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Abstract: The transition from isolated energy infrastructures to a deeply decarbonised
system requires coordinated interaction among electricity, heating, cooling, hydrogen, gaseous
fuels, transport, and industrial energy services. This study systematically reviews the
renewable energy systems with special emphasis on design and energy storage strategies.
The evidence indicates that direct electrification and electricity–heat coupling are generally
preferable when conversion efficiency and short- to medium-duration flexibility dominate.
In contrast, batteries are most suitable for fast response and intraday balancing. Thermal
storage is particularly valuable in heat- and cooling-intensive applications because it can
shift demand at comparatively low system cost. At the same time, hydrogen and derivative
fuels become more relevant for long-duration, seasonal, industrial, and transport applications
in which their infrastructure and conversion penalties are offset by cross-sector value.
The review further shows that no modelling method is universally suitable: steady-state
optimisation supports strategic planning, dynamic models support control and transient
assessment, stochastic and robust approaches address uncertainty, and artificial-intelligence
methods require physical constraints, interpretability, cybersecurity safeguards, and field
validation. The principal contribution is a common multi-criteria framework based on
efficiency, cost, carbon mitigation, infrastructure compatibility, flexibility duration, safety,
maturity, and resilience. This framework converts a descriptive technology review into practical
guidance for selecting coupling pathways, storage portfolios, and modelling methods under
different system conditions.

Keywords: multi-form energy coupling; renewable energy systems; integrated energy
systems; energy storage; sector coupling

1. Introduction

Global decarbonization will mean more than just replacing fossil-fuel generation
with variable renewable electricity. Solar and wind resources are playing an increasing
role in low-carbon energy supply. Mismatches between generation and demand exist
over seconds, hours, days and seasons due to the variability, uncertain availability and
geographical concentration of these resources. Simultaneously, a large share of the
final energy demand remains related to heating, cooling, mobility, industrial processes
and chemical feedstocks. Thus, optimization of the electricity sector alone is not able
to achieve deep emissions reduction if other energy sectors remain independent or
dependent on fossil fuels. The challenge now is to design sustainable energy systems
where renewable resources, conversion technologies, networks, storage assets and
end-use sectors are coordinated as one functional system. Recent research on renewable
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integration, integrated energy systems, and carbon mitigation has strengthened the need
to consider energy conversion and storage at the whole-system level rather than within
isolated technological boundaries [1‒4].

It is against this backdrop that themulti-form energy coupling concept has emerged
as a significant direction in the journey toward deep decarbonization and the effective
use of energy. Multi-form coupled energy systems contrast with traditional systems in
that they treat electricity, heating, cooling, gas, hydrogen, and transportation energy as
comparatively independent systems, rather than focusing on the coordinated production,
conversion, transmission, storage, and consumption of various energy carriers within
an integrated system. Renewable energy can be flexibly converted into other sectors
using technologies such as combined heat and power, heat pumps, electrolyzers, fuel
cells, and Power-to-X routes, thereby increasing the efficiency of the entire system and
expanding the area for renewable energy deployment. For example, excess renewable
electricity may be converted into heat, hydrogen, or synthetic fuels, and additional
flexibility may be added to the thermal and gas networks to handle short-term and
seasonal variations. Multi-form coupling, in this meaning, is not merely a technological
integration of subsystems, but a redesign of the energy system architecture for greater
flexibility, resilience, and carbon efficiency [5–9].

Meanwhile, energy storage is in the middle of making such integrated systems
possible. Storage in multi-energy systems based on renewable energy no longer has
to rely on electrical batteries to provide short-term balancing. Rather, the widespread
array of storage technologies in use, such as electrochemical, thermal, hydrogen-based,
mechanical, and chemical storage, is required to enable cross-sector coordination across
multiple timescales. Electrical storage with short time scales can fill fluctuations
occurring within minutes due to renewable generation; thermal storage can fill the
mismatch between power and heating/cooling loads on a daily or hourly basis; and
hydrogen or synthetic fuel storage can fill the mismatch on a seasonal basis. Thus, the
effectiveness of multi-form coupling systems is largely reliant on the choice of storage
technologies, their setup, and their integration with conversion devices and load-side
flexibility. A combination of various storage types is emerging as one of the brightest
ideas to overcome the time and space constraints of renewable energy [10,11].

There has been significant research on integrated energy systems, sector
coupling, energy hubs, hybrid energy storage, and optimization techniques in recent
years. Coupling between electricity and heat, enabling the use of hydrogen as a
long-duration medium, and the benefits of combining multiple storage technologies
in renewable-based systems have been studied. In the meantime, development of
modeling, digital control, artificial intelligence and energy management has further
increased the opportunities of coordinated planning and real-time functioning of the
complex multi-carrier energy networks [12].

Existing reviews have examined integrated energy systems, energy hubs, sector
coupling, hydrogen, Power-to-X, batteries, thermal storage, hybrid energy storage,
and optimization algorithms in isolation. This literature has constructed important
knowledge, but it is fragmented in four ways. First, system architecture and storage
selection are often treated as separate topics, when the value of a storage technology
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depends on the coupling pathway and the service it performs. Secondly, published
comparisons often utilise different indicators, boundaries, years and assumptions,
making direct ranking difficult and potentially misleading. Thirdly, many reviews list
modelling methods without addressing which method is most appropriate for planning,
scheduling, control, uncertainty management or resilience analysis. Fourth, sweeping
statements about hydrogen, artificial intelligence and advanced Power-to-X systems are
not necessarily underpinned by an objective analysis of efficiency losses, infrastructure
requirements, safety, maturity, data needs and validation in real-world applications.

This review fills these gaps by developing an integrated decision framework
linking system architecture, coupling-pathway selection, storage function, comparative
indicators, and modelling-method suitability. Its contribution is not in adding another
classification of technology but in developing a common analytical logic to determine
when a pathway or storage option is appropriate. The framework evaluates alternatives
based on conversion efficiency, annualized system cost, carbon reduction potential,
infrastructure compatibility, flexibility duration, response speed, safety, technology
maturity, resilience contribution and local resource and demand conditions. It also
describes the roles of steady-state, dynamic, stochastic, robust, multi-objective and
data-driven models for various decision layers.

The present study aims at determining how renewable multi-form coupling
systems should be designed and evaluated for different operational and infrastructural
conditions. In particular, the review tackles the architecture variances across buildings,
microgrids, industrial parks, districts and regional systems; the coupling pathways
selection according to efficiency, cost, decarbonization, infrastructure and flexibility
requisites; the electrical, thermal, hydrogen, chemical, mechanical and hybrid storage
matching to different timeframes; and the modelling and optimization approaches
selection for planning, scheduling, control, uncertainty and resilience issues. The study
also identifies limitations of the existing evidence and translates these limitations into
specific research and deployment priorities [13,14].

In general, this review aims to provide a better, more integrated understanding
of how renewable energy systems can be transformed from isolated applications to
highly coordinated, storage-capable, multi-form coupling of renewable infrastructures.
It will help academics in their research and assist in practical decision-making for the
next generation of low-carbon energy systems by emphasizing collaboration between
system design and storage solutions. Figure 1 presents the analytical relationship
among local system conditions, coupling-pathway selection, storage function, network
and control constraints, and final performance outcomes. Figure 1 distinguishes inputs,
conversion and storage decisions, operational coordination, and evaluation criteria,
while the feedback arrows show that planning and operation must be interactively
revised when cost, emissions, reliability, or resilience targets are not satisfied [15–19].

2. Review methodology

The review uses a systematic literature review methodology to ensure that it is
comprehensive, reproducible, and has minimal selection bias. A detailed literature
review was conducted using four major academic databases: Web of Science Core
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Collection, Scopus, IEEE Xplore and ScienceDirect. These databases were chosen to
include both energy-specific journals and interdisciplinary engineering journals. The
search was performed using combinations of the following keywords: (“multi-form
energy coupling” OR “sector coupling” OR “integrated energy systems” OR “energy
hub”) AND (“renewable energy” OR “renewable integration” OR “decarbonization”)
AND (“energy storage” OR “hybrid storage” OR “thermal storage” OR “hydrogen
storage” OR “battery storage”) AND (“design strategy” OR “optimization” OR
“planning” OR “scheduling” OR “control architecture”).

Figure 1. Overall framework of renewable energy systems for multi-form coupling and
cross-sector energy interactions.

The search was limited to publications from January 2015 to June 2026 to capture
recent developments and provide a sufficient historical perspective. Studies were
selected based on the following criteria: (1) multi-form coupling of energy systems,
(2) renewable energy integration, (3) storage technologies or design strategies, and
(4) peer-reviewed journals or conference proceedings. Studies considering only single
energy systemswithout consideration of coupling or studies without sufficient technical
details were excluded.

A two-stage screening process was employed. Relevance was initially evaluated
by title and abstract. Second, inclusion criteria were applied to the full-text articles.
This resulted in a list of some 380 relevant publications, and 86 key references were
selected for detailed analysis according to their contribution to the core themes of the
review. The methodological rigour, clarity of results and relevance to the research
questions of the selected studies were assessed. The analysis was structured around four
thematic pillars: (1) system architecture and coupling pathways; (2) design strategies
and planning approaches; (3) storage technologies and their functional roles; and (4)
assessment, modelling and optimization methods [20–22].
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3. Architecture of renewable energy systems formulti-form coupling

3.1. Conceptual framework of multi-form coupled renewable energy
systems
The renewable energy systems architecture of multi-form coupling is

fundamentally distinct from that of conventional energy infrastructures, as it is
structured around the interrelationship among many energy carriers rather than
the individual delivery of a single form of energy. Here, electricity, heat, cooling,
gaseous fuels, hydrogen, and mobility energy services are no longer considered
distinct subsystems. Instead, they are connected by a network of conversion, storage,
transmission, and control processes that enable energy to be converted and moved
between sectors based on resource availability and demand. The architectural goal is
thus not merely to achieve maximum penetration of renewable energy, but rather to
establish a flexible and resilient system in which various energy types complement
each other.

One distinguishing characteristic of this architecture is that it hasmultiple coupling
interfaces. Thermal energy can be produced using heat pumps or electric boilers to
convert renewable electricity into heat; hydrogen can be generated using electrolysis;
and synthetic fuels can be produced via downstream chemical processes. Stored
thermal energy, hydrogen, or gaseous fuels, on the other hand, can be converted back
into electricity or directly used in end-use industries. This two-way convertibility
increases the system’s operational degrees of freedom and eliminates reliance onUiPath
balancing measures. This has made the design of architecture a question of how to
arrange energy pathways in such a way that the temporal fluctuation of renewables is
mitigated by cross-sector flexibility as opposed to curtailment or fossil-based backup
alone [23].

