge domestic investment and construction capacity which is economically
positive but socially demanding, whereas the core challenge of nuclear is that it delivers
relatively low domestic economic benefit, while increasing import dependency and limiting
employment creation (Koelbl et al., 2016). Parallel to this, studies comparing renewable-only
and nuclear-inclusive systems remain limited. Most national-level analyses examine mixed
portfolios rather than deliberately extreme, single-technology systems. In the Dutch context,
the 113050 Integrated Infrastructure Outlook provides one of the most comprehensive national
assessments of future energy system configurations, quantifying the implications of divergent
pathways for grid capacity, flexibility needs, storage volumes, and spatial requirements
(Netbeheer Nederland, 2023). However, 113050 does not explicitly compare exclusive
wind-only, solar-only, or nuclear-only electricity systems.

Therefore, the present study addresses the research gap by evaluating whether a 100%
renewable electricity supply based solely on wind or solar, supported by hydrogen and battery
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storage, can meet Dutch 2050 demand with full security of supply, and by contrast assessing a
nuclear-only low-carbon configuration. We contribute to the societal question of whether fully
green electricity with full security of supply is feasible for the Netherlands and how
consequences compare with a nuclear pathway for meeting 2050 climate-neutrality goals. This
study also contributes to digitalization in the built environment by applying a national-scale,
data-driven energy system model to explore infrastructure-intensive energy futures and their
implications for spatial and system design.

Methodology and scenario development: This study develops three future energy scenarios
for solar, wind and nuclear energy using energy transition model (ETM) as the main modelling
tool. The methodology framework is based on the integrated infrastructure outlook 2030-2050,
which was selected because it provides a comprehensive outlook on the infrastructure and
flexibility resources needed to reach net -zero emissions by 2050. The outlook highlights the
importance of large-scale renewable deployment and supporting infrastructure. The scenarios
were developed from national leadership pathways and scaled to represent extreme supply
configurations. The ETM was originally developed from the Netherlands environmental
assessment agency (PBL), enables the digitalization of future energy systems by linking energy
demand, supply, infrastructure, emission and costs a cross sector. The ETM couples scenario-
based energy transitions to material in- and outflows and material stock dynamics through
dynamic material flow analysis (MFA), enabling a system-level assessment of infrastructure
and resource implications. The model applies a primary energy-based accounting method using
a bottom-up allocation approach, in which each energy conversion process traces inputs
upstream to their primary sources. The scenarios in this study are structured around five key
modelling components: energy demand, energy supply, system flexibility, emissions and
system costs and efficiency. The modelling includes: (i) ETM accounting for emissions
associated with imported energy carriers and hydrogen, plus conversion and transport losses;
(i1) inclusion of industrial feedstock emissions and emissions related to non-energetic hydrogen
final demand; and (iii) a focus on hydrogen as an energy carrier produced via electrolysis,
where excess renewable electricity is converted and stored for long-term balancing depend on
digitalized monitoring and control architectures. Furthermore, In the solar and wind scenarios,
electrolyzers convert surplus renewable electricity into hydrogen to support seasonal adequacy
and sector coupling. Battery storage complements hydrogen to manage diurnal variability.
Results: As shown in Figure 1, we compared primary energy demand (PJ) for the Netherlands
in a historical reference year (2019) and three extreme 2050 pathways: wind, solar (both
coupled with battery storage system and hydrogen), and nuclear only. The 2019 scenario is
dominated by oil and natural gas, reflecting a fossil-based energy system with substantial
conversion losses. In all 2050 cases, the mix shifts strongly toward a single low-carbon primary
source, while fossil fuels become residual. The wind scenario pathway is largely supplied by
wind electricity, with a visible contribution of hydrogen carriers indicating sector coupling and
storage/balancing via electrolysis and hydrogen use. The solar pathway is dominated by solar
electricity and shows a comparable hydrogen role, but a lower total primary demand, consistent
with different balancing needs and potential curtailment. The nuclear-only pathway is
dominated by nuclear energy and yields the highest total primary demand, partly because
primary-energy accounting includes thermal conversion in nuclear supply.
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Figure 1: Primary energy demand of the nuclear, solar, and wind scenarios (from right to
left), compared to the 2019 reference year.

