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Technological progress has established the infrastructure and technologies for modern energy systems. While this
advancement is expected to continue, it will be increasingly shaped by a more complex interplay of techno-economic,
environmental, social, and political factors [1]. Furthermore, scientific and technological evolution does not occur in isolation;
rather, it interacts dynamically with societal values, needs, and emerging megatrends. These societal drivers influence the
framework that guides the technological development along with scientific discoveries, subsequently shaping key themes for
research, development, and innovation. Today, energy-specific considerations range from materials, electrification, and
digitalization to climate change mitigation, social equity, and geopolitics, among others.

1. Challenges and opportunities from multidisciplinarity for energy

The above multi-dimensional framework calls for multidisciplinary approaches, which materializes when bottlenecks defy
single or narrow discipline solutions. For instance, proof-of-principle validation of deep-tech materials at low-technology
readiness level (TRL) requires mainly specialized, discipline-specific expertise. Conversely, high-TRL issues often require a
dual approach combining disciplinary depth with transdisciplinary breadth to navigate complex societal, ecological, and
infrastructural interfaces.

For example, rapid scaling up of solar and wind power introduces profound system-level and systemic challenges.
Resolving operational flexibility and social acceptance will be critical, requiring complementary elements and technical
modifications. For instance, to mitigate land-use limitations, may require re-engineering of standard solar photovoltaic (PV)
into agriculture adapted or off-shore PV. Conforming to societal requests necessitates bridging disparate domains (e.g.,
engineering and social sciences). Such disciplinary translation may impede progress, requiring integration mechanisms to
facilitate effective disciplinary knowledge transfer and use.

Whether research should anticipate future constraints through early multidisciplinarity integration remains a critical trade-
off, as striving for immediate technological optimality can actually be counterproductive through locking into premature
designs, prolonging development timelines, and delaying the vital deployment needed to drive experiential learning. In early-
stage development of new energy solutions, rapid iterations even with sub-optimal solution could therefore be better than
slow, optimized solutions. Noteworthy, technology progress depends not only on supply-side innovations but also on
infrastructure co-evolution and market adoption, typical to large-scale technical systems such as energy. From an expansion
perspective, this transition process, also known as technology diffusion, has a link to multidisciplinarity through bridging
technological/industrial development with socio-economic scaling.

In multidisciplinary energy development, information sciences often play a critical role in resolving complex problems
where traditional single-discipline engineering falls short. Predictive, adaptive, and autonomous green energy systems, such
as smart grids, virtual power plants, and digital twins, exemplify this fusion. Artificial intelligence (Al) will intensify this
integration. Transitioning Al from single-agent to system-wide intelligence provides substantial advantages, leveraging multi-
dimensional capabilities to accelerate cross-disciplinary knowledge transfer and solve previously intractable problems in
energy. Beyond established roles (e.g. in battery materials and smart grid control), Al could introduce new avenues for
multidisciplinary science by overarching the entire energy value chain, from materials and core engineering fields to socio-
political sciences [2].

Al integration, both as a discipline for energy and use for multidisciplinary problems in energy, should decisively be
accelerated to capitalize on emerging opportunities, such as Al-driven material development, Al-enabled optimization, and
domain-tailored Al-architectures. The latter is paramount: Al comprises a diverse family of architectures (long short-term
memory (LSTM), gated recurrent unit (GRU), simple recurrent neural network/shallow recurrent neural network (S.RNN),
backpropagation (BP), convolutional neural network (CNN), etc.) with unique trade-offs in computational efficiency, memory,
training speed, and real-time viability, among others. For instance, real-time control and long-term forecasting, which are
important to optimal use of variable renewables impose very different model requirements, not easy to incorporate in one Al
model only. To accelerate the industrial use of Al, easy-to-use toolbox-type of approach could be valuable. But fully
leveraging Al in energy also requires better addressing other barriers: data quality, reliability, interpretability, and integration
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Navigating these complexities necessitates new education, training, and research initiatives.

Multidisciplinary intersectionality can generate disruptive paradigms and novel academic domains, as demonstrated by
mechatronics (mechanical—electrical-informatics integration) and behavioral economics (psychology—microeconomics
synthesis; Nobel Prize 2002). While the energy sector lacks a structurally equivalent transformation, current development
indicates a possible future paradigm shift via the convergence of green energy technologies and digital informatics. This
integration supports the emergence of “digital ‘green’ energy” (e.g., with systematic embedding of domain-specific Al into
new energy technology architectures). Emerging, speculative conceptual frameworks extend this path through socio-technical
energy engineering, digital energy storage solutions, and the water-energy nexus.