Multiform coupling can be viewed as a physical and functional architecture in
systems terms. The physical layer comprises generation facilities, energy networks,
conversion equipment, storage facilities, and loads. The operational layer encompasses
the logic of scheduling, the control hierarchy, data exchange, and market or dispatch
interfaces. A powerful architecture needs to harmonize the two layers. A system
can have many technically possible connections, but unless the connections can be
managed in real time or are economically worthwhile, the theoretically possible
coupling potential will not be considered in use. This is the reason why the quality of
architecture is not defined by the number of attached subsystems, but by the proficiency
of these subsystems to be incorporated into a unified energy management system [24].

3.2. Renewable energy sources and core system components
Multi-form coupling systems based on renewable energy typically start with a

diversified resource base. In distributed and building-scale systems, solar photovoltaic
generation may be the dominant source of electricity, especially when wind power is
often overridden in regional or utility-scale systems, since it has a greater generation
potential and is complementary in timing. Thermal systems will directly impact the
supply of heat and can minimize conversion losses in heating with electricity. The
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biomass and geothermal are especially useful since they can be used to generate
rather dispatchable and relatively stable renewable energy, unlike solar and wind, thus
increasing the robustness of architectural structures. Hydropower, when present, serves
a special balancing role, providing both renewable energy and flexibility in electricity
supply.

Generation units are not the only important elements of the core system. The
conversion technologies are critical in renewable energy architecture in coupled
systems where they allow integration of the sectors. Combined heat and power (CHP)
units are also still applicable to transitional architectures, particularly when they are
fed on biomass or low-carbon gases, since they are more efficient in utilizing fuel
energy than individual production pathways. The key to electricity-heat coupling is
heat pumps as they enhance the useful heat production based on the electrical input
and provide an effective pathway of absorbing excess renewable energy. Another
vital element is the electrolyzers, which convert the variable renewable electricity into
hydrogen which may be stored, transported or utilized in industry and transport. Fuel
cells, methanation units, absorption chillers, electric vehicles and flexible loads add
more components to the architecture by offering more conversion and demand-side
flexibility choices [25–27].

The difference between a designed multi-form coupling architecture and the
coexistence of these technologies is not the coexistence itself, but the degree of
functional match between the renewable resource profile and the demand structure,
and the resources. For example, a municipality with a large winter heating load and
abundant wind energy might do well with a different architectural balance than a
commercial area with a large summer cooling load and rooftop solar generation. This
means that the choice of system components cannot be done based on the availability
of technology. Rather, an architectural composition should emerge from a thorough
evaluation of time-compatibility, conversion efficiency, infrastructure compatibility,
and long-term decarbonization prospects [28].

3.3. Coupling pathways and inter-energy conversion relationships
Multi-form coupling is based on the routes that tie one form of energy to another.

Of these, the most mature and economically available one is frequently electricity-heat
coupling. Surplus renewable electricity can be diverted to heating demand through heat
pumps, electric boilers and resistive heating equipment, and stored in thermal storage
to be released back into heating demand later. This route is particularly significant
since heating demand often constitutes a significant portion of final energy use, but
has traditionally been poorly connected to renewable electricity. The architectural
importance of electricity-heat coupling is that it allows the conversion of a hard-to-store
form of energy to a more easily buffered form at a lower cost.

The importance of electricity-hydrogen coupling has been getting more and more
attention due to its ability to provide a source of long-duration and seasonal balancing.
Electrolysis can be used to produce hydrogen, which can be stored, transported,
used as a feedstock in industry, or as a synthetic fuel intermediate. This is an
architecturally more complicated pathway compared to electricity-heat coupling, as
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it entails reduced round trip efficiency, and requires more infrastructure. Its value is
however clearer when the levels of renewable penetration are high and the balancing of
short duration is not adequate and renewable overgeneration is a structurally important
aspect. Hydrogen in these situations increases the temporal and sectoral scope of
renewable energy that extends beyond the power system [29].

Electricity-gas and electricity-fuel coupling routes also apply in particular in the
areas where gas infrastructure already exists. Synthetic methane or other gaseous fuels
can be produced in renewable electricity, and are more compatible with the legacy
networks and end-use technologies. This may lower transition costs by using existing
assets, but it also puts issues on losses associated with conversions, carbon accounting
and long term lock-in risks. In architecture, these paths are beneficial when the
infrastructural continuity and storage scale are important, but not necessarily appealing
in systems that prioritize the maximum direct electrification efficiency.

Coupling electricity cooling and electricity transport takes renewable systems even
further. The combination of cooling loads, thermal storage, and demand management
can serve as flexible sinks for renewable power. Electrification of transport can
create new loads and enable distributed storage resources via vehicle-to-grid or
smart-charging strategies. These paths explain a central architectural principle: not
only should we add conversion technologies, but we should also redesign the areas of
demand in the system into active contributors to the system’s balancing [30].

One of the key lessons learned is that not every coupling pathway is equally
useful in every situation. Their attractiveness varies based on local loading properties,
renewable nature, infrastructure maturity, and policy priorities. Unnecessarily
complicated coupling structures can add enormous capital and operational overheads
with no commensurate benefits to the system. Thus, the choice of pathways must
be motivated by marginal flexibility value rather than by the belief that increased
coupling is necessarily accompanied by improved performance. Table 1 lists the
key coupling pathways in renewable multi-form energy systems, the technologies
that they enable, key system-level functions, the benefits, constraints, and common
applications [30–32].

Table 1. Main coupling pathways, enabling technologies, and system-level functions in
renewable multi-form energy systems.

Coupling
pathway

Typical input
energy form

Typical output
energy form

Main enabling
technologies

Main system-level
function

Major advantages Main limitations
Typical application
scenarios

Electricity–Heat
Renewable
electricity

Space heating,
domestic hot
water, industrial
heat

Heat pumps, electric
boilers, resistive heaters,
thermal storage

Absorption of surplus
renewable electricity and
thermal load supply

High maturity, strong
efficiency in low- and
medium-temperature
applications, relatively low
storage cost

Limited usefulness for
long-duration balancing
without large thermal
demand; reconversion to
electricity is inefficient

Buildings, district heating
systems, campuses,
industrial parks

Electricity–
Cooling

Renewable
electricity

Cooling energy
Electric chillers,
absorption chillers, chilled
water storage, ice storage

Flexible cooling
production and load
shifting

Effective in
cooling-dominated
regions; compatible with
demand response

Strong seasonal and
climatic dependence; often
site-specific

Commercial buildings,
data centers, urban
cooling networks

Electricity–
Hydrogen

Renewable
electricity

Hydrogen
Electrolyzers, hydrogen
storage tanks, underground
storage, fuel cells

Long-duration storage
and cross-sector
renewable transfer

Enables seasonal balancing
and decarbonization of
hard-to-electrify sectors

High conversion losses,
infrastructure cost, safety
and transport challenges

Industrial hubs, ports,
regional energy systems

Electricity–Gas
Renewable
electricity

Synthetic
methane or
gaseous fuel

Electrolyzers, methanation
reactors, gas storage, gas
network injection systems

Renewable energy
conversion into
compatible fuel for
existing gas infrastructure

Can utilize existing gas
networks and large storage
capacity

Multi-step conversion
reduces overall efficiency;
carbon source requirement
for methane synthesis

Regions with legacy gas
infrastructure, industrial
applications
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Table 1. Cont.

Coupling
pathway

Typical input
energy form

Typical output
energy form

Main enabling
technologies

Main system-level
function

Major advantages Main limitations
Typical application
scenarios

Electricity–
Transport

Renewable
electricity

Mobility energy
service

Electric vehicle (EV)
charging, smart charging
systems, vehicle-to-grid
platforms, hydrogen
refueling systems

Flexible load integration
and transport
decarbonization

Adds demand-side
flexibility and supports
renewable utilization

Depends on charging
behavior, user acceptance,
and infrastructure rollout

Urban transport, logistics
hubs, residential mobility
systems

Heat–Power
Thermal
energy or
stored heat

Electricity
CHP, organic Rankine
cycle, steam turbines,
thermal power blocks

Energy cascade
utilization and partial
power recovery

Can improve total energy
utilization in suitable
industrial contexts

Often lower electrical
efficiency than direct
power pathways;
case-specific value

CHP-based systems,
industrial waste heat
recovery

Hydrogen–
Power

Stored
hydrogen

Electricity
Fuel cells, hydrogen
turbines

Backup electricity supply
and long-duration
balancing

Useful for strategic reserve
and seasonal support

Lower round-trip
efficiency than batteries;
higher capital intensity

Regional systems, remote
microgrids, backup power
applications

Multi-pathway
Power-to-X

Renewable
electricity

Heat, hydrogen,
gas, liquid fuels,
chemicals

Integrated electrolysis,
synthesis units, heat
recovery, storage and
conversion clusters

Deep sector coupling and
full-spectrum renewable
utilization

Highest sectoral reach and
decarbonization potential

Strong system complexity,
investment intensity, and
control challenges

Industrial clusters, future
integrated energy hubs

3.4. Criteria for selecting coupling pathways
The choice of the coupling path should start with the service requirement and

not with a preferred technology. The first question is whether the end use can be
directly electrifiedwithout unacceptable reinforcement of the network, peak demand, or
reliability requirements. Direct electrification is generally preferred where conversion
efficiency, fast response and an established electrical infrastructure are important. The
attractiveness of electricity-heat coupling is particularly high in cases with significant
low- or medium-temperature heat demand, where heat pumps can provide useful
thermal output efficiently, and thermal storage can shift demand without reconversion
to electricity. Electricity–cooling pathways are equally relevant for cooling-dominated
buildings, data centres and district cooling systems with chilled-water or ice storage
providing demand flexibility.

Battery storage should generally be prioritised for high-power, short-duration and
intraday services such as renewable smoothing, frequency support, peak reduction and
local backup. The benefit diminishes when the required energy duration is long, when
cycling is infrequent, or when the energy capacity is large relative to the power capacity.
Hydrogen is more relevant if the system is characterised by persistent renewable
surpluses, multi-day or seasonal imbalances, or demand in industrial, transport, or
chemical sectors that can directly use hydrogen. The argument for using hydrogen only
for re-conversion to electricity needs to bemore convincing, as the whole route involves
electrolysis, conditioning, storage, and re-conversion losses. Synthetic methane,
ammonia, methanol and other Power-to-X carriers can be chosen when transportability,
fuel compatibility, demand for feedstock or use of existing infrastructure is valued
higher than maximum round-trip efficiency.

A real project should assess candidate pathways by a multi-criteria process.
Efficiency needs to be assessed on the pathway level, not a single device level. Cost
should include generation, conversion, storage, networks, replacement, operation, and
avoided system costs. The potential for decarbonisation should be calculated against
the marginal fuel, life-cycle emissions and fossil fuel service displaced. Infrastructure
compatibility should consider existing networks, available space, supply chains,
workforce capability and the risk of stranded assets. Flexibility must be defined by
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response time, discharge time, energy capacity, and the ability to serve more than
one sector. Safety and maturity have to be assessed jointly with reliability, resilience,
scalability and public acceptance. Hence, the preferred pathway is not necessarily the
one with the highest technological complexity but the one that results in the highest
system value under local conditions [33,34].

3.5. Structural configurations and system scales
Multi-form, coupled renewable energy systems can be arranged at multiple

structural scales with different architectural logics. On the smaller scale, building-level
systems combine rooftop solar, heat pumps, batteries, thermal storage, and smart energy
control to coordinate electricity, heating, and cooling loads. Their architectural benefit
is that they are located close to generation and consumption, hence less transmission is
required, and highly responsive control is achievable. But their small scale limits the
diversity of resources and their ability to balance over the long term.

Microgrids are a hybrid form in which various distributed resources and loads are
synchronized within a localized system. They are able to incorporate electric lighting,
heating, cooling, and transportation services whilst retaining partial or complete
independence from the primary grid. The beauty of microgrids is that they are flexible
and resilient, particularly in remote locations, campuses, and industries. However,
their performance is highly contingent on the level of control sophistication and the
availability of enough diversity of local loads and renewable resources.

On larger scales, district- and regional-integrated energy systems integrate power
networks with district heating, gas infrastructure, hydrogen hubs, and mobility systems.
These architectures have the advantage of increased resource pooling, greater diversity
in demand patterns, and more opportunities for sector coupling. They have been
specifically adapted to industrial parks and urban energy systems, where two or more
energy streams are available, and waste heat or common infrastructure may be used.
Their drawback is that it increases coordination. As the scale increases, the architecture
will need to address network congestion, institutional fragmentation, and the need to
optimize various infrastructures that can be owned or controlled independently [35].

There is consequently a major architectural conflict between decentralization
and centralization. Decentralized systems improve local independence and might
mitigate dependency on transmission, but might not have adequate resources of
flexibility or economy. Centralized structures can take advantage of the economies
of scale and larger balancing capacity, but they can also be less adaptive and more
reliant on big investments in infrastructure. A layered architecture with decentralized,
semi-autonomous subsystems is the most promising path forward, though they are also
linked to higher-level networks that provide balancing and backup services. This hybrid
structuring is indicative of the fact that no single scale can provide the most efficient
delivery of all types of flexibility, efficiency and resilience [36,37].

3.6. Energy hubs, network integration, and control-oriented architecture
The energy hub is now a powerful concept to explain multi-form coupling

architecture since it offers a convenient abstraction to model the coordination of
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multiple inputs, outputs and conversion processes at a single node or a subsystem. The
electricity, gas, heat, or hydrogen can be included in an energy hub, converted via
conversion devices, temporarily stored and then provided as various end-use services.
This framework embodies the architectural meaning of the interaction of multiple
energies, and is particularly useful in planning and optimization studies. But to put this
into practice, the abstract hub models used in practice need to be abandoned in favor
of network-aware architectures that account for physical constraints, infrastructure
heterogeneity, and dynamic operating conditions.

Integration in networks is thus a key architectural challenge. The power
grid, thermal network, gas pipeline system, hydrogen infrastructure and digital
communication layer are in contact in a fully coupled renewable energy system. Both
networks contain different temporal dynamics and constraints of operation. Electricity
systems demand balancing almost in real time; thermal networks aremore inertial, and a
hydrogen system can facilitate slower yet larger-scale storage and transport capabilities.
The success of architecture lies not in harmonizing these heterogeneous dynamics, but
in ensuring that all subsystems operate under the same functional logic. This is the
reason why the concept of control-oriented architecture has gained significance [29].

Hierarchical coordination is usually adopted in a control-oriented architecture.
Local controllers at the device level control individual assets such as batteries, heat
pumps, or electrolyzers. At the subsystem level, supervisory control aligns local
resources in a building, microgrid, or district. Cross-sector dispatch and infrastructure
interaction is influenced at the system level by optimization and market signals. This
stratified structure is essential because direct centralized control over all assets becomes
rapidly infeasible as the complexity of connections grows. Meanwhile, the complete
decentralization of control might not make the most out of the potential of global
flexibility. A balanced architecture thus balances local control with coordination at
the system level through forecasting, communication, and adaptive scheduling.

Finally, the design of renewable energy systems to facilitate multi-form coupling
must not be considered through the lens of technological diversity, but rather through
the lens of their ability to convert renewable variability into manageable system
flexibility. Simplistic architectures are unable to unlock cross-sector value, whereas
complex architectures are prone to inefficiency and operational fragility. The question
is how to find configurations in which renewable generation, conversion pathways,
storage assets, network infrastructure, and control systems complement each other in a
scalable and economically defensible way. The design strategies to be discussed in the
following section are based on this architectural view [24,38,39].

4. Design strategies for multi-form coupling systems

4.1. Design objectives and strategic logic
Renewable energy systems design is no longer just a matter of adding renewable

generation to existing infrastructure. It necessitates a reconsideration of the structural
arrangement of various energy carriers, conversion systems, storage resources, and
demand sectors to achieve high efficiency, deep decarbonization, and operational
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flexibility simultaneously. Here, design strategies should go beyond a single objective,
e.g., the minimum cost of capital or the maximum renewable penetration. An effective
coupled system should be able to fulfill several and usually competing goals, such as
economic feasibility, carbon mitigation, supply resilience, reliability, flexibility, and
long-term flexibility.

This multifunctional character is why the design of coupled systems is always
more complicated than that of traditional power systems. What seems like a design
choice that would be advantageous based on one aspect might prove detrimental to the
overall system performance when cross-sector interactions are taken into account. As
an illustration, maximizing direct electrification can enhance energy efficiency in the
near term, but can also raise peak electricity demand and increase reliance on electric
infrastructure if other thermal or hydrogen pathways have not yet been developed.
On the other hand, too many conversion paths may cause unnecessary complexity
and conversion losses. The main design issue then becomes to find a middle-ground
architecture where each subsystem has a specific flexibility role and adds to the overall
coherence of the energy system [40–43].

The design process should therefore use a staged decision sequence. The
required energy services and flexibility timescales should first be defined, followed
by screening of technically feasible coupling routes. Candidate architectures should
then be compared using common economic, environmental, operational, infrastructure,
maturity, safety, reliability, and resilience criteria. Detailed optimisation should be
undertaken only after infeasible or weakly justified pathways have been excluded. This
sequence reduces technology-led overdesign and ensures that optimisation improves a
defensible architecture rather than compensating for an unsuitable one.

4.2. Planning and capacity configuration
System planning is the first major layer of design strategy, because the long-term

configuration of assets determines the operational flexibility available to the system
over its lifetime. In renewable multi-form coupling systems, planning typically
involves the joint sizing of generation units, conversion technologies, storage devices,
and network capacities. Unlike conventional expansion planning, where electricity
generation adequacy is often the dominant concern, coupled system planning must
consider the interdependence among electricity, heating, cooling, gas, and hydrogen
sectors. As a result, planning decisions have greater structural significance, since
overinvestment or underinvestment in one subsystem can propagate inefficiencies
throughout the entire architecture.

A key design issue is the degree of renewable resource diversification. Combining
solar, wind, biomass, geothermal, or hydropower can reduce aggregate variability and
improve complementarity across seasons and times of day. However, diversification
is not automatically beneficial if it introduces technologies that are expensive, locally
unsuitable, or difficult to integrate. Effective planning should therefore distinguish
between physical diversity and functional diversity. The former refers to having
multiple renewable sources, while the latter refers to the overall system’s capacity
to respond flexibly to changing operating conditions. In many cases, a system with
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fewer renewable technologies but stronger coordination of conversion and storage may
outperform a more technologically diverse but weakly integrated configuration [44].

Capacity configuration must also account for the role of sector coupling in
reducing curtailment and shifting demand. For instance, oversizing renewable
electricity generation may be justifiable in systems with robust heat pumps,
electrolyzers, thermal storage, or hydrogen storage, because excess power can
be redirected rather than wasted. In contrast, the same strategy may be uneconomic
in systems lacking downstream flexibility. This highlights a critical insight: optimal
renewable capacity cannot be determined independently of conversion and storage
design. Capacity planning in coupled systems is therefore relational rather than
isolated, and the value of each component depends strongly on the capabilities of the
others.

Another important planning question concerns the scale and modularity of
infrastructure. Large centralized installations may offer lower unit costs and greater
economies of scale, especially for electrolysis, district heating, or industrial waste-heat
utilization. Yet modular distributed systems can be deployed incrementally, adapt
more easily to local conditions, and enhance resilience through redundancy. A
growing body of design thinking suggests that future systems should favour modular
architectures embedded within larger coordinated networks. This approach allows
capacity to be expanded progressively while preserving interoperability and local
flexibility, thereby reducing the risk of stranded assets under uncertain technological
and policy futures [45–47].

4.3. Operational scheduling and multi-timescale coordination
When structural potential is determined by planning, its actual realization in

practice is through operational scheduling. Multifaceted, renewable coupling systems
are highly uncertain because they are subject to changes in renewable generation,
demand behavior, market demand, and equipment conditions. Consequently, the
scheduling strategies are designed to be central to system performance. The operational
scheduling in such systems has to coordinate a set of energy carriers at various
scales in time, seconds and minutes to electrical balancing, hours and days to thermal
management, and weeks or months to use up hydrogen or seasonal storage.

The best scheduling strategies are those that take advantage of the complementary
dynamics of various subsystems. Short-term fluctuations can be accommodated
with electrical storage and fast-response devices; intraday mismatches can be
accommodated with thermal systems; and long-term balancing can be accommodated
with chemical or hydrogen pathways. Temporal layering is a critically important
design principle. The system must distribute balancing tasks, rather than placing all
demands for flexibility on a single type of resource, based on the speed of response,
storage duration, efficiency, and cost of each technology type. This layered approach
can minimize redundant cycling of costly assets, maximize the use of less-costly
flexibility resources and enhance the efficiency of the entire system [48].

Day-ahead scheduling is important to predict the availability of renewable and
load demand but real-time adjustment is also important as forecast errors are inevitable.
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Cross-sector dependencies can also amplify the effects of forecast errors in coupled
systems. As an illustration, a sudden decrease in renewable energy might not
only impact power but heating, hydrogen generation, or charging time. Design
strategies should thus incorporate a high-quality mechanism of receding-horizon
control, reserve allocation, and uncertainty management. Systems based on overly
optimistic predictions or deterministic dispatch models can work well on paper but
be easily broken by actual operating conditions.

Another important aspect of the operations design is demand-side coordination.
Flexible loads in buildings, industry, transport, and thermal networks can reduce
storage and generation loads, provided they are actively scheduled. The worth of
demand response, however, would rely on the extent to which it is integrated into the
system design. Demand flexibility should not be considered a residual adjustment tool
because it is not integral to its structure. Load flexibility is considered an asset of
core balancing in well-designed coupled systems, especially in areas such as heating,
cooling, and electric mobility, where service delivery can often be deferred without
affecting user comfort or productivity [49].

4.4. Control architecture and intelligent energy management
Scheduling of operations is not enough when the control architecture is unable to

run the decisions based on a heterogeneous set of devices and infrastructures. Designing
of control systems in multi-form coupling environments is particularly difficult due
to the differing dynamics, ownership, communication capability and priorities of
operation between assets. Other loads, such as batteries, heat pumps, electrolyzers,
thermal storage tanks, electric vehicles, and industrial loads, are not responsive to
control signals and may not be effectively managed at scale by a central control.

As a result, hierarchical control has gained popularity. Local controllers on
the lowest level deal with equipment protection, stability and immediate response.
At the intermediate level, subsystem controllers coordinate buildings, microgrids,
district heating networks, or hydrogen clusters. At a higher level, there is supervisory
optimization, where the allocation of energy across sectors, market participation, and
system-wide objectives are handled. This hierarchy is a practical design point: at the
local level, there must be speed and reliability, yet at higher levels, there must be
coordination to extract system-wide flexibility and prevent conflicting actions among
subsystems.

This is a significant trend in current design strategies, as intelligent energy
management is becoming a larger part of them, supported by data analytics, forecasting,
and artificial intelligence. Predictions of renewable output, demand and equipment
behaviour can be enhanced bymachine learning techniques, and advanced optimization
and reinforcement learning can be useful in adaptive dispatch in uncertain environments.
But the worth of prudent management must not be exaggerated. Performance can be
improved through data-driven methods, though this does not mean that physical design
does not need to be sound. A poorly designed system will not become an optimal one
just because its controller is more advanced. Actually, over-reliance on the complexity
of the algorithm can hide structural flaws like short storage time, inappropriate choice
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of coupling, or insufficient network bandwidth [50].
An amalgamation of both physical understanding and digital smarts is thus the

most promising design path. Powerful assistance can be offered by digital twins,
predictive control frameworks, and cyber-physical coordination platforms, but they
must be supported by a clear architecture with well-defined functional roles of each
component. A good design should not be made up by intelligent control, but enhanced.

4.5. Flexibility, resilience, and reliability-oriented design
One of the main promises of multi-form coupling is increased flexibility, which

cannot be limited to flexibility. High-renewable penetration systems should also be
resistant to disturbances and dependable with a broad spectrum of operating conditions.
This brings in the other design layer where the system is not only to be tested in
normal operation, but also with equipment failure, communication breakdown, extreme
weather, supply interruption, and market volatility.

Design oriented to flexibilities emphasizes the capacity to absorb variability and
redistribution of energy flows between sectors. Resilience-oriented design goes even
further and poses the question of whether the system is able to sustain important
services in case of degradation of components of the infrastructure. Practically, the
two objectives are similar yet different. A system that is highly optimized and has
little redundancy can be flexible in normal situations but can fail in extreme conditions.
Alternatively, a more diversified system that stores data in multiple locations and has
a local backup might not be as cost optimal when measured in a steady-state analysis
but would be much more reliable in practice.

This is essential, especially in multi-form coupling systems that are renewable,
since interdependence may turn out to be both strong and weak. Coupling enables
one subsystem to support another; however, it may also lead to cascading risks in
case failures spread across interfaces. An example of such would be the lack of
electricity, which can occur during heat supply in highly electrified buildings, and
communication malfunction that can diminish the efficiency of coordinated dispatch.
The design strategies should thus incorporate selective redundancy, fail-safe operating
modes, islanding where necessary, and an apparent prioritization of critical loads and
energy services [51].

Resilience to weather is also emerging as a determining design factor. Extremes
associated with climate have the potential of impacting renewable generation, demand
intensity, and availability of infrastructure at the same time. The mono-renewable
or mono-balancing systems are particularly susceptible to such circumstances. This
strengthens the importance of diversity not just in technologies, but also in mechanisms
of flexibility and infrastructure routes. A resilient design is one where electrical,
thermal, and chemical paths can take the place of each other partially, in the event
of abnormal conditions [30]. Reliability in coupled systems in this sense should be
construed as an outcome of coordinated diversity as well as individual robustness.
It is not the purpose of the design to stiffen all components equally, but to ensure
that the system maintains adaptive capacity in the face of stress. Table 2 shows the
key dimensions of the design of multi-form coupling systems, their strategic focus,
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anticipated benefits, and trade-offs.

Table 2. Design strategies for renewable multi-form coupling systems and their implications.
Design dimension Main design focus Strategic considerations Expected benefits Main trade-offs or risks Typical research emphasis

System planning
Long-term configuration of
generation, conversion,
storage, and networks

Matching renewable resources with
demand profile; balancing centralization
and decentralization; ensuring modular
scalability

Improved structural
efficiency and long-term
adaptability

Overdesign, stranded assets,
poor alignment between
infrastructure and actual
flexibility needs

Capacity expansion,
multi-objective planning

Capacity sizing
Determination of rated
capacities for major assets

Coordinated sizing of renewables,
storage, conversion units, and flexible
demand resources

Reduced curtailment and
improved economic
performance

Mis-sizing in one subsystem
can propagate inefficiencies
across the whole system

Techno-economic
optimization, scenario
analysis

Operational scheduling
Day-ahead and real-time
dispatch of multiple energy
carriers

Coordination across timescales;
treatment of uncertainty; prioritization of
low-cost flexibility resources

Better renewable
accommodation and lower
operating costs

Forecast errors and coupled
uncertainty may reduce
dispatch quality

Stochastic dispatch, robust
scheduling

Demand-side
integration

Use of flexible loads as
active balancing resources

Shifting of heating, cooling, EV
charging, and industrial demand

Lower storage requirement
and smoother net load

User comfort, process
constraints, and behavioral
uncertainty

Demand response modeling,
smart load control

Control architecture
Coordination among
heterogeneous devices and
subsystems

Hierarchical vs. distributed control;
communication reliability; local
autonomy vs. system-level optimization

More stable operation and
better real-time response

Complexity, cybersecurity
exposure, interoperability
issues

Cyber-physical energy
systems, distributed control

Storage coordination
Functional allocation among
different storage technologies

Matching response speed, duration, and
sectoral role to actual flexibility tasks

Higher whole-system
efficiency and reduced asset
stress

Poor coordination can cause
overlapping functions and
low utilization

Hybrid storage management,
multi-timescale control

Resilience-oriented
design

System performance under
disturbance and extreme
events

Redundancy, islanding capability, critical
load prioritization, fault containment

Improved service continuity
and adaptive capacity

Higher upfront cost and
possibly lower short-term
cost optimality

Resilience metrics, stress
testing

Infrastructure
integration

Coupling of power, thermal,
gas, hydrogen, and digital
networks

Interoperability, legacy infrastructure
compatibility, data sharing, and
ownership coordination

Broader flexibility and more
efficient sector integration

Institutional fragmentation
and complex governance

Integrated infrastructure
planning

4.6. Definitions and measurement of flexibility, resilience, and reliability
In this section, we seek to provide methodological clarity in the assessment of

multi-form coupling systems by defining and measuring three important, yet often
confused, performance concepts: Flexibility, Resilience, and Reliability.

Flexibility is the capability of the energy system to respond to the variability and
uncertainty of supply and demand with an acceptable performance. There are several
complementary indicators by which this notion can bemeasured. The Flexibility Factor
(FF) is a holistic metric of system adaptability, defined as the ratio of flexible capacity
to net load variability. Systems with FF ≥ 1.2 are highly flexible, while systems
with FF < 0.8 suffer from severe flexibility constraints. Ramp capability (MW per
minute available for quick adjustment) reflects the system’s ability to respond to sudden
changes. The Curtailment Rate, i.e., the share of renewable energy that is curtailed due
to inflexibility, is a direct measure of the efficiency loss caused by a lack of flexibility.
Storage Utilization Efficiency is the ratio of the number of storage cycles used to the
theoretical storage capacity. It is a measure of how well storage assets are utilized to
provide flexibility [52,53].

Resilience is the ability of the system to anticipate, withstand, adapt to, and recover
quickly from disruptive events such as extreme weather events, equipment failures
and cyber-attacks. The Resilience Index (RI) is a composite measure expressed as a
function of the system performance during and after disruption with respect to normal
conditions.

RI = (post-disruption performance ×recovery rate)/

(normal performance×restoration time)
(1)

where higher RI is better in terms of resilience. Recovery Time is an operational
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measure, quantifying the time to recover to normal operation after a disturbance. The
Critical Load Survival Rate, representing the percentage of essential loads that stay
online during extreme events, reflects the system’s ability to prioritize critical services.
Infrastructure redundancy, as measured by the number of alternative pathways for
critical services, offers a structural measure of resilience capacity.

Reliability is the ability of the system to provide energy services steadily and
without interruption under normal operating conditions. Typical reliability indices are
SAIDI (System Average Interruption Duration Index)—average outage duration per
customer; SAIFI (System Average Interruption Frequency Index)—average number of
outages per customer; LOLE (Loss of Load Expectation)—expected number of hours
per year in which supply would be deficient; and ENS (Energy Not Supplied)—total
amount of unsatisfied demand in MWh. Typical targets for modern power systems
are SAIDI less than two hours per year and LOLE less than 0.1 h per year. However,
coupled systems may have relaxed electrical reliability requirements if thermal storage
is used to provide backup heating or cooling services.

These three concepts serve different but complementary roles in system design.
Flexibility addresses system performance under normal operational uncertainty,
targeting the ability to handle renewable variability and demand fluctuations.
Resilience is the ability of systems to respond to extreme conditions and to recover
from any disruption. Reliability is the ability to maintain system performance under
normal circumstances through a strong infrastructure and maintenance. In contrast,
a resilient system with built-in redundancy may not appear as cost-optimal in a
steady-state analysis but is more robust in practice. A system can be highly reliable
and flexible, but still vulnerable if it is not resilient to major disruptions. Understanding
these differences is important for a well-balanced system design, as optimization for
one criterion without considering the others may lead to performance gaps under
different operating conditions [54,55].

4.7. Design implications and emerging directions
Taken together, the above design strategies suggest that multi-form coupling

systems based on renewable energy should not be treated as a set of technologies but as
a socio-technical infrastructure. Planning, scheduling, control and resilience design are
highly interdependent and failures in one layer tend to diminish the value generated in
another. The greatest implication is that effective design relies on effective coordination
across timeframes, sectors and levels of infrastructure.

There is a developing view that the way forward in design strategies is to
take hybrid forms, which involve direct electrification but selective use of thermal,
hydrogen and other conversion pathways. These systems have a higher chance of
achieving not only efficiency but also profound flexibility compared to architectures
built around a single dominant carrier. Concurrently, design should be context-based.
The coupling pattern is never optimal, since the relative value of each pathway depends
on the endowment of resources, the composition of demand, climatic conditions,
infrastructural heritage, and the policy regime [24].

Finally, the design aspect of multi-form coupling systems is to be evaluated based
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on the capacity to convert renewable variability into a limitation into a flexibility source
that can be managed and economically utilized. To do so, it takes not only a high level
of optimization and intelligent control, but also rigorous architectural decisions that
align technology roles with the actual system requirements. Based on that, the next
design aspect that is considered necessary is energy storage, which is discussed in the
following section.

5. Energy storage technologies and their roles in coupled systems

5.1. Storage as a structural enabler of multi-form coupling
Multi-form coupled renewable energy systems place energy storage at a much

more central role than low-renewable infrastructures. Storage, in the traditional context,
is usually referred to as additional capacity to shave peaks, provide reserves, or to have
a local backup. Conversely, storage can be a structural enabler in renewable systems
with a high sector coupling where not only time, but also carrier and end-use sectors
may be traversed by energy. It is significant as a result of its variability in renewable
generation, the heterogeneity of demands, and the losses and timing limitations in
conversion pathways. In the absence of storage, much of the routing between the sectors
would be inoperative although technically feasible, as the system would not have the
capacity to absorb temporal imbalances and store the energy value between sectors.

The nature of this structural role is that storage cannot be viewed as a tight category
of devices. Storage in multi-form coupling systems is more appropriately thought of as
a layer of flexibility within the generation, conversion, network interaction and demand
response architecture. Electrical, thermal, chemical, mechanical, and hydrogen-based
storage are all forms of storage that have a different balancing role to play, and cannot be
evaluated on just intrinsic technical performance but also on the location, and position,
of the storage within the system as a whole. A battery in a building microgrid, such as
that, is not functionally analogous to hydrogen storage linked to an electrolyzer hub in
the region, although both are officially supposed to both absorb renewable excess [56].

The storage comparison should distinguish technology performance from system
value. Round-trip efficiency, capital cost, levelised storage cost, lifetime, cycle life,
self-discharge, energy density, response time, discharge duration, technology-readiness
level, and life-cycle carbon intensity should be reported where comparable data are
available. These indicators should not be presented as single universal values because
they vary with project scale, operating regime, ambient conditions, depth of discharge,
electricity price, equipment configuration, and study year. The revised comparison
should therefore report literature-derived ranges, identify the reference year and system
boundary, and separate device efficiency from complete pathway efficiency [57].

5.2. Electrical energy storage and fast-response flexibility
Themost evident and themost advanced form of renewable integration is electrical

energy storage, mostly due to the quick advancement of lithium-ion batteries and
related power electronics. Electrical storage is particularly valuable in multi-form
coupling systems in terms of short-term balancing, frequency support, ramp smoothing
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and intra-day energy shifting. It is very reactive, modular and relatively simple to
incorporate into distributed systems, which makes it very appropriate for buildings,
microgrids, electric vehicle charging systems and local clusters of renewable energy.

Lithium-ion batteries are the most popular due to the high efficiency, quick
reaction, and a powerful commercial chain of supply. They frequently play the role of
stabilizing the electrical backbone onwhich other coupling pathways rely. Batteries can
minimize curtailment when renewable variations are small, and flexibility requirements
are concentrated over short periods, as well as to aid voltage and frequency regulation,
and enhance the use of heat pumps or electric charging infrastructure. Electrical storage
can be used as the initial defense against variability in this sense.

But the visibility of batteries may result in conceptual overdependence. Battery
storage is often considered a general-purpose balancing device in a broad range of
planning studies, where the flexibility requirement is far beyond the most economical
operating point of battery storage. The trend endangers to simplify the issue of storage
in multi-form coupling systems. Although batteries have a high response time to
rapid control and cyclic dispatch, they are expensive, non-regenerative, and have a
finite lifespan, limiting their utility in long-term renewable scarcity or seasonal load
balancing. They are most useful when applied to cope with high frequency variability
and maintain electrical stability, rather than when one anticipates them to correct all the
system temporal mismatches [58].

This category is extended to other electrical storage technologies. Flow batteries
offer more design freedom between power and energy capacity, and can be appealing
where storage periods are longer and need not be subject to the cycling constraints of
lithium-based systems. Supercapacitors and flywheels are capable of very fast response
and high cycling rates, but are limited in their application to a few niche areas of
power-quality and transient-support functions by their low energy density. Pumped
hydro and compressed air energy storage offer greater-scale electrical balancing,
particularly when used at utility or regional scales, but are limited to geographic areas
and are more sensitive to infrastructure conditions than modular battery systems. This
heterogeneity highlights a significant point of view: electrical storage is essential, yet
its internal heterogeneity indicates that no single technology can be used to portray the
whole spectrum of electrical flexibility [59].

5.3. Thermal energy storage and the value of low-cost temporal shifting
Thermal energy storage is frequently overlooked in more general discussions of

energy transition since it is not as technologically visible as batteries or hydrogen.
However, in multi-form coupling systems, it can often be one of the most economical
and architecturally pertinent forms of storage. This is especially the case in systems
when heating and cooling form a substantial portion of final energy demand. The fact
that thermal loads tend to be less intolerant to temporal shifting than electrical loads
means that renewable variability can be absorbed at relatively low cost by thermal
storage and the electrical system stress is alleviated.

The sensible heat storage, which is usually based on solid media or water tanks, is
common due to its simplicity, maturity, and low cost. It is also particularly useful with
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building-scale and district heating systems where renewable electricity can be used to
generate stored thermal energy using heat pumps or electric boilers when the amount of
generated energy is excessive. Latent heat storage offers higher energy density and can
be useful where space is a consideration or constant temperature ranges are required.
Although less commercially developed, thermochemical storage offers higher energy
density and longer storage time with lower standing losses, which may be useful for
long-duration thermal applications in the future [60,61].

Thermal storage is important in multi-form coupling systems not only for its
technical performance but also for its exergy logic. Direct conversion of electricity
into all energy services is inefficient when the end product is low-grade heat. Thermal
storage can be used to convert renewable electricity into a form that better fits end-use
demand, thus maintaining system efficiency not just in the power sector but at the
whole-energy level. This has significant design implications. Thermal storage can
substitute for some of the balancing load in systems with high heating or cooling loads,
which would otherwise be taken up by batteries, thereby costing less to install than
batteries and preventing excessive electrification of flexibility provision.

Meanwhile, thermal storage has obvious drawbacks. It is highly dependent on
the local demand structure and network situation. It is not as portable as electrical
or chemical storage, tends to be more location-specific, and usually cannot store
electricity for reintroduction into the system, requiring further conversion processes.
Consequently, its flexibility is sector-bound to some extent. However, this does not
mean that this has to be perceived as a weakness in absolute terms. The best storage
strategy in most coupled systems is one that addresses the flexibility requirements in
the sector where they occur, rather than resolving all imbalances by reconverting them
to electricity.

5.4. Hydrogen and chemical storage for long-duration and cross-sector
flexibility
Hydrogen has acquired special strategic importance among all storage pathways

in multi-form coupled systems, as it offers flexibility for renewables beyond the
short-term outlook that batteries and many thermal systems can provide. Excess
renewable electricity can be converted into hydrogen via electrolysis and stored for
use in future power production, industrial processes, transport, or the production of
synthetic fuels. This renders hydrogen fundamentally different than short-duration
balancing technologies. It is not just a storage unit but a cross-sector energy carrier
that can connect the power system to hard-to-electrify sectors.

The architectural appeal of hydrogen is in length, magnitude, and sectoral scope.
It can help to balance on a daily, weekly, and, perhaps, seasonal basis, particularly
when there are underground or massive storage facilities. It may also decouple
renewable production from local electricity demand and open up opportunities to use
renewable energy to power industrial heat, chemical feedstocks, shipping, aircraft
or long-haul transport. These functions can be very important in systems that are
highly decarbonized because direct electrification becomes limited in its practical
application [62].
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Hydrogen should not be presented as a universally superior storage medium. Its
principal advantage is the ability to connect renewable electricity with long-duration
storage and hard-to-electrify uses, rather than high round-trip efficiency. The complete
electricity–hydrogen–electricity pathway includes electrolysis, gas conditioning,
compression or liquefaction, storage, and reconversion, and each stage introduces
energy loss, capital cost, maintenance requirements, and operational constraints.
Hydrogen systems also require leak detection, ventilation, materials compatible with
embrittlement risk, appropriate separation distances, emergency procedures, and
standards for production, transport, storage, and end use.

The strongest applications are therefore those in which hydrogen can be consumed
directly as an industrial feedstock, high-temperature fuel, transport fuel, or intermediate
for synthetic products, or where very long storage duration is required and alternatives
are constrained. For short-duration balancing and frequent electricity cycling, batteries
or thermal storage are usually more efficient. For low-temperature heating, direct use
of electricity through heat pumps is generally preferable to producing hydrogen and
then burning or reconverting it. Hydrogen should be selected when its duration, scale,
transportability, and sectoral reach compensate for its conversion and infrastructure
penalties. This conditional conclusion is more defensible than a general claim that
hydrogen is the key storage solution for all highly renewable systems [63].

5.5. Hybrid energy storage systems and coordinated flexibility design
There is no single storage technology that can simultaneously optimize response

speed, efficiency, cost, energy capacity, duration, scalability, and cross-sector
integration. That is why hybrid energy storage systems have become increasingly
topical in multi-form coupling design. A hybrid storage set-up is a combination
of technologies that have various strengths such that the whole system can react
effectively to various forms of variability. It is not technological redundancy per se,
but the complementary functionality [64].

Battery-supercapacitor systems are a canonical example in which supercapacitors
handle rapid transients and high-power variations, while batteries handle slower energy
balancing. Battery thermal combinations in bigger coupled systems are capable of
stabilizing electric demand and out-of-band heating or cooling loads. Battery-hydrogen
systems are specifically important as they establish a hierarchy of time: batteries are
required to resolve short-term and intra-day balancing, whereas hydrogen is needed to
provide long-term and inter-sector flexibility. A combination of thermal and hydrogen
could also be used in industrial or district scale systems whereby there are numerous
end-use paths, and flexibility needs to be shared both in the temperature and time space.

Task allocation is themost important design knowledge of hybrid systems. Storage
technologies are supposed to perform their roles based on their relative advantages and
not used as capacity blocks that can be swapped. Once this principle is disregarded,
hybridization may turn out to be a costly amassing of assets that cannot use their
functions efficiently and have redundant functions. Properly used hybrid storage can
also ease the stress on cycling, make systems cost-effective, and make them more
resilient through the diversification of balancing paths [65,66].
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In this regard, coordinated control is critical. The only instance in which hybrid
storage works well is when the dispatch logic is aware of the relative price, degradation
curve, speed of response and duration of capability of each component. There is no
need to repeatedly cycle a battery to perform low-value long-duration balancing where
hydrogen storage can be used to do the same, and there is no need to use hydrogen to
do second-level regulation which can be more effectively done by batteries or power
electronics. Good hybrid design is thus impossible without functional intelligence and
clarity of hierarchy of storage.

5.6. Functional roles of storage across time, scale, and sector
Storage in multi-form coupling systems can only be understood in meaningful

terms in the context of its functional roles and not necessarily in its technological
types. Storage functions at least at four levels across time. At very short timescales, it
corrects power quality, assists frequency control and smoothing of rapid renewable
swings. In the short-to-middle term, it coordinates the energy of the day, matches
renewable generation with demand peaks, and orchestrates devices that are tied together
(like heat pumps and electric vehicles). On longer timescales, it will be a backup
in the face of longer renewable shortages and lessening reliance on fossil peaking
capacity. At seasonal scales, it can be used to allow renewable energy to be used during
high-production seasons to offset low-production seasons or off-power-sector industrial
processes [67].

Storage, across scale, also functions differently. It primarily facilitates local
balancing, service continuity and self-consumption in buildings and microgrids. It
allows electricity, heat, cooling, and process loads to work together in a coordinated
manner in district or industrial systems. At the regional or national levels, it is a strategic
infrastructure resource that has market design, energy security, and decarbonization
implications. These differences are significant since the value proposition of the same
technology can vary significantly when it comes to the scale of the system and the
context of its coupling.

Storage lies in between the energy quality levels across the sectors. Electrical
storage maintains high-grade flexibility, thermal storage smoothes low-grade load,
and hydrogen or chemical storage offers renewable energy into industry and mobility
options. Their combination is not to delay energy consumption, but to restructure the
way renewable energy is allocated between functions, time, and structures [68].

5.7. Critical quantitative comparison
The storage comparison should separate technology performance from system

value. Where comparable data are available, round-trip efficiency, capital cost,
levelised storage cost, lifetime, cycle life, self-discharge, energy density, response
time, discharge duration, technology-readiness level and life-cycle carbon intensity
shall be reported. However, these indicators should not be given as a single universal
value. They vary depending on the project scale, operating regime, ambient conditions,
depth of discharge, electricity price, equipment configuration and the year of the
study. Revised tables should therefore include ranges from literature, specify the
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reference year and system boundary, and distinguish device efficiency from total
pathway efficiency.

Electrical storage is generally highly responsive and appropriate to frequent
cycling, but economics can degrade when large energy capacity is needed for infrequent
or seasonal discharge. Thermal storage usually costs less per unit of thermal energy
stored and can be very effective where there is a great thermal demand. The value of
thermal storage differs by location and sector. Thermal storage does not usually return
electricity without an additional conversion stage. Hydrogen has the advantages of
long duration, large-scale storage and direct use in industrial and transport applications.
However, the disadvantages of lower electricity-to-electricity efficiency, compression
or liquefaction requirements, leakage and embrittlement concerns, infrastructure cost
and safety management need to be considered. Chemical carriers could improve
transportability or compatibility, but any additional synthesis and reconversion step
increases complexity, cost, and energy loss. The only reason for hybrid storage is if
the system as a whole results in lower total cost, degradation, curtailment, or reliability
risk than a single technology.

Electrical storage is generally very responsive and suitable for frequent cycling,
but the economics can be poor where large energy capacity is needed for infrequent
or seasonal discharge. Thermal storage usually costs less per unit of thermal energy
stored and can be very effective where there is a great thermal demand. The value of
thermal storage differs by location and sector. Thermal storage does not usually return
electricity without an additional conversion stage. Hydrogen has the advantages of
long duration, large-scale storage and direct use in industrial and transport applications.
However, the disadvantages of lower electricity-to-electricity efficiency, compression
or liquefaction requirements, leakage and embrittlement concerns, infrastructure cost
and safety management need to be considered. Chemical carriers can enhance
transport or compatibility, but every additional step of synthesis and reconversion adds
complexity, cost and energy loss. To justify hybrid storage, the combined system
must reduce total cost, degradation, curtailment, or reliability risk more than any
single technology. As outlined in Table 3, key storage technologies vary significantly
in their response time, storage life, functional purpose, scalability, and industry
appropriateness, which is why a coordinated implementation is usually better than
implementation on a single type of storage [69,70].

Table 3. Comparative characteristics of major energy storage technologies for multi-form
coupling systems.

Storage
type

Representative technologies
Typical storage
duration

Response speed
Main role in coupled
systems

Main strengths Main weaknesses
Most suitable
scale/applications

Electrical
storage

Lithium-ion batteries
Seconds to
several hours

Very fast
Fast balancing, peak shaving,
renewable smoothing, local
backup

High efficiency, mature
technology, modularity

Cost for long-duration
use, degradation under
frequent cycling

Buildings, microgrids,
EV charging systems

Electrical
storage

Flow batteries
Hours to tens of
hours

Fast
Medium-duration balancing
and renewable shifting

Flexible scaling of
energy and power, long
cycle life

Lower energy density
and higher complexity
than lithium-ion

Microgrids,
commercial and
industrial systems

Electrical
storage

Supercapacitors
Seconds to
minutes

Extremely fast
Power quality support and
transient stabilization

Very high power
density and cycle life

Very limited energy
capacity

Power electronics
support, fast transient
applications
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Table 3. Cont.

Storage
type

Representative technologies
Typical storage
duration

Response speed
Main role in coupled
systems

Main strengths Main weaknesses
Most suitable
scale/applications

Electrical /
mechanical
storage

Flywheels
Seconds to
minutes

Extremely fast
Frequency support and
short-term stabilization

High cycle life and fast
response

Limited duration and
self-discharge

Grid-support and
industrial quality
applications

Mechanical
storage

Pumped hydro storage Hours to days Medium
Bulk electricity storage and
grid balancing

Large-scale capacity,
mature technology,
long lifetime

Geographic
dependence and high
infrastructure
requirements

Utility-scale and
regional systems

Mechanical
storage

Compressed air energy
storage

Hours to days Medium
Large-scale balancing and
reserve provision

Large capacity
potential and long
duration

Lower efficiency,
location constraints,
system complexity

Regional and
utility-scale
applications

Thermal
storage

Sensible heat storage
Hours to days,
sometimes
seasonal

Medium

Heat load shifting and
renewable electricity
absorption through
power-to-heat

Low cost, mature,
efficient for thermal
applications

Sector-bound
flexibility and limited
portability

Buildings, district
heating, industrial heat
systems

Thermal
storage

Latent heat storage Hours to days Medium
Compact thermal buffering in
controlled temperature
ranges

Higher energy density
than sensible storage

Material cost and
design complexity

Building systems,
cooling and heating
applications

Thermal
storage

Thermochemical storage Days to seasonal Slow to medium
Long-duration and
potentially seasonal heat
storage

High theoretical energy
density and low
standing losses

Lower maturity and
practical complexity

Seasonal thermal
systems, future
large-scale heat storage

Hydrogen
storage

Compressed/liquefied/
underground hydrogen

Days to seasonal Slow to medium
Long-duration balancing and
cross-sector energy transfer

Strong sectoral reach
and seasonal capability

Low round-trip
efficiency and
infrastructure intensity

Industrial hubs,
regional systems,
strategic storage

Chemical
storage

Ammonia, methanol,
synthetic methane, Liquid
organic hydrogen carrier
(LOHC)

Weeks to
seasonal

Slow
Energy transport,
long-duration storage, fuel
substitution

Easier transport or
compatibility with
existing infrastructure

Additional conversion
losses and process
complexity

Industry, shipping,
regional and
export-oriented
systems

Hybrid
storage

Battery + thermal/battery +
hydrogen/battery +
supercapacitor

Multi-timescale Multi-speed
Coordinated short-, medium-,
and long-duration flexibility

Functional
complementarity and
better system
optimization

Higher control
complexity and
coordination
requirements

Coupled microgrids,
industrial parks,
regional energy hubs

5.8. Technology maturity and deployment relevance
Technology maturity should be separated from theoretical potential. Mature and

widely deployed options, including lithium-ion batteries, sensible-heat storage, heat
pumps, pumped hydropower, conventional district-heating storage, and established
combined heat and power technologies, have relatively well-characterised performance
and supply chains. Early-commercial or demonstration-stage solutions, including
some flow-battery chemistries, large hydrogen hubs, advanced compressed-air
systems, thermochemical storage, liquid organic hydrogen carriers, and integrated
synthetic-fuel pathways, may offer valuable functions but have less certain cost,
durability, and operational evidence. Emerging concepts should be evaluated
using technology-readiness level, demonstration scale, cumulative operating hours,
availability of standards, supply-chain maturity, and bankability. Combining mature
and emerging technologies in one undifferentiated comparison can exaggerate the
near-term relevance of concepts that remain dependent on research, policy support, or
specialised infrastructure [71].

6. Comparative assessment, modeling, and optimization methods

6.1. Why comparative assessment is essential in multi-form coupling
systems
Comparative assessment is an action step measure in the study of renewable

energy systems of multi-form coupling, as such systems comprise multi-technology,
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multi-carrier of energy andmulti-decision levels. Unlike more traditional single-energy
systems, where component analysis can be conducted in a fairly limited technological
context, multi-form coupling systems demand the concomitant evaluation of flexibility,
conversion efficiency, storage life, compatibility with infrastructure, cost, carbon
performance, and reliability. A technology that seems very attractive when considered
on its own can result in restricted value when integrated into a coupled architecture,
whereas a less efficient technology can become strategically significant as it can allow
long-duration balancing or cross-sector decarbonization [72].

This renders comparative evaluation beyond a ranking undertaking. It is actually
meant to show the circumstances in which a technology, pathway or design strategy
generates system value. As an example, in short-duration balancing, batteries could
be more effective than hydrogen storage due to greater round-trip efficiency and
responsiveness, whereas hydrogen could bemore useful in systemswith a high seasonal
imbalance or industrial load. Equally, thermal storage can demonstrate reduced formal
versatility than electrical storage, however, where heating-based systems are involved,
it can provide more economic advantage since it can provide the greater flexibility
requirement at a reduced cost. Comparative evaluation is thus situational and it cannot
be narrowed down to the quest for globally better technologies.

The main problem of the literature is that most comparative studies are
device-focused and do not take into account interactions at the whole-system level.
The comparison of various technologies is frequently made with the help of isolated
performance measures, e.g., efficiency, energy density or unit cost without having
enough consideration of coupling functionality, network integration, or operational
role. This may result in inaccurate inferences especially in systems where both storage
and conversion devices would be of value based on complementary performance as
opposed to independent performance. A stricter comparative framework should then
be able to bridge the gap between component measurements and system-wide goals
and architectural functionality [72].

6.2. Techno-economic and environmental comparison of storage and
coupling options
Multi-form coupling studies most often depend on techno-economic analysis as

the most common basis of comparison. Commonly used metrics in assessing storage
technologies, conversion pathways and integrated system designs are metrics like
capital expenditure, operating cost, levelized cost of storage, payback period, and total
system cost. The metrics are essential since economic viability greatly influences the
ability of any technology to be transferred to the actual implementation phase, after
its modeling stage. There are however, interpretations of cost comparisons in coupled
systems. The perceived cost of a storage or conversion technology can tend to vary with
the extent to which the system benefits are reflected in its cost. A battery that is only
checked based on a direct arbitrage revenue can seem uneconomic, whereas the same
battery can be very valuable when it includes grid support, peak reduction, renewable
curtailment avoidance, and reliability services [73].

This is equally true of cross-sector technologies, like electrolysis, district heating
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storage, or power-to-fuel pathways. They do not often have any single market signal
that can define their economics, since they are value creators across infrastructures
and timescales. Consequently, such targeted techno-economic comparisons can
underestimate technologies whose utility cuts across industries, as opposed to being
concentrated in a single measure of operation. One of the reasons why integrated cost
assessment is more applicable than component-level cost comparison in multi-form
systems is because of this. Not only what a technology costs, but also what it replaces
are the costs of systems, and what is possible with flexibility.

Comparison between the environment is also necessary and particularly so since
the goal of multi-form coupling is directly related to deep decarbonization. The
long-term desirability of storage and conversion pathways is influenced by carbon
emissions, life-cycle, resource consumption, recyclability, and the criticality of
materials. Environmental assessment, however, must be critically interpreted. Low
operational emission technologies might have large upstream impacts in terms of
material extraction, manufacturing energy requirement or infrastructure construction.
On the other hand, technology with an intermediate level of conversion losses could
still facilitate better carbon performance when it makes it possible to utilize high levels
of renewables and replace fossil consumption in those sectors that are the hardest to
decarbonize [73].

This implies that environmental comparison has to go beyond direct efficiency.
An efficient system is good, but not the only factor of sustainability in coupled systems.
The effect of a low-efficiency route to more extensive fossil substitution can be more
climate-efficient than that of a high-efficiency route to a single sector. Thus, the
techno-economic and environmental aspects must be compared rather than viewed
independently. The best technologies to be considered for greatest policy relevance
do not necessarily have the highest performance individually, but rather the highest
overall benefits in cost reduction, carbon reduction, and system flexibility [24,38].

6.3. Performance metrics and the problem of metric selection
The selection of performance measures plays a major role in making inferences

in comparative studies. Round-trip efficiency, response speed, power density, energy
density, cycling capability, lifetime, depth of discharge, and operational reliability are
common technical indicators. These metrics are handy, but they cannot be used in
a multi-form coupling system as their meaning is system-dependent. For example,
round-trip efficiency is key to short-cycle storage but less important to seasonal storage,
where time and infrastructure scale are more critical to system value. Similarly, high
power density is important for rapid power balancing, but not for thermal storage, where
energy volume and cost per unit heat of storage are more critical.

The danger is that the wrong choice of metrics might give a biased technology
evaluation to dimensions that are familiar or are easy to measure. Batteries will perform
well on efficiency and response and hydrogenwill performwell on duration and sectoral
versatility. In heating-intensive applications, thermal storage may seem less impressive
compared to power-system-oriented scales, even though it can be the most viable
solution. This implies that metrics ought to be selected based on the service being

25



Energy Storage and Conversion 2026, 4(3), 4414.

evaluated, rather than using an off-the-shelf template [74].
The other problem is that most studies focus on component measures and do not

adequately capture system-level measures such as renewable utilization rate, adequacy
of flexibility, contribution to resilience, reduction in curtailment, or the ability to
delay infrastructure growth. These are broader indicators that are more difficult to
quantify but may be more applicable to real planning decisions. Multi-form coupling
systems have performance which is emergent and not necessarily additive. A storage
technology is not just a technical output; it alters the behaviour of the whole coupled
architecture. For that reason, a strong comparative framework would be able to
integrate component measures with system-level measures and clearly identify the
trade-offs between them [75].

6.4. Modeling approaches for coupled renewable energy systems
The analytical interface between system architecture and the actual

decision-making is modelling. Since multi-form coupling systems have many
carriers, conversion links, networks, and timescales, the modelling techniques must
trade off physical realism with computational tractability. At the simplest, models
are steady-state or dynamic, deterministic or stochastic, centralized or distributed,
and component-based or system-integrated. Every modelling decision reflects a
presumption about which aspects of the coupled system are most important.

Linear models, steady-state models, and simplified linear models are very popular
in planning studies, as they enable the optimization of large systems at a manageable
computational cost. They can be applied to capacity sizing, comparative investment
analysis, and long-term structural analysis. But these models may miss time dynamics,
start-up limitations, thermal inertia, and control-response limitations, which are salient
in actual operation. Dynamic models, in contrast, capture transient behaviour, network
behaviour and device level response more effectively, but need more assumptions,
more data, and computational resources. Consequently, the decision between model
simplicity and realism is not a technical one per se; it defines what types of conclusions
about design can be made [24].

One common shortcoming in the literature is the distinction between operational
and planning models. Simplified dispatch behavior is often used in investment studies,
and fixed system configurations are used in operational studies. When coupled with
renewable systems, this separation is problematic since the operation and design are
highly interdependent. A storage technology that appears favorable in a perfect world
of dispatch might behave differently with the addition of network congestion, forecast
uncertainty, or control constraints. Similarly, the configuration of generation, storage
and conversion capacities is very critical to operational strategies. This indicates that
there is a necessity to have more unified modeling frameworks that will tie long-term
planning and short-term operation together.

The other modeling issue of concern is the multi-time scale interaction. Transport
loads, electricity, thermal networks, and hydrogen systems evolve across various
temporal rhythms. All of these are hard to capture in a single model, and ignoring
these differences can bias the valuation of flexibility. A good modeling practice thus
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would need the use of temporal layering or decomposing the system to be represented
at various levels of resolution based on the dynamics of the various subsystems. This
is particularly relevant in considering hybrid storage or sector-coupling paths whose
value is directly determined by timescale complementarity [76].

6.5. Optimization methods and their strengths and limitations
The design and functioning of multi-form coupling systems rely on optimization

since it offers a formal method of coordination of conflicting goals and restraints.
Mixed-integer and linear programming have been extensively used in planning and
scheduling as they provide an optimal trade-off between detail in the model and
solvability. They work well, especially when relationships within a system can be well
approximated as a linear relationship, when discrete decisions have to be modeled (unit
commitment, choice of technology or expansion of a network).

The nonlinear programming is required in cases where efficiencies,
thermodynamic relationships, or network flows could not be properly linearized.
It is able to enhance realism but tends to do so at the expense of computational
complexity and diminished global optimality assurances. Stochastic optimization can
be applied to model uncertainty in renewable generation, demand and prices and robust
optimization is concerned with performance under bad conditions without making
probabilistic assumptions. Both play significant roles in renewable dominated systems
yet they also represent various design philosophies. Stochastic approaches are aimed
at the expected optimality in case of modeled uncertainty, and robust approaches
are aimed at the resilience in case of worst-case deviations. The right decision is
based on the importance to the system operators of economic efficiency or operational
security [77].

Multi-objective optimization is particularly applicable to coupled systems
since cost, emissions, flexibility and reliability are seldom optimized. However,
multi-objective approaches also pose interpretation issues. The presence of a Pareto
frontier is not a solution to design choice by itself, but rather it makes trade-offs
clear. Even the final decisions remain as policy priorities, stakeholder preferences and
practical deployment constraints. This brings out a bigger argument; optimization is a
decision-support, and not a substitute for judgment.

Genetic algorithms and other heuristic and metaheuristic algorithms such as
particle swarm optimization are commonly applied in search spaces that are very
nonlinear or discrete in nature. They are flexible and powerful, especially in terms of
size of hybrid storage, or complicated scheduling issues, but they can have limitations
in terms of reproducibility and scalability. Tuning of parameters can also be critical to
their results. When analyzing using SCI-standard methods, one should not, therefore,
approach these techniques critically or equate the level of computational sophistication
with a superior methodology [78].

6.6. Data-driven and AI-enhanced methods
With the further digitalization of renewable energy systems, the use of data-driven

approaches to forecasting, control, and optimization is becoming more prominent.
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Machine learning has become common in the prediction of renewable generation,
prediction of load, fault diagnosis of equipment, and modelling user behaviour. These
predictive benefits can be very beneficial in the context of multi-form coupling systems
where timing accuracy in the scheduling is greatly improved as well as lessening the
necessity of conservative reserve margins. Real-time dispatch and self-learning energy
management has also been of interest to reinforcement learning and the adaptive control
methods [79].

Their advantage is that they can be used to deal with nonlinear relationships,
high-dimensional data, and evolving system states. This is, however, subject to their
practical value based on the quality of the data, the interpretability and strength. Most
AI-based work demonstrates good performance in simulation, but is poorly supported
by real operational limitations. Black-box models can also decrease transparency,
which is not good in infrastructure planning and critical energy operations where
explainability and trust are crucial.

Data-driven methods can best play a complementary role; they cannot replace.
They are best applied in the context of physically informed structures that maintain
engineering logic and enhance prediction and flexibility. Coupled energy systems,
systems where thermodynamics, infrastructure constraints, and safety requirements
are determinant, hybrid modeling strategies that integrate data-driven learning
with physics-based optimization will tend to be more plausible than black-box
strategies [80].

6.7. Simulation tools, validation, and future methodological needs
Multi-form coupling studies have been conducted on a variety of simulation

platforms, such as MATLAB/Simulink, TRNSYS, HOMER, EnergyPLAN, and
Modelica-based platforms. They both have their benefits with regard to the research
question. Others are more appropriate when it comes to the detailed component
dynamics, whereas others aremore robust with respect to long term planning or scenario
analysis. Each platform cannot be used in all situations, and the tool used may tend to
affect the degree of abstraction as well as the nature of conclusions drawn.

One of the long-standing methodological gaps is validation. Most analyses are
based on very idealized case studies, presumed demand models, or artificial weather
data, and are not often calibrated on real-world operating experience. This leads to
a lack of confidence in comparative assertions, when the relative value of storage
and coupling pathways can change with small modeling assumptions. To move
multi-form coupled systems beyond having theoretical potential to engineering utility,
more empirical support is required, in the form of demonstration projects, measured
data, and cross-model comparison [81].

6.8. Practical distinction among modelling approaches
Model selection should follow the decision problem. Steady-state and linear

optimisation models are most appropriate for long-term capacity planning, technology
screening, and scenario comparison when temporal and network dynamics can be
simplified. Their computational efficiency permits large spatial and temporal domains,
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but they may overlook ramping, thermal inertia, degradation, start-up constraints, and
transient limits. Dynamic models are more suitable for controller design, stability
analysis, thermal-network behaviour, device interaction, and short-timescale validation,
although they require more detailed parameters and impose greater computational
burden.

Deterministic models are useful when forecasts and operating conditions are
sufficiently stable or when a transparent baseline is required. Stochastic optimisation
is preferable when probability distributions for renewable generation, demand, prices,
or failures can be estimated and when expected performance across scenarios is
relevant. Robust optimisation is more appropriate when uncertainty bounds are
available but probability distributions are unreliable, particularly for conservative
planning and security-constrained scheduling. Distributionally robust methods occupy
an intermediate position by protecting decisions against ambiguity in the assumed
probability distribution [82].

Multi-objective optimisation should be used when cost, emissions, reliability,
resilience, and renewable utilisation cannot be represented credibly by a single
weighted objective. The resulting Pareto frontier allows decision-makers to observe the
cost of improving one objective relative to another. Model predictive control is suitable
for real-time or receding-horizon operation because it repeatedly updates schedules
using new forecasts and system states. Agent-based and distributed optimisation
methods are relevant where assets have different owners, local autonomy is important,
or centralised data exchange is restricted. Artificial-intelligence methods can support
forecasting, surrogate modelling, anomaly detection, and adaptive control, but they
should not replace physical constraints or engineering verification.

In the future, integration is the key methodological requirement. Comparative
analysis, system modeling, optimization and control analysis are far too often
performed in parallel, but not in a coherent system. The research in the future needs to
shift to integrated approaches to relate life-cycle and techno-economic comparison to
dynamic operation, uncertainty treatment, and multi-scale planning. This integration is
critical in case modeling and optimization can be used to not only facilitate academic
knowledge but will also provide plausible deployment decisions in renewable energy
systems in terms of multi-form coupling. Table 4 compares the key assessment,
modeling, and optimization techniques in the literature, their strengths, limitations, and
applicability in various decision contexts in coupled renewable systems [83].

Table 4. Comparative overview of assessment, modeling, and optimization methods for
multi-form coupling systems.

Method category Typical methods/tools Main purpose Strengths Limitations Most suitable use cases

Techno-economic
assessment

CAPEX/OPEX analysis,
levelized cost metrics,
payback period, net present
value

Evaluate economic feasibility of storage,
conversion, and integrated system
designs

Direct decision relevance and
strong comparability

May undervalue cross-sector
and non-market benefits if
narrowly defined

Technology screening,
early-stage feasibility, policy
comparison

Environmental
assessment

Life-cycle assessment,
carbon footprint analysis,
material/resource analysis

Evaluate environmental sustainability
and emission reduction potential

Captures impacts beyond
operational efficiency

Sensitive to boundary
assumptions and data quality

Sustainability comparison,
policy support, technology
roadmapping

Deterministic system
modeling

Linear and simplified
steady-state models

Capacity planning, basic dispatch,
system configuration analysis

Computationally tractable
and suitable for large
scenario sets

Limited treatment of
uncertainty and dynamic
behavior

Long-term planning and
broad scenario analysis
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Table 4. Cont.

Method category Typical methods/tools Main purpose Strengths Limitations Most suitable use cases

Dynamic simulation
Time-series simulation,
component dynamic models,
network simulation

Analyze transient behavior, operational
interactions, and control response

Better physical realism and
operational insight

More data-intensive and
computationally demanding

Detailed operation, control
testing, device interaction
analysis

Optimization methods

LP, MILP, NLP, stochastic
optimization, robust
optimization, multi-objective
optimization

Determine optimal planning and dispatch
decisions under constraints

Strong formal decision
support and trade-off analysis

Results depend on
assumptions, objective
formulation, and model
simplification

Sizing, scheduling,
uncertainty management,
Pareto analysis

Heuristic/metaheuristic
methods

Genetic algorithm, particle
swarm optimization, ant
colony optimization

Solve highly nonlinear or combinatorial
design problems

Flexible and adaptable to
complex search spaces

May lack reproducibility,
global optimality guarantees,
and scalability

Hybrid storage sizing,
complex topology
optimization

AI/data-driven
methods

Machine learning forecasting,
reinforcement learning,
predictive control

Improve forecasts, adaptive scheduling,
and intelligent management

Handles nonlinearities and
large datasets well

Data dependence, limited
interpretability, uncertain
real-world robustness

Forecasting, adaptive control,
digital energy management

Simulation platforms
MATLAB/Simulink,
HOMER, TRNSYS,
EnergyPLAN, Modelica

Support scenario analysis, component
simulation, and integrated system studies

Widely used and suitable for
different abstraction levels

Platform choice can bias
model structure and
conclusions

Case study simulation,
cross-validation,
tool-assisted design

Integrated assessment
frameworks

Techno-economic-
environmental-operational
coupled frameworks

Jointly assess cost, carbon, reliability,
and flexibility

Better reflects whole-system
value

Methodologically demanding
and often data-heavy

SCI review synthesis,
decision support for
deployment pathways

Note: CAPEX: capital expenditure; OPEX: operating expenditure; LP: linear programming; MILP: mixed-integer linear programming;
NLP: nonlinear programming; AI: artificial intelligence; SCI: science citation index.

7. Challenges, research gaps, and future development trends

7.1. Technical challenges in highly coupled renewable energy systems
Even though multi-form coupling is an interesting avenue to enhance the use of

renewable energy and decarbonize energy further, its practical use is not that simple.
The main difficulty is that the process of increasing flexibility and at the same time the
complexity increase occur simultaneously because of the coupling. The connection of
electricity, heat, cooling, hydrogen, gas and transport provides the systemwith a greater
balancing choice but also makes it more vulnerable to the quality of coordination,
compatibility and dynamism between sectors. That is, the technical benefit of coupling
cannot be separated out of the technical cost of the overhead of interdependence [84].

Among the major difficulties is the multi-timescale of system functioning. Power
has to be matched almost immediately, thermal systems change more slowly due to
inertia and storage responses and hydrogen or chemical processes tend to be matched
over much longer timescales. The differences are not just the operational specifics;
these differences are the pillars on which the flexibility might be taken out of the
system. Unless the control and scheduling strategies are correctly balanced with these
temporal properties, the system can run inefficiently dispatched, over-cycled assets,
or underutilized slower yet more cost-effective flexibility resources. This particularly
presents an issue in the co-location of fast-response batteries, thermal buffers, demand
response, and long-duration hydrogen storage in architectures, as the optimal operating
envelope of each resource differs.

A second technical issue is related to the propagation of uncertainty. The
generation of renewable energy is subject to weather changes, the demand is sensitive
to weather, and transport and building activities become more dynamic as users. In
a coupled system uncertainty is not isolated in one energy carrier. A prediction
error in solar energy, such as one, can impact electricity dispatch, heat pumps,
hydrogen production, and charging at the same time. This coupled uncertainty has
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the potential to increase control challenges and reveal vulnerability in deterministic
planning assumptions. The larger, the tighter-coupled the system is, the greater the
importance of the realization of how uncertainty flows through interfaces as opposed
to the movement of uncertainty through isolated subsystems.

The other issue is the interoperability of infrastructure. Multi-form coupling
demands that devices, networks and digital platforms share information and react in a
coherent manner in response to shared goals. However, the infrastructures in question
were usually created in the past with different purposes and in different technical
specifications and institutional frameworks. Power grids, district heating systems, gas
pipelines, hydrogen facilities, building management systems, and mobility platforms
are not inherently coordinated. This poses integration challenges both physically and
information wise. Weak interoperability can undermine the theoretical flexibility of
coupling with disjointed control, lack of consistency of data quality, and incompatible
operational constraints [85].

Another technical problem is the stability of the system and cascades. Coupling
enables another subsystem to be supported by another but it also provides avenues
through which disturbances can propagate. In an electrified heating system (highly),
a power deficit can readily affect thermal comfort. With hydrogen-integrated
architectures, the failure of an electrolyzer cluster or compressor can have an impact on
storage strategy as well as the industrial supply. These dangers imply that steady-state
efficiency alone cannot be used to determine technical success of coupled systems. The
ability to stay stable when disturbed, graceful degradationwhen in failure and the ability
to isolate or contain faults are also important design requirements.

7.2. Economic, market, and policy barriers
There are significant barriers, both economic and institutional, to the step between

technical viability and actual implementation. Multi-form coupling systems are
capital intensive in that they can frequently necessitate concomitant investment in
renewable generation and storage, conversion technologies, control platforms and
network upgrades. Although the benefits of long-term systems may be substantial, the
initial cost of the system may be slow to be adopted, particularly in areas where there
is still a conservative approach to infrastructure funding, or where policy backing is
fragile. This is among the reasons why a lot of good multi-energy concepts continue to
exist at pilot projects, industry demonstrations or highly subsidized settings.

One of the major economic issues is that the value generated through coupling is
usually shared among a variety of sectors whereas the task of investment is dispersed.
The use of a thermal storage system can lower the peak electricity charges, enhance
the use of renewable resources, and delay network upgrades, but the benefits could
go to other parties. Likewise, curtailed renewable electricity can be converted into
hydrogen, which can provide value to balancing power systems, decarbonize industries,
and replace transport fuels, but no single market approach can pay off all of these
services. This disintegration undermines incentives to invest in coordination and may
result in economically rational technologies being unappealing in the eyes of individual
actors [86].
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The existing market forms are also inclined to abide by traditional sectoral
boundaries. The electricity markets tend to be more developed than the heat, hydrogen,
or flexibility markets and the pricing mechanisms do not always represent the entire
value of cross-sector balancing. Consequently, in academic models coupled systems
can be optimized, but in practice, they are commercially underdeveloped due to the
narrowness of real market signals, their short-term nature, or their intermittent nature
in support of investment. This is particularly problematic in the absence of established
remuneration schemