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A B S T R A C T

A shift in the global decarbonization discourse is evident—from optimizing isolated components to designing interoperability across energy flows, materials, and 
governance frameworks. This Editorial introduces selected papers published in the special issue of Energy Conversion and Management: X, collectively representing a 
mature phase of sustainability research: renewable integration, digitization of thermal processes, waste heat valorization, and the development of fair net-zero 
governance models. It is shown that system-level decarbonization requires coordinated design across spatial, temporal, and institutional dimensions. The special 
issue is structured around four integrative themes: (1) heat as a recoverable resource; (2) storage as temporal infrastructure; (3) digitalisation as operational 
decarbonisation; and (4) governance for credible net-zero trajectories.

1. Introduction: from efficiency to integration

The SDEWES research community has, over the 2022–2024 period, 
provided a platform for presenting key contributions to the integration 
and decarbonisation of energy systems [1]. While collaboration with 
Energy Conversion and Management spans more than a decade, the more 
recent sequence of Special Issues published in Energy Conversion and 
Management: X has rapidly matured into a stable and thematically 
coherent publication framework. Two consecutive editorials published 
in 2022 and 2023 articulated a shared methodological trajectory, sig
nalling a shift from isolated technological efficiency towards coordi
nated, cross-sectoral system integration. The 2022 editorial [2]
emphasised industrial decarbonisation, waste-heat valorisation, micro- 
scale ORC systems and renewable-integration strategies, while the 
2023 editorial [3] expanded the scope to include renewable-energy 
communities, AI-driven optimisation, urban nature-based solutions 
and infrastructure planning under climate-change constraints.

Earlier ECM and ECMX editorials further codified this methodolog
ical grammar, in which system credibility is engineered through syn
chronisation across energy vectors, spatial scales and institutional layers 
rather than through isolated efficiency gains [4,5]. The present Special 
Issue continues along this trajectory by consolidating recent advances 
into a coherent narrative of integrated, system-level decarbonisation.

Over the past years, this collaboration has matured into a stable 
research pipeline in which a well-established international research 
community functions as a generator of high-quality, thematically 
coherent manuscripts, while Energy Conversion and Management (ECM) 
and Energy Conversion and Management: X (ECMX) provide the publica
tion architecture that consolidates these contributions into recognisable 

scientific trajectories. Earlier Special Issues emphasised that this com
munity operates as a long-standing global research network, continu
ously expanding methodological and thematic frontiers in energy, 
water, and environmental systems—an aspect repeatedly highlighted in 
previous editorials that noted the sustained growth of a worldwide 
research team emerging from recurring international collaborations. 
Likewise, the ECMX Special Issues of 2022 and 2023 served not merely 
as publication outlets but as structured venues that organised selected 
contributions into coherent thematic narratives, reinforcing the 
emerging role of integrative, multi-vector thinking in system decar
bonisation. Through this continuous cycle—community consolidation, 
thematic synthesis, and Special Issue publication—the ECMX-led 
framework has evolved into one of the most dynamic and conceptu
ally productive conference–journal ecosystems in the energy-systems 
field.

Within this framework, ECMX has become the natural home for 
contributions that span technologies, temporal scales, and governance 
layers. Its Special Issues typically organise 15–25 manuscripts into 
structured narrative constructs—rather than unstructured collec
tions—so that thermal systems, hydrogen integration, storage, digital
isation, spatial planning, and governance can be read as interacting 
infrastructure layers. The authors of the present editorial draw on long- 
standing engagement with this research ecosystem and with ECM/ 
ECMX—as contributors, reviewers, guest editors, and organisers across 
multiple Special Issues—and collectively represent several decades of 
research in thermodynamics, heat transfer, hydrogen systems, storage 
modelling, and urban-energy policy. Their role here is not merely to 
summarise manuscripts but to situate them within a maturing decar
bonisation narrative in which research communities and Special Issues 
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co-produce both knowledge and continuity.
Conceptually, this research community has shifted over the past 

decade from analysing isolated efficiency improvements toward 
exploring integrated, multi-vector and dynamically coordinated decar
bonisation pathways. Classical engineering approaches, which typically 
optimised technologies in isolation, are progressively being replaced by 
models that recognise that system-wide performance emerges from the 
interactions among thermal, electrical, material and digital in
frastructures. This shift—from optimisation to orchestration—defines 
the analytical backdrop for the 2024 Special Issue. Deep decarbonisation 
outcomes are now understood to depend on the coordinated use of 
energy-system and power-grid models under unified planning horizons 
and harmonised temporal resolutions, as illustrated by Lotze et al. [5]. 
Beyond technology co-optimisation, their results confirm that transi
tions of hardware (heat pumps, battery energy storage systems, sCO2 
and ORC cycles) must be synchronised with control, market and infra
structure constraints at compatible temporal granularities. More 
recently, Kılkış et al. [6] have characterised the sustainable develop
ment of energy, water and environment systems itself as a key oppor
tunity for decarbonisation, reinforcing the view of this research 
ecosystem as a testbed for systemic, multi-vector transitions.

Recent literature exemplifies this systemic turn across spatial scales. 
At the community scale, Calise et al. [7] show that the thermo-economic 
feasibility and renewable self-sufficiency of an existing residential dis
trict in Italy depend on coherent configuration, thermal flexibility and 
high-fidelity dynamic scheduling rather than on technology sizing 
alone. Extending this logic to mixed-use urban fabrics, Marrasso et al. 
[8] assess alternative energy-system configurations for Positive Energy 
Districts and introduce composite performance indicators that jointly 
capture energy autonomy, emissions, and operational interactions be
tween uses. At the building level, Olympios et al. [9] propose a holistic 
optimisation framework for the co-design and operation of electricity, 
heating, cooling and hydrogen technologies, explicitly treating build
ings as multi-vector hubs rather than single-service loads. Jahanbin et al. 
complement these insights by demonstrating that hybrid battery–hy
drogen storage integration becomes cost-optimal only when PV share, 
storage inertia, conversion dynamics and stochastic demand flexibility 
are jointly optimised within a unified planning horizon [10]. Bartolucci 
et al. further demonstrate that the performance of combined heat and 
power systems depends not only on component efficiencies but on 
design–operation coupling driven by real load data, storage behaviour 
and biogenic-fuel integration [11]. Kim et al. show that lignin depoly
merisation dynamics depend on synchronised reaction conditions, sol
vent polarity and catalyst–medium interactions, confirming that 
catalytic upgrading is fundamentally a multi-parameter synergy prob
lem [12].

Thermal energy storage (TES) is increasingly framed as temporal 
infrastructure rather than as a passive buffer within fixed system 
boundaries. At the materials scale, Ryšavý et al. and Čespiva et al. show 
that metastable phase-change materials deliver reliable performance 
only when crystallisation pathways, cycling stability, and long-term 
degradation are jointly optimised, effectively treating time as an 
explicit design variable [13,14]. At the plant scale, Mersch et al. develop 
a unified thermo-economic framework for adiabatic compressed-air 
energy storage that compares packed-bed and liquid TES concepts 
across power levels from 10 to 100 MW and discharge durations of up to 
9 h [15]. Their results—round-trip efficiencies reaching approximately 
76% and energy capital costs close to 140 USD/kWh for dual packed-bed 
configurations—demonstrate that techno-economic feasibility is gov
erned by coordinated multi-medium energy pathways rather than by 
any single storage technology in isolation.