How can practical interdisciplinary integration be achieved? Operationalization depends on technological maturity and the
specific nature of the research questions. Resolving systems and systemic energy challenges would benefit from integrative
capabilities along the “deep engineering—economics—digital (Al)-social (behavioral) science” axis. Furthermore, science-to-
policy advisory models [1] offer established examples for managing multidisciplinary themes through formal structures that
assemble teams, scope workflows, drive dialogue, and synthesize advice. Implementing a “light-mode” adaptation of this
framework could help in energy by leveraging structured processes and senior expertise to identify cross-disciplinary
couplings and recognize their added value. Ultimately, successful integration depends on a fundamental human element: the
genuine willingness of individuals to collaborate across distinct disciplinary boundaries. Notably, future Al agents may also
facilitate this integration.

2. Examples on the role of multidisciplinarity for cutting-edge technologies

In the next, the role of multidisciplinarity for technology solutions are discussed through two cases representing the two
ends of energy technology maturity: (1) advanced energy materials and (2) energy system transition and flexibility.

(1) Advanced energy materials. Advanced, efficient, and sustainable materials form the core of modern energy
development. Among these promising discoveries, mixed-oxide-ionic nanocomposites show great potential for next-
generation solid-state electrochemical devices, such as reversible solid oxide cells and power-to-fuel-to-power energy storage
systems. By applying advanced material, molecular, and device engineering, a Li;TiO5—Li,COj3 heterostructure electrolyte
(Fig. 1) yielded outstanding power density of 1.24 W-cm™2at 550 °C in fuel cell mode. This performance equals a volumetric
power density of 4 kW-L™!, which is comparable to high-discharge lithium-ion phosphate (LFP) battery, and translates to a
H,-to-electricity conversion efficiency approaching 70%.
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Fig. 1. Laboratory-scale fabrication process of a fuel cell with superionic electrolyte along with the structural transformation process to form a
heterostructure electrolyte. Reproduced from Ref. [3] with permission.

This example represents a typical proof-of-principle stage, a milestone that many energy materials reach, relying on nearby
disciplines (e.g., material science, physics, and chemistry). Next steps toward industrial relevance require engineering-level
interventions and system-level integration. Several shortcomings must be overcome, specifically long-term stability under
diverse operational conditions and repeatability, followed by real-world constraints such as manufacturability and cost.
Accelerating through these techno-economic “barriers” benefits from effective integration of more industry relevant
engineering disciplines. These trans-disciplinary insights can provide useful solutions (e.g., for above example advanced
manufacturing tools), such as additive 3D printing, which enable modular monolithic designs that overcome interconnection
problems in solid oxide technologies.
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for sample preparation, handling, and testing, integrated with computational-experimental feedback loops guided by Al and
machine learning could exponentially increase sample throughput and screening against diverse criteria, yielding
unprecedented developmental impacts [2].

(2) Energy system transition and flexibility. The clean energy transition is a huge systemic (socio-technical)
transformation constituting of several co-evolving layers (technical, economic, social, environmental, and political), that are
semi-autonomous, but mutually interdependent, meaning that the interaction between all layers will affect the energy
transition. Hence, also the technology progress is strongly affected by these other distant disciplines. Conversely, massive
introduction of solar and wind power and consequent integration issues affect the non-technical layers (causing price volatility,
political polarization, socio-economic injustice, etc.). Mitigation measures to above problem are ample, such as flexible supply
and demand, storage, and digitalization/Al, among others [4] (Fig. 2).

The benefits from stronger multi-disciplinarity in technology development in this case are self-evident. Contrary to the
previous case, the framework for systems and systemic solutions, that affect technology development, is more variable, mostly
originating from the non-technical factors. For example, climate adaptation and resilience are becoming highly relevant and
should now be better considered in technology solutions (including flexibility) and could even affect their mutual relevance
compared to the priorities from present climate mitigation perspective. Changing weather patterns and extreme weather affect
the resilience of energy and renewables, and the flexibility measures. For example, human capabilities to respond to extreme
conditions (hot or cold) is limited, reducing the effectiveness of demand side response. Droughts may reduce pumped-hydro
capacities. Likewise, more accurate long-term weather forecasts could have implications to storage demand and power
reserves. Resilience more broadly also includes cybersecurity and rapid extreme power fluctuations from datacenters. Thus,
to tackle the changing technology development framework, above few examples raise several trans-disciplinary themes in
support to specific engineering disciplines such as meteorology, data science, human behavior, and Al in developing resilient
cutting-edge solutions.
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(b)
Fig. 2. Illustration of (a) fuel-based and (b) electricity-renewables-based energy system with flexibility options achieving “fuel-like” operational
functionalities deep urban decarbonization. Case Helsinki, Finland. This physical/technology layer interact with several other non-technical layers
in the energy transition, with strong multidisciplinary nature, also influencing the technical solutions.

3. Concluding remarks

Multidisciplinarity can accelerate the progress of new energy technologies and help bridge the gap between science,
industrial development, and markets. Early-stage energy technology development benefits mostly from close-discipline
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fields, but it could also have transformative effects by fusing digital disciplines with energy.
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