Figure 2 shows the contribution of renewable energy carriers (PJ) in the reference year (2019)
and in the three 2050 extreme pathways (wind, solar, and nuclear-only). In 2019, renewables
provide only a minor share of total supply, distributed across small contributions from biomass-
based heat and fuels, limited renewable electricity, and biogenic waste. In the 2050 wind
pathway, renewable supply increases strongly and is dominated by wind electricity,
accompanied by a substantial contribution from renewable hydrogen, reflecting large-scale
sector coupling (power-to-hydrogen) for balancing and hard-to-electrify end uses. In the 2050
solar pathway, the renewable portfolio is instead dominated by solar PV electricity, again
complemented by renewable hydrogen and smaller shares of renewable fuels and
biomass/ambient heat. In the nuclear-only pathway, total renewables remain comparatively
low, with only residual contributions from biomass, ambient/geothermal heat, and renewable
fuels, consistent with nuclear providing most primary energy.
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Figure 2: Share of renewable energy across the three scenarios of nuclear, solar and wind,
compared with the 2019 reference year.

We also compared the electricity generation (installed capacity, GW) in the reference year
(2019) and in the three 2050 extreme pathways (wind, solar, and nuclear-only) as show in
Figure 3. The 2019 system shows a relatively small and mixed portfolio, reflecting a
conventional dispatchable backbone complemented by limited renewables. In the wind
pathway, total capacity increases markedly and is dominated by onshore/offshore wind,
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complemented by dispatchable hydrogen-based power plants and limited storage to cover low-
wind periods. The solar pathway requires the largest nameplate capacity: PV dominates the
mix and substantial overcapacity is needed to compensate for low-capacity factors and strong
diurnal/seasonal variability, with hydrogen-based dispatchable units and storage providing
adequacy during low-solar periods. In the nuclear-only pathway, total capacity remains
comparatively modest and is primarily nuclear, with smaller contributions from renewables
and backup units. Overall, the figure highlights that extreme variable renewable energy
pathways shift system needs from fuel supply to large-scale capacity and flexibility
infrastructure.
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Figure 3: Electricity production capacity of the nuclear, solar, and wind scenarios (from right
to left), compared to the 2019 reference year.

Discussion and conclusion: In this study, three extreme scenarios for Dutch energy supply in
2050 are analyzed using the ETM. Each scenario assumed use of one single energy source to
be used: wind energy, solar energy or nuclear energy. The model reveals distinct electricity
production capacity requirements across energy sources. Solar demands the largest system due
to additional installations needed for adequate production and storage capacity. Nuclear, being
centralized and predictable, requires a significantly smaller system to meet demand. Wind
energy similarly needs a larger system for flexibility to match production profiles with
consumption, though smaller than solar.

Cost comparisons show important distinctions between total yearly costs and costs per
gigawatt. Total costs peak for solar (€110 billion), followed by wind (€90 billion) and nuclear
(€55 billion). Per installed power, however, nuclear ranks highest (€1.20 billion/GW), with
solar (€0.40 billion/GW) second and wind (€0.10 billion/GW) third. Flexibility requirements
drive this divergence: both solar and wind need greater installed capacity with battery/hydrogen
storage backup, increasing total costs despite lower per-GW prices.

Land requirements further differentiate scenarios. Wind requires 6,500 km? versus 3,250 km?
for solar, respectively twice and similar to the area of Zuid-Holland province (3,300 km?). This
underscores the spatial-planning implications of large-scale renewables. Nuclear plant surface
area remains undefined in the model, though strict safety regulations similarly necessitate
dedicated spatial consideration.
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This study presents an assessment methodology with several limitations. The cost framework
captures only direct energy value chain expenses without accounting for end-user or broader
stakeholder expenditures. Furthermore, the analysis underestimates critical constraints such as
land availability for renewable deployment, supply chain bottlenecks, and labor cost
variability. Environmental impacts beyond carbon neutrality were also excluded, as these fell
outside the scope of the ETM. Despite these constraints, the study's reliance on extreme
scenarios provides insight into the potential and operational flexibility of each energy source,
demonstrating their reliability under stress conditions. Future work will include sensitivity
analyses on storage sizing and curtailment to strengthen real-world feasibility assessments.
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