At the district scale, Vivian et al. extend this temporal perspective 
into the spatial domain by analysing PV self-consumption in fifth- 
generation district heating and cooling networks under renewable- 
energy-community schemes [16]. Their results show that electrical 
and thermal domains must be co-designed at district level if PV sharing, 

heat pumps, and low-temperature networks are to achieve meaningful 
gains in both self-consumption and CO2 reduction [16]. Taken together, 
these studies position TES as a multi-medium, multi-scale temporal 
infrastructure, fully aligned with contemporary system-level approaches 
to integrated, multi-timescale optimisation in energy systems research.

District heating and cooling (DHC) research further consolidates this 
coupled temporal–spatial logic. Furubayashi and Kudo map low- 
temperature DHC deployment in Akita City, illustrating how waste- 
heat sources, snow storage and distributed heat pumps can be orches
trated as a single, seasonally adaptive infrastructure [17]. In parallel, 
Moradpoor et al. analyse the integration of industrial hydrogen pro
duction with district heating networks in cold climates under different 
building-renovation levels, showing that waste-heat availability, reno
vation depth and network temperature regimes jointly determine the 
cost-effective coupling margin between electrolysers and DHC systems 
[18]. Guarino et al. analyse road-integrated seasonal thermal storage 
and show that pavements can operate as embedded solar-thermal col
lectors, delivering substantial CO2 reductions while re-using urban 
surfaces as energy assets [19]. At the subsurface scale, Pavković et al. 
show that deep geothermal wells—accessed via retrofitted deep-drilling 
rigs and intended for high-temperature applications—can underpin 
baseload heat supply and provide high-temperature reservoirs suitable 
for hybridisation with ORC or Kalina cycles [20]. In parallel, Girgibo 
et al. use long-term monitoring and ARIMA-based forecasting in the 
Suvilahti district (Vaasa, Finland) to show that sediment temperatures 
track rising water temperatures with a lag, implying an increasing 
technical potential for sediment-heat utilisation under climate-change 
scenarios [21]. Together, these studies recast cities, roads, sediments 
and deep wells as spatially distributed, dynamically evolving thermal 
resources that must be integrated into systemic, cross-vector planning 
rather than treated as static, stand-alone assets.

Industrial decarbonisation exhibits the same degree of systemic 
interdependence observed across integrated energy systems. Farooq 
et al. demonstrate that catalytic pyrolysis of furniture-industry residues 
depends on the coordinated interaction of catalyst microstructure, 
vapour–solid contact dynamics and secondary cracking pathways [22]. 
Kim et al. show that lignin upgrading requires simultaneously optimised 
solvent polarity, hydrogen-donor availability and catalyst acidity, with 
product yields emerging from the coupling of homogeneous and het
erogeneous reaction environments [12]. Valizadeh et al. conclude that 
pyrolytic conversion over spinel-type oxides is governed by pore ar
chitecture, oxygen-vacancy mobility and redox cycling, which together 
regulate deoxygenation and aromatisation pathways [23]. Khani et al. 
reveal that hydrogen production from furniture waste via catalytic 
gasification hinges on synchronised gasification temperature, spinel 
crystallinity and metal–support interactions that modulate reforming 
and water–gas-shift reactions [24]. Sharma et al. similarly highlight the 
need to integrate material and energy flows by showing that bioethanol 
production from wastepaper delivers meaningful circularity benefits 
only when thermally and operationally embedded within broader 
process-energy systems [25].

Advanced thermodynamic pathways reinforce this systemic 
perspective. Li et al. [26] introduce a performance-recovery coefficient 
to characterise recuperator behaviour in supercritical CO2 Brayton cy
cles, demonstrating that cycle performance depends on tightly coupled 
thermal and hydraulic parameters. In parallel, Wang et al. show that 
convective enhancement in compact heat exchangers based on triply 
periodic minimal-surface geometries emerges only when geometric 
curvature, flow redistribution and turbulent transport are jointly opti
mised [27]. Collectively, these studies underscore that industrial 
decarbonisation performance—whether in catalytic conversion, 
hydrogen production, or advanced power cycles—is governed by 
coupled geometric, material and thermodynamic interactions, a princi
ple that also underpins recent research on hydrogen–CO2 hybrid storage 
concepts and reversible electro-thermal cycles [28].

Digitalisation forms the third cornerstone of the integration 
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paradigm. Benić et al. demonstrate that predictive hydraulic control 
substantially outperforms manual or rule-based operation in drilling and 
off-road machinery [29]. Coraci et al. show that deep reinforcement 
learning significantly improves thermal-energy management in build
ings [30], while Maturo et al. introduce multi-level predictive control 
strategies that optimise the coordination of phase-change materials with 
building-integrated renewables [31]. Collectively, these studies confirm 
that predictive optimisation, digital twins and AI-enabled control ar
chitectures are becoming fundamental operational enablers of decar
bonisation. At the system-planning scale, Parrado-Hernando et al. 
extend digital integration to long-term modelling by developing a 
method that transfers hourly-resolution energy-system dynamics into 
annual integrated-assessment frameworks—enabling embodied-carbon 
accounting, flexibility representation and multi-vector coordination to 
be consistently embedded into strategic decarbonisation models [32]. 
Most recently, Parrado-Hernando et al. [33] apply this methodology to 
the EU27 region and demonstrate that preserving temporal fidelity of 
generation-conversion-storage interactions is critical for integrated- 
assessment models to yield credible net-zero infrastructure pathways, 
confirming that hardware-level transitions must evolve coherently with 
multi-resolution, control-aware planning horizons.

Building-envelope research reinforces the same integrative logic. 
Spanodimitriou et al. show that passive retrofits achieve energy savings 
exceeding 40% only when climatic conditions, orientation and urban 
morphology are jointly considered—highlighting that envelope perfor
mance is a coupled climatic–spatial problem rather than a material- 
property issue [34]. They provide complementary evidence for hot- 
climate retrofits, demonstrating that passive strategies in the Iranian 
context deliver robust savings only when materials, occupancy patterns 
and microclimate effects are simultaneously modelled. Vassiliades et al. 
demonstrate that active solar façades influence both indoor comfort and 
local microclimate, explicitly linking building operation with urban- 
scale boundary conditions [35]. Herrando et al. further reveal that 
effective renovation strategies must integrate institutional constraints 
and regional planning frameworks alongside technical measures [36].

Taken together, these studies position the building envelope not as a 
static architectural boundary but as an interoperable ener
gy–climate–urban interface, governed by cross-domain interactions and 
coordinated design across scales—an approach consistent with 
contemporary system-level perspectives on decarbonisation that 
emphasise synchronisation across physical, operational and institutional 
domains rather than isolated component optimisation.

Finally, biomass-to-energy and hybrid thermochemical pathways 
show that circular resource flows depend on integrated reaction chem
istry, heat transfer and supply-chain optimisation. Insyani et al. show 
that hydrodeoxygenation performance depends on catalyst structure 
and solvent interactions [37], while Ling et al. analyse biomass oxygen- 
fuel circulating fluidised-bed systems with integrated sCO2 cycles [38]. 
Plata et al. further demonstrate that biodiesel produced from palm- 
based waste cooking oils exhibits strong dependency on prior cooking 
conditions, confirming that upstream thermal use influences down
stream fuel quality and conversion efficiency [39]. Erić et al. highlight 
the importance of coupled devolatilisation kinetics and reactor design 
[40]. Stančin et al. complement this by showing that the co-pyrolysis of 
polyurethane foam and sawdust exhibits strong synergistic effects, with 
plastic content significantly influencing bio-oil yield and composi
tion—emphasising the role of feedstock formulation in waste-to-energy 
systems [41]. Zhang et al. further show that chars produced under 
elevated pressure exhibit complex fragmentation and mineral trans
formation behaviour during combustion, highlighting how pressure 
history shapes ash behaviour and reactivity in solid-fuel systems [42]. 
These insights align with SDEWES 2024 contributions on electrolysis- 
enhanced renewable hydrogen and CO2–hydrogen hybrid systems [43].

Across all domains—thermal systems, hydrogen integration, TES, 
DHC, industrial processes, bioenergy, spatial planning, digitalisation 
and governance—a single conclusion emerges: systemic decarbonisation 

requires synchronisation, not selection. The 2024 SDEWES–ECMX Spe
cial Issue embodies this paradigm through nineteen manuscripts span
ning renewable electrolysis, heat decarbonisation, transport 
optimisation, system integration, digitalisation, energy communities, 
governance structures and circular planning. Together, they reflect a 
mature conceptual framework in which technologies, networks and in
stitutions operate as coordinated infrastructures across space, time and 
decision layers. The decarbonisation challenge is no longer identifying 
optimal components—it is engineering coherent systems.

2. Heat as a recoverable resource

The second thematic cluster focuses on the transformation of heat 
from a passive by-product into a fully recoverable and redistributable 
energy vector. Modern decarbonisation increasingly relies on harnessing 
local, low-grade, and seasonally variable thermal resources—including 
wastewater, industrial effluents, geothermal gradients, sediment heat, 
and latent heat storage materials.

Furubayashi and Kudo illustrate this shift through their district 
heating and cooling model for Akita, Japan, where municipal waste heat 
and stored snow act as complementary thermal assets [17]. Even under 
moderate linear heat density, the integrated network outperforms both 
kerosene boilers and stand-alone heat pumps, demonstrating how cli
matic adversity becomes a leverage point for system-wide optimization.

Spatially similar principles guide the work of Guarino et al., who 
couple road-integrated thermal collectors with borehole thermal energy 
storage (BTES) for school heating in Southern Italy [19]. Their TRNSYS 
simulations reveal substantial CO2 savings and highlight the latent po
tential of urban surfaces to operate as diffuse solar-thermal collectors 
embedded within existing city infrastructure.

Complementary low-carbon technologies exhibit similar integration 
requirements: Ciappi et al. demonstrate that the performance stability of 
oscillating-water-column systems depends on the coherent co-design of 
chambers, turbines, and power-conditioners—mirroring the systemic 
coupling challenges seen in solar-thermal and geothermal in
frastructures [44].

New evidence further reinforces the role of low-temperature network 
architectures. Vivian et al. analysed fifth-generation district heating and 
cooling (5GDHC) networks and demonstrated that such networks 
effectively exploit waste or renewable low-temperature heat when in
tegrated with distributed heat pumps, although seasonal mismatch be
tween PV output and heating demand limits electrical self-consumption 
[16]. Their results confirm that electricity-sharing models can comple
ment thermal-recovery strategies, especially in urban areas where low- 
cost renewable or waste heat is abundant.

D’Agostino et al. extend this solar-integration perspective by 
showing that fixed and tracking PV configurations yield markedly 
different NZEB performance depending on heating-demand profiles and 
balancing strategies, highlighting the need to co-optimise solar geome
try with building thermal characteristics [45].

Bilardo, Ferrara and Fabrizio likewise demonstrate that solar-driven 
cooling in nearly-zero-energy buildings performs optimally only when 
climatic variability, storage sizing, and façade interactions are co- 
designed—reinforcing that thermal management is inherently a systems 
problem [46].

Additional synergies emerge at the solar-conversion interface: Alte
goer, Hussong and Lindken demonstrate that back-mounted chimney- 
type evaporative cooling can improve PV efficiency, illustrating how 
thermal-management strategies enhance electrical generation within 
integrated heat–power systems [47]. Extending the control-driven 
temporal lens into distributed thermal infrastructure, Wei et al. show 
that model predictive control orchestrates district thermochemical res
ervoirs with storage and cost performance emerging from forecast- 
aligned control horizons [48]. Scaling the same systemic substitution 
logic to national grids, Sousa et al. demonstrate that resource substitu
tion and flexibility valuation reshape renewable-system investment 
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priorities, reconfirming that system credibility is governed by coordi
nated temporal–spatial orchestration rather than capacity choice alone 
[49].

Material-oriented approaches strengthen the thermodynamic foun
dation of heat recovery. Recent research by Čespiva, Ryšavý, Charvát 
and co-authors shows that sodium acetate trihydrate (SAT) latent-heat 
systems exhibit pronounced path dependence: crystallisation stability 
is governed not only by material composition but also by environmental 
temperature, thermal cycling history and heat-exchanger geometry 
[13,14]. These studies demonstrate that SAT-based latent-heat storage 
operates reliably only when phase behaviour, module design and char
ging–discharging regimes are jointly optimised. This evidence reinforces 
the broader system-level view that thermal storage reliability emerges 
from coordinated thermophysical, geometric and operational design, 
rather than from materials selection in isolation.

Egea et al. confirm this thermo-material interdependence for do
mestic hot-water applications, showing that scraped-surface heat ex
changers enhance latent-heat extraction only when geometric, 
rheological and thermal-cycling parameters are co-engineered [50].

A further thermo-biochemical perspective is provided by Wang et al., 
who develop a 3D multiphysics model of biomass-pile self-heating that 
couples microbial metabolism, low-temperature oxidation, moisture 
migration and porous-media convection [51]. Their simulations repro
duce the two-stage thermal evolution observed in large outdoor 
piles—an initial microbiological warming phase up to ~ 320 K followed 
by oxidation-driven escalation or stabilisation depending on ventilation 
and moisture pathways. By identifying the parametric thresholds that 
separate benign heating from runaway ignition, the study demonstrates 
that biomass heat behaviour is not an intrinsic material property but a 
coupled thermo-biochemical system whose stability must be engineered 
through integrated modelling of reaction kinetics, transport processes 
and storage geometry. This adds a crucial thermal-risk dimension to the 
SDEWES perspective that recoverable and residual heat must be gov
erned through systemic, rather than component-level, controls.

A complementary perspective on heat-system performance comes 
from the analysis of residential combustion processes. Szramowiat-Sala 
et al. develop neural-network and LSTM-based predictive models that 
link fuel type, combustion technology and operational output with real- 
time flue-gas composition, including CO2 and organic gaseous com
pounds (OGC) [52]. Their results demonstrate that emission profiles in 
small-scale heat generators are highly system-dependent and can only 
be accurately captured when combustion dynamics, airflow patterns 
and fuel characteristics are jointly modelled. This aligns with the 
SDEWES view of heat as a system-embedded resource: environmental 
performance in residential heating cannot be optimised through fuel 
choice alone, but requires integrated predictive control of combustion 
conditions. Complementing these findings, Farooq et al. highlight 
analogous dynamic behaviour in stratified molten-salt thermoclines 
used for seasonal storage, where internal mixing, stratification stability 
and flow management control usable exergy [22]. Together, these 
contributions position latent-heat storage as an integrated thermo- 
material subsystem whose performance emerges from coupled mate
rial, geometric, and operational interactions rather than from intrinsic 
material properties alone. Geothermal and sub-surface resources pro
vide another stable foundation for recoverable heat.

Karasalihović Sedlar et al. extend this geothermal perspective by 
demonstrating that mature oil fields can be retrofitted for stable 
geothermal-brine production, provided that appropriate institutional 
and regulatory mechanisms are in place to support dual-resource 
exploitation [53].

A complementary mining-based perspective is provided by Bar
zantny et al., who analyse the integration of waste heat from active and 
abandoned coal mines into the district heating system of Gliwice [54]. 
By recovering low-temperature heat from mine water and ventilation air 
through high-temperature heat pumps, their case study identifies 
around 3 MW of recoverable capacity and roughly 96 TJ of annual heat 

per source—equivalent to about 10% of the city’s current heat demand. 
The CO2 balance reveals that net emission reductions are only achieved 
under a decarbonised power mix, underscoring that mine-related heat 
recovery must be embedded within coordinated electricity and heat- 
system transitions rather than pursued as an isolated infrastructure 
add-on.

At the industrial level, ORC-based systems continue to expand the 
frontier of waste-heat utilisation across a wide range of scales. While 
recent research has increasingly addressed large-scale geothermal and 
solar-thermal hybrid configurations, Fatigati et al. provide experimental 
verification of scroll-expander technology tailored for small ORC units 
recovering exhaust heat from internal-combustion engines. Their results 
demonstrate a mechanical power increase of approximately 25% 
through the use of a dual-intake geometry [55]. This finding is partic
ularly relevant for distributed industrial heat sources, where both tem
perature levels and mass-flow rates exhibit strong temporal variability.

At smaller scales, Ancona et al. show that solar-driven micro-ORC 
systems can meaningfully support residential heat recovery, indicating 
that ORC-based valorisation can extend beyond industrial waste heat 
into the domain of decentralised household energy systems [56].

Additional insights arise from electrothermal studies. Al Kindi et al. 
show that thermal-energy storage coupled with flexible nuclear gener
ation substantially increases system-level balancing capacity without 
penalising reactor efficiency, transforming high-temperature heat into a 
dispatchable resource [57].

District systems demonstrate strong potential for wastewater-based 
heat recovery, with Ivezić et al. quantifying the efficiency gains and 
peak-load flexibility introduced by wastewater heat pumps in Serbian 
district heating and cooling (DHC) systems [58]. Beyond system-level 
performance, low-grade heat emerges as a spatially embedded 
resource whose effective utilisation depends on urban form and infra
structure readiness. GIS-based urban energy models such as PrioriTEE 
(2022) confirm that the exploitation of diffuse thermal potentials is 
strongly conditioned by urban density, climatic drivers, and the tech
nical feasibility of retrofitting substations for low-temperature operation 
[59].

Across these diverse contributions—from sediment heat to distrib
uted ORC systems—the evidence converges on a consistent conclusion: 
low-grade heat is no longer a loss term but a recoverable, distributable, 
and optimisable pillar of future decarbonised systems.

This systems perspective on transport decarbonisation is further 
strengthened by Degiuli et al.’s contribution, which quantifies how 
seemingly minor operational factors can produce substantial CO2 pen
alties [60]. Using RANS-based CFD modelling, the authors show that 
thin biofilm layers on ship hulls and propellers can increase brake power 
demand by more than 30% under typical operating conditions, leading 
to CO2 emission increases of 3–13% per hour depending on fouling 
severity and ship type. Their simulations across major global routes 
demonstrate that maintenance scheduling and hull-cleanliness strate
gies can yield absolute CO2 savings on the order of tens to hundreds of 
tonnes per voyage—a scale comparable to technological retrofits. These 
findings underline that maritime decarbonisation hinges not only on 
fuels and propulsion technologies, but also on data-informed opera
tional optimisation.

A parallel perspective emerges in urban public transport, where 
Noussan et al. perform a well-to-wheels comparison of battery-electric 
and biomethane buses [61]. Their analysis demonstrates that both al
ternatives achieve substantial emission reductions relative to diesel 
benchmarks—74% for electric buses and up to 79% for biomethane 
under the current EU feedstock mix—while highlighting the sensitivity 
of results to feedstock pathways, grid carbon intensity, and passenger 
load factors. The study shows that biomethane derived from residues 
such as manure can deliver net-negative upstream emissions, whereas 
electric-bus performance is increasingly shaped by the temporal align
ment between charging patterns and renewable-electricity availability. 
These findings confirm that urban-bus decarbonisation is not solely a 
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technology choice but a system-integration problem linking fuel path
ways, grid behaviour, and urban mobility patterns—resonating with 
broader scenario-based assessments of passenger mobility policies and 
their climate impacts, such as those presented by Siebenhofer et al. [62].

3. Storage as temporal infrastructure

Energy storage today represents far more than an auxiliary buffer for 
intermittent renewables—it functions as the temporal infrastructure of 
decarbonised systems, shaping how variability is absorbed, redis
tributed, and synchronised across sectors. For example, at the microgrid 
scale, a techno-economic study by Ndiaye et al. demonstrates that 
integrating advanced storage components (lithium batteries and super
capacitors) significantly improves local energy management strategies, 
underscoring the role of storage as critical temporal infrastructure even 
in decentralised systems [63]. This principle is strongly reflected in the 
three storage-focused SDEWES 2024 papers—each operating at a 
different scale of system integration [28,43,64].

A complementary optimisation perspective within hybrid multi- 
source systems is provided by the contribution, which applies a Mantis 
Search Algorithm to a PV–wind–fuel-cell architecture [65]. Their results 
show that metaheuristic scheduling can substantially enhance temporal 
balancing, reliability margins and operational robustness in decentral
ised renewable systems, reinforcing the broader conclusion that storage 
and generation must be co-optimised under temporal constraints rather 
than treated as independent design variables.

In [43] Vizza et al. show that PV–electrolyser coupling reaches 
optimal techno-economic performance at PV-to-electrolyser ratios of 
1.3–1.6, with hydrogen production costs approaching 4.2 €/kg, effec
tively using hydrogen as a temporal coordination medium linking diurnal 
photovoltaic profiles with the inertia of industrial demand. The study 
treats hydrogen not merely as a chemical product but as a temporal 
coordination medium, aligning diurnal solar cycles with the inertia of 
industrial consumption. These insights closely align with recent global 
analyses of green hydrogen supply chains, where system-level design
—rather than electrolyser efficiency—dominates overall performance 
[66].

It also aligns with broader system-level decarbonisation modelling, 
including Herc, Pfeifer and Duić, who demonstrate that progressively 
higher renewable penetration requires co-optimised expansion of stor
age, demand response and hydrogen pathways to manage curtailment, 
cost and carbon constraints in transitional power systems [67].

More complex temporal architectures appear in paper of Guisado 
Falante et al. where they develop a reversible electro-thermal
–geological storage concept based on transcritical CO2 cycles [28]. Their 
turbomachinery and recuperator analyses reveal that compressor inlet 
pressure, turbine expansion ratio and heat-exchanger effectiveness 
jointly determine charge–discharge stability under off-design oper
ation—a multivariable coupling that mirrors similar thermo-reactive 
sensitivities reported for structured hydrogen-production reactors in 
composite packed beds [68]. By integrating heat-pump charging and 
Brayton-cycle discharging into a single loop, the study demonstrates 
how conversion and storage can be engineered as a unified continuum, 
rather than as discrete unit operations.

At the materials scale, paper by Kang et al. examines LLZO solid 
electrolytes and shows that precursor chemistry, dopant distribution and 
microstructural homogeneity tightly govern ionic conductivity and 
cycling stability [64]. As solid-state batteries increasingly serve as short- 
duration buffers in hybrid PV–battery–hydrogen architectures, such 
materials-level constraints define the physical limits of system-level 
flexibility.

Complementary evidence from Furubayashi and Kudo and Guarino 
et al. reinforces this multiscale perspective, showing how geothermal 
and borehole-based thermal-storage architectures can smooth diurnal 
and seasonal mismatches in district-energy and solar-thermal systems 
[17,19]. Mahon et al. further generalise these insights in their review of 

aquifer, borehole, pit and tank seasonal thermal energy storage, iden
tifying operating-temperature windows, recovery efficiencies and 
geological constraints that effectively position seasonal TES as a tem
poral backbone for future low-temperature district-heating networks 
[69]. Vivian et al. reach a similar conclusion for fifth-generation district- 
energy systems, demonstrating that stable electricity–heat exchange 
requires coordinated optimisation of distributed heat pumps, PV and 
thermal buffers [16].

Taken together, the three SDEWES contributions illustrate that 
time—not capacity alone—has become the fundamental organising 
principle of decarbonised energy systems. Hydrogen conversion chains, 
CO2-based cycles, seasonal TES and solid-state batteries emerge not as 
isolated technologies, but as interoperable temporal assets whose pri
mary value lies in shaping when and how energy becomes available, 
dispatchable and convertible across sectors.

In this sense, recent storage-oriented research reflects a broader 
conceptual evolution in decarbonisation thinking: the organising prin
ciple has shifted from individual devices to the temporal structuring of 
energy systems. Storage technologies increasingly function as the 
mechanisms through which renewable intermittency is transformed into 
reliable and predictable system behaviour. Their value therefore extends 
beyond nominal energy capacity, residing instead in their ability to 
shape when, how, and under which conditions energy becomes avail
able, dispatchable, and convertible across sectors.

4. Digitalisation as operational decarbonisation

Digitalisation has become a structural enabler of decarbonisation, 
transforming flexibility from a static system attribute into a continu
ously optimised operational capability. The contributions in this cluster 
demonstrate that cyber-physical integration, data-driven control, and 
model-based optimisation are redefining how energy systems absorb 
renewable variability, manage grid constraints, and synchronise multi- 
vector operation.

The first of these contributions, paper [70], presents Bovesecchi 
et al.’s dynamically controlled photovoltaic–battery system for the 
Rome Technopole. Their simulations show that system self-sufficiency 
ranges from 65% to nearly 100% depending on inverter dispatch strat
egy, SOC forecasting, and temporal resolution of the control algorithm. 
This aligns with digital-control sensitivity reported by Vivian et al., who 
demonstrate that PV–heat-pump coordination in 5GDHC networks is 
highly dependent on forecasting accuracy and control logic [16]. Aunedi 
et al. similarly confirm that multi-model optimisation of UK heat- 
decarbonisation pathways hinges on model-based scheduling rather 
than hardware alone—reinforcing the conclusion that control-layer in
telligence is now a primary determinant of system performance [71].

A complementary control-layer perspective emerges from 
health-aware and degradation-informed optimisation approaches 
increasingly applied to hybrid energy systems. Across recent studies 
on fuel-cell–battery and other multi-vector configurations, energy- 
management frameworks that explicitly internalise component ageing, 
efficiency decay, and cyclic stress demonstrate fundamentally different 
optimal dispatch behaviour compared to purely performance-driven 
control. By embedding degradation dynamics directly into dynamic or 
predictive optimisation schemes, these approaches co-optimise short- 
term efficiency and resource use with long-term system availability and 
cost. The consistent finding is that neglecting degradation mechanisms 
leads to systematically biased temporal power allocation and distorted 
lifecycle cost trajectories, reinforcing the conclusion that digital control 
is no longer merely an operational add-on but a structural determinant 
of multi-vector system performance across time and scales.

A comparable digital-systems perspective shapes, where Rajaković 
et al. extend Serbia’s EnergyPLAN framework by embedding hourly AC 
power-flow calculations [72]. Their hybrid model captures voltage 
margins, congestion clusters, and cross-border interactions, producing 
physically verifiable pathways for large-scale renewable integration. 
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This is fully consistent with the decarbonisation-pathway optimisation 
of Herc, Pfeifer and Duić, who show that realistic national-system 
transitions require validation through operationally constrained 
modelling rather than unconstrained long-term planning [67].

Methodological continuity appears in Parrado-Hernando et al. [32], 
whose statistical annual-indicator framework embeds hourly-resolution 
dynamics into long-term planning without losing operational realism. 
Their co-simulation approach mirrors the structural logic of research of 
Rajaković et al.: digitalisation turns planning from a static projection 
into a continuous, multi-resolution optimisation process capable of 
reconciling techno-economic and electrical feasibility [72].

Uncertainty, too, is reshaped by digital modelling. In paper of 
Cuenca et al. apply probabilistic hydro-inflow scenarios to evaluate 
expansion strategies in Ecuador’s hydro-dominated system, demon
strating that hydrological variability can reverse investment priorities 
[73]. Mazzeo et al. provide parallel evidence, showing that renewable- 
system performance in hybrid PV–wind configurations is strongly 
conditioned by environmental uncertainty and flexibility of hydrogen 
integration [74]. Together, these studies confirm that resilience is 
computationally engineered, not an afterthought of physical 
redundancy.

Digitalisation further deepens the integration of material and 
energy flows. Schützenhofer et al. demonstrate that material-resource 
optimisation and circularity must be embedded into digital planning 
frameworks if decarbonisation and resource efficiency are to progress 
together [75].

A further industrial digitalisation perspective is offered by Herrando 
et al., which develops a real-time Digital Twin of a continuous co- 
extrusion process in the rubber industry [76]. By integrating CFD, 
FEM and reduced-order models within a physics-based framework, the 
study enables multi-objective optimisation of line velocity, curing and 
foaming parameters. The results demonstrate that industrial 
manufacturing lines can provide meaningful electrical flexibility with 
minimal impact on thermal demand. Operating at higher line velocities 
is shown to reduce total CO2 emissions and energy costs, illustrating how 
Digital Twins can synchronise operational schedules with external grid 
conditions. This contribution highlights that industrial decarbonisation 
increasingly relies not only on hardware efficiency, but on real-time, 
model-based process intelligence capable of coupling production dy
namics with energy-system constraints.

At the industrial scale, digital co-simulation drives measurable re
ductions in CO2 intensity. The Digital Twin Rubber Industry study shows 
that higher line speeds—traditionally assumed to increase energy 
use—can reduce specific emissions because shorter batch durations 
enhance electrical flexibility and minimise idle losses. Comparable 
digital-optimisation effects appear in Wang et al., where coordinated 
geometric–thermal optimisation of TPMS-based heat exchangers pro
duces greater efficiency gains than hardware retrofits alone, under
scoring the primacy of digital engineering over traditional equipment 
upgrades [27].

Industrial-sector decarbonisation exhibits similar patterns: Asadza
deh and Andersen show that optimal operation of bio-oil-fuelled 
cogeneration plants is achievable only through dynamic system 
modelling and predictive control, positioning digital-twin methodolo
gies as essential tools for process-industry optimization [77].

At the urban scale, a complementary digital-modelling contribution 
is provided by Álvarez-Sanz et al., which integrates Heating Degree Day 
(HDD) concepts with XGBoost-based machine-learning models to esti
mate building heating demand across large residential districts [78]. By 
generating more than 50,000 representative building scenarios, the 
authors show that variable-base-temperature HDD modelling can ach
ieve MAPE values as low as 15%, substantially outperforming traditional 
HDD approaches while retaining low data requirements compatible with 
open cadastral datasets. The ability to operate with limited inputs makes 
the model particularly suitable for rapid district-level energy diagnosis, 
renovation-strategy assessment and urban-transition planning. More 

broadly, this work illustrates how scalable, data-efficient digital tools 
are becoming central to building-stock decarbonisation and urban 
energy-system planning.

The built environment demonstrates the same transition. Gaucher- 
Loksts et al. show that coordinated optimisation of building-integrated 
PV and heat pumps meaningfully increases self-consumption and 
demand-side flexibility [79].

Barone et al. reach similar conclusions for concentrating PV/T façade 
systems, showing that performance gains arise only when optical, 
thermal and control parameters are jointly coordinated—further 
emphasising the systemic nature of building-integrated renewables 
[80].

Vassiliades et al. further demonstrate that active-solar façades alter 
both indoor comfort and microclimate dynamics—evidence that build
ings are becoming digitally orchestrated energy assets rather than pas
sive thermal loads [35].

Complementing these findings, Alhindawi and Jimenez-Bescos show 
that thermal-comfort prediction in passive buildings depends critically 
on high-resolution climatic and airflow modelling, reinforcing the role 
of digital analytics as a prerequisite for climate-responsive building 
operation [81].

Demand response (DR) naturally emerges as part of this broader 
evolution. While the contributions in this Special Issue do not introduce 
explicit DR control algorithms, related studies illustrate how digital 
monitoring and regulation already shape system flexibility. Batista da 
Silva et al. show how digital monitoring influences PV adoption dy
namics and user behaviour [82], while Wołosz demonstrates that digi
tally regulated transient airflow systems can function as controllable 
flexibility resources [83]. Together, these examples support the 
contemporary interpretation of demand response as a form of virtual 
storage, in which digital coordination and control partially substitute for 
physical storage capacity by reshaping demand profiles in time.

These findings converge on a three-layer structure through which 
digitalisation operates: 

(1) System-scale digital integration:Coupled national models (e.g., 
Rajakovic et al.) integrate market behaviour, grid constraints and 
interconnector dynamics, resembling advanced European co- 
simulation platforms where market clearing, unit commitment 
and nodal balancing share a unified optimisation kernel [72].

(2) Local and district-level digital control: Flexible PV–BESS sys
tems and low-temperature district networks employ MPC-style 
optimisation and forecasting to align distributed resources with 
real-time system needs [70].

(3) Industrial and process-level digital twins: Real-time co-simu
lation in industrial systems synchronises thermal and electrical 
behaviour with grid carbon intensity, effectively turning pro
duction lines into dispatchable hybrid resources.

Across all layers, a single conclusion emerges: Digitalisation is 
becoming the operational backbone of decarbonisation. Energy 
systems no longer rely solely on physical assets—batteries, hydrogen, 
thermal storage—but increasingly on algorithmic flexibility: predictive 
models, control strategies and cyber-physical platforms that continu
ously match renewable supply with multi-vector demand.

Digital intelligence has effectively become a new form of infra
structure—governing when storage systems charge, when heat pumps 
operate, how PV curtailment is avoided, how industrial loads are 
sequenced, and how national grids absorb gigawatt-scale variable re
newables. This evolution marks a logical next phase in decarbonised 
energy-system design: a shift from system integration towards system 
orchestration, in which digital and physical components co-evolve to 
deliver reliable, adaptive and ultimately net-zero operation.
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5. Governance and equity in the net-zero transition

The human and institutional dimensions of the energy transition 
emerge as a distinct analytical layer that shapes decarbonisation out
comes no less than technological innovation. The contributions in this 
cluster demonstrate that governance structures, equity frameworks, and 
community-level participation constitute the conditions under which 
system-level decarbonisation either succeeds or stalls. In contrast to 
earlier decades—when institutional design was treated as an external 
constraint—recent research positions it as an integral component of 
energy-system optimisation.

This institutional dimension extends to urban mobility as well: Abid 
et al. show that energy-efficient urban planning can deliver system-level 
transport-sector savings comparable to technological retrofits, under
scoring that infrastructure design and governance jointly shape decar
bonisation outcomes [84].

At the urban scale, Ayala Chauvin et al. show that the effectiveness of 
distributed-energy and demand-response programmes depends as much 
on institutional coordination and tariff design as on the underlying 
technological infrastructure, highlighting governance as a primary 
enabler of urban energy autonomy [85].

A central conceptual contribution comes from Ebersold et al., who 
introduce the category of avoidable greenhouse gas emissions. Their 
framework distinguishes between emissions that are technically avoid
able (given current available technologies) and those that are econom
ically avoidable (given investment constraints and market prices). This 
distinction allows for a more transparent definition of corporate carbon- 
neutrality strategies, reducing the ambiguity surrounding mitigation 
potential and residual emissions [86].

While Ebersold et al. articulate the accounting foundations of insti
tutional decarbonization, Peñalvo-López et al. (Energy Community Cost 
Model) focus on community-scale equity [86,87]. Their simulation of 
energy communities in Spain and Colombia evaluates electricity-sharing 
arrangements under varying ownership structures, tariff designs, and 
load profiles. By operationalising a community-level cost-of-electricity 
indicator (COE1), the authors quantify the distributional consequences 
of decentralised generation and identify conditions under which 
vulnerable households become net beneficiaries rather than net payers. 
These findings align with recent integrated assessment modelling by 
Parrado-Hernando et al. which demonstrates that equitable decarbon
isation scenarios in the EU27 require not only technological deploy
ment, but also governance architectures capable of coordinating 
variability, curtailment, and flexibility across socio-technical layers 
[33].

A complementary perspective on distributive fairness and cost allo
cation in community-based energy systems is provided by Peñalvo- 
Lopez et al., which evaluates the annual cost of electricity for different 
community members under varying ownership models, tariff structures 
and consumption profiles [87]. The analysis shows that equity outcomes 
in Energy Communities depend less on aggregate renewable penetration 
than on intra-community allocation rules and governance arrangements. 
These results underline that, in community-scale decarbonisation, 
institutional design and allocation mechanisms often exert a stronger 
influence on socio-economic performance than technological optimisa
tion alone.

Huang demonstrates that electricity consumption is deeply shaped 
by socio-economic factors such as income, household size, and appliance 
ownership, revealing that wealthier households tend to consume 
disproportionately more electricity per capita [88]. These findings un
derscore that social inequality directly affects energy use patterns and 
should be considered when designing low-carbon policies—reinforcing 
that socio-institutional context is inseparable from technical feasibility.

Doukas and Trachanas further highlight that issues of inequality, 
autonomy and social acceptance often determine whether low-carbon 
technologies are adopted, reinforcing that socio-institutional context is 
inseparable from technical feasibility [89].

Corral Fernández et al. further emphasise the need for integrated 
planning by showing that linear optimisation of energy–water–food 
systems in rural Sub-Saharan contexts substantially mitigates local 
resource inequalities and strengthens infrastructural resilience [90].

Recent advances also underscore the material dimension of sus
tainability in building-scale electrification. Carrasco and May use 
automated text analysis across 241 open-access papers to map how 
circular economy concepts are treated in literature on low-energy 
housing components—particularly photovoltaic systems, lithium-ion 
batteries, inverters, and heat pumps [91]. Their findings confirm a 
dominant focus on emissions and energy while identifying a critical data 
gap regarding end-of-life, recycling, and reliability indicators. As elec
trical components proliferate in net-zero energy buildings, such analyses 
are essential to ensure that material sustainability complements decar
bonisation and cost-efficiency.

Institutionally relevant environmental planning is further exempli
fied in the contribution by Němcová, who develops an optimisation 
model for the siting of waste-to-energy (WtE) facilities under regional 
constraints [92]. The model integrates spatial feedstock distributions, 
logistics costs, environmental-risk indicators, and social-acceptance 
parameters. This approach reinforces the emerging consensus that 
WtE systems must be assessed not only through thermodynamic and 
economic metrics but also through social-licence dimensions—public 
perception, zoning constraints, and participatory planning processes. 
Recent analyses similarly highlight that spatial planning, governance 
structures, and institutional conditions frequently outweigh technical 
indicators in determining whether energy-infrastructure projects 
advance toward implementation [93,94].

A direct methodological contribution to this emerging domain is 
provided by [95], which delivers one of the first empirical validations of 
longwave Mean Radiant Temperature (MRT) using aerial thermography. 
The study compares UAV-based thermal imagery with Ladybug Tools 
(LBT) simulations across 20 monitored points in an urban square, 
demonstrating RMSE values of approximately 3◦C and MAPE around 
10%—well within accepted accuracy thresholds for outdoor microcli
mate modelling. Beyond validating LBT for outdoor thermal-comfort 
assessment, the analysis reveals critical sensitivities related to model 
setup, vegetation representation and the availability of high-resolution 
climatic data. These findings reinforce the view that digital climate 
analytics are becoming foundational instruments for evidence-based, 
climate-resilient public-space design and urban governance.

These contributions align with a broader wave of post-2022 schol
arship that reframes decarbonisation as a negotiated institutional and 
socio-technical process. Governance structures increasingly mediate is
sues such as land-use conflicts, emission-allocation disputes, distribution 
of transition costs, and the regulation of hazardous inputs. In the in
dustrial sphere, Prasad et al. show how health and environmental con
cerns around petroleum-based extraction solvents, and the associated 
regulatory responses, are catalysing a shift toward greener, bio-based 
alternatives—illustrating that process change is often driven as much 
by safety and policy frameworks as by extraction efficiency [96]. In the 
buildings sector, Piselli et al. develop user–building interaction models 
for low-carbon heating solutions based on large-scale social surveys 
across several European countries, demonstrating that cultural context, 
occupant practices and perceptions of innovative systems can alter 
simulated heating-energy needs by up to 43% [97]. Taken together, 
these studies reinforce the view that institutional, regulatory and 
behavioural dimensions critically shape the feasibility and realised 
performance of decarbonisation pathways across sectors.

Digitalisation increasingly overlaps with governance. Sustainability- 
oriented building digital twins, such as the eLUX lab prototype Taglia
bue et al., illustrate how IoT-enabled BIM models can move rating sys
tems from static checklists to dynamic, real-time decision-support 
dashboards [98]. Scaled to the community level, such digital twins 
would allow municipalities to stress-test tariff reforms, resilience stra
tegies, and equity outcomes across decarbonisation scenarios. By 
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resolving energy and climate exposures at neighbourhood scale, these 
tools reveal where vulnerabilities to thermal stress, outages, or energy 
poverty are most acute. Integrating them with validated MRT-based 
microclimate diagnostics (López-Cabeza et al.) supports a shift from 
reactive planning to predictive, evidence-driven urban governance [95].

Another emerging institutional theme concerns material and 
waste governance, increasingly shaped by system-modelling re
quirements. Tracking embodied carbon along circular-economy path
ways is not only a regulatory challenge but also a modelling one, as it 
requires harmonised data structures, boundary definitions, and ac
counting rules that can be operationalised within integrated energy- 
material optimisation frameworks. Likewise, growing regulatory pres
sure on critical materials—documented in recent EU circularity reports 
(European Commission, 2023)—reinforces the need for policy frame
works that are compatible with techno-economic models capable of 
jointly optimising material reuse, recycling flows, and energy-system 
operation, rather than treating governance and system design as sepa
rate domains.

Across these diverse cases, one coherent insight emerges: decar
bonisation is neither solely a technical nor solely an economic challenge; 
it is fundamentally an institutional process conditioned by governance 
capacity, social structures, and local legitimacy. The contributions 
analysed here show that energy communities reshape distributional 
outcomes; microclimate metrics shape public-space equity; WtE siting 
reflects negotiated regional priorities; and corporate decarbonisation 
depends on credible emission accounting. In each case, the technological 
pathway is inseparable from the institutional context that enables or 
obstructs its implementation.

The SDEWES 2024 contributions therefore reaffirm that achieving 
net-zero targets requires not only advances in energy storage, digital
isation, and sector coupling but also robust governance ecosystems 
capable of orchestrating participation, equity, transparency, and social 
acceptance. The institutional dimension, long treated as an externality, 
has become a first-order design parameter of the energy transition.

6. Outlook: towards coherent decarbonisation architectures

Recent contributions reveal a clear methodological convergence 
across disciplines: thermodynamic rigour, systemic modelling, digital 
optimisation and institutional governance increasingly form a unified 
analytical space rather than separate research domains. The papers 
selected for this Special Issue demonstrate that decarbonisation succeeds 
only when technologies, infrastructures and institutions operate as 
interoperable systems rather than as isolated components.

Across renewable–hydrogen coupling [28,43], heat valorisation and 
thermal-network optimisation [17,19], cyber-physical flexibility and 
governance-driven emissions accounting [70,72,86], a unifying insight 
emerges: sustainability is shifting from component-level efficiency to
wards system-level synchronisation across physical, digital and institu
tional domains.

Looking forward, research in this field should advance this conver
gence through four strategic directions:

Advanced thermal–electrical coupling at community scale. The 
integration of heat pumps, phase-change materials, geothermal buff
ering, and hydrogen electrolysis requires co-optimised thermal and 
electrical dispatch. Recent analyses of seasonal storage and hybrid dis
trict heating show that the value of flexibility increases dramatically 
when thermal and electrical vectors are jointly scheduled [99]. Future 
efforts should extend these findings toward neighbourhood-level multi- 
vector hubs.

Multi-vector modelling of CO2 utilisation, hydrogen, and TES cy
cles. The electro-thermal–geological concepts explored in [28], together 
with PV–electrolyser optimisation in paper by Vizza and recent system- 
level assessments of CO2 utilisation and storage [43,100] and seasonal 
thermal energy storage [69], indicate that hydrogen, CO2-based cycles, 
and thermal storage evolve most effectively when modelled as 

interdependent temporal infrastructures. Developing unified simulation 
frameworks that capture reversible cycles, chemical vectors, long- 
duration storage and power-flow constraints is a critical next step.

Circular resource accounting embedded in system optimisation. The 
integration of material flows into energy models aligns with global 
trends in critical-material governance (European Commission, 2023) 
and recent SDEWES contributions that increasingly treat materials, en
ergy, and emissions as co-optimised system variables rather than 
external constraints. Sharma and Chani show how embodied energy, 
water, and carbon matrices can be operationalised for building-scale 
sustainability assessment, providing quantitative inputs suitable for 
system-level optimisation [25]. Nedić et al. extend this perspective to 
regional bioeconomy transitions, identifying material-flow constraints 
and circular-carbon opportunities that directly interact with energy 
planning and infrastructure deployment [101]. At the digitalisation 
layer, Schützenhofer et al. demonstrate that digital-twin frameworks can 
integrate circular-building intelligence with energy-performance 
modelling, enabling feedback between material stocks, operational en
ergy demand, and retrofit strategies [102]. Embedding resource deple
tion, recycling pathways, and embodied carbon directly into energy- 
system planning thus enables full life-cycle decarbonisation rather 
than operational decarbonisation alone.

The relevance of material efficiency in long-term decarbonisation is 
further supported by Neumann and Hirschnitz-Garbers, who demon
strate that 100% renewable-energy scenarios remain feasible only when 
circular-material strategies are combined with absolute reductions in 
final energy demand [103].

Social and institutional co-design of infrastructure. The distribu
tional impacts revealed by Peñalvo-Lopez et al., the integration of 
energy-poor households into renewable energy communities [87], 
neighbourhood-scale solar-planning tools [104,105], and public risk 
perceptions of DACCS [106] highlight that equity, participation, and 
governance are measurable parameters, not externalities. Together, 
these studies show that who participates, under which rules, and with 
what information fundamentally reshapes both the cost allocation and 
the perceived legitimacy of low-carbon investments. Co-designed 
infrastructures—where residents, municipalities and system operators 
iteratively negotiate tariff structures, ownership models and risk-sharing 
mechanisms—tend to deliver not only higher social acceptance, but also 
more robust flexibility and resilience outcomes over time. In this sense, 
institutional design becomes a core optimisation variable of net-zero 
pathways, rather than a boundary condition to be handled ex post. 

Integrated decarbonisation as a systems-engineering blueprint

Taken together, these contributions signal a shift toward a coherent 
decarbonisation architecture: 

• heat is recovered and recirculated, not wasted;
• storage is temporal and multiscale, not merely volumetric;
• digitalisation serves as operational intelligence, not an add-on;
• governance provides verificability, equity, and legitimacy, not 

constraints.

As the SDEWES network expands, its cross-disciplinary frame
work—linking thermodynamics, digital systems, materials science, and 
governance—positions it as both a laboratory for integrative methods 
and a blueprint for how real-world energy transitions must be 
orchestrated.
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[41] Stančin H, et al. Influence of plastic content on synergistic effect and bio-oil 
quality from the co-pyrolysis of waste rigid polyurethane foam and sawdust 
mixture. Renew Energy 2022;196:1218–28. https://doi.org/10.1016/j. 
renene.2022.07.047.

[42] Zhang J, Shi Z, Zheng Y, Tan H, Wang X. Fragmentation and mineral trans
formation behavior during combustion of char produced at elevated pressure. 
Energ Conver Manage 2022;258:115538. https://doi.org/10.1016/j. 
enconman.2022.115538.

[43] Vizza D, Caponi R, Bocci E, Del Zotto L, Bassano C. Cost effective hydrogen 
production of coupled photovoltaic and electrolyzer systems considering plant 
lifetime and geographical location. Energy Conv Manag: X Jul. 2025;27:101136. 
https://doi.org/10.1016/j.ecmx.2025.101136.

[44] Ciappi L, Simonetti I, Bianchini A, Cappietti L, Manfrida G. Application of inte
grated wave-to-wire modelling for the preliminary design of oscillating water 
column systems for installations in moderate wave climates. Renew Energy 2022; 
194:232–48. https://doi.org/10.1016/j.renene.2022.05.015.

[45] D’Agostino D, Minelli F, D’Urso M, Minichiello F. Fixed and tracking PV systems 
for net zero energy buildings: comparison between yearly and monthly energy 
balance. Renew Energy 2022;195:809–24. https://doi.org/10.1016/j. 
renene.2022.06.046.

[46] Bilardo M, Ferrara M, Fabrizio E. The role of solar cooling for nearly zero energy 
multifamily buildings: performance analysis across different climates. Renew 
Energy 2022;194:1343–53. https://doi.org/10.1016/j.renene.2022.05.146.

[47] Altegoer D, Hussong J, Lindken R. Efficiency increase of photovoltaic systems by 
means of evaporative cooling in a back-mounted chimney-like channel. Renew 
Energy 2022;191:557–70. https://doi.org/10.1016/j.renene.2022.03.156.

[48] Wei Z, Tien PW, Calautit J, Darkwa J, Worall M, Boukhanouf R. Investigation of a 
model predictive control (MPC) strategy for seasonal thermochemical energy 
storage systems in district heating networks. Appl Energy 2024;376:124164. 
https://doi.org/10.1016/j.apenergy.2024.124164.

[49] Sousa J, Lagarto J, Fonseca M. The role of storage and flexibility in the energy 
transition: substitution effect of resources with application to the Portuguese 
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system analysis software for high-level penetration of renewable energy sources. 
Energy Conv Manag: X Oct. 2025;28:101298. https://doi.org/10.1016/j. 
ecmx.2025.101298.

[73] Cuenca W, Benalcazar P. “Capacity expansion planning model of hydroelectricity- 
based systems: an Ecuadorian energy mix case study”. In: Proceedings of the 19th 
Conference on Sustainable Development of Energy, Water and Environment 
Systems, Rome, Italy: SDEWES Centre.

[74] Mazzeo D, Herdem MS, Matera N, Wen JZ. Green hydrogen production: analysis 
for different single or combined large-scale photovoltaic and wind renewable 
systems. Renew Energy 2022;200:360–78. https://doi.org/10.1016/j. 
renene.2022.09.057.

[75] Schützenhofer S, Kovacic I, Rechberger H. Assessment of sustainable use of ma
terial resources in the architecture, engineering and construction industry - a 
conceptual framework proposal for Austria. J Sustain Dev Energy Water Environ 
Syst 2022;10(4):1–21. https://doi.org/10.13044/j.sdewes.d10.0417.

[76] Herrando M, Viejo I, Calvo S, Izquierdo S. “Development of digital twins to in
crease energy flexibility and energy efficiency of manufacturing processes in the 
rubber industry”. In: Proceedings of the 19th Conference on Sustainable Devel
opment of Energy, Water and Environment Systems, Rome, Italy: SDEWES 
Centre.

[77] Asadzadeh SM, Andersen NA. A predictive dynamic model of a smart cogenera
tion plant fuelled with fast pyrolysis bio-oil. J Sustain Dev Energy Water Environ 
Syst 2022;10(4):1–36. https://doi.org/10.13044/j.sdewes.d10.0430.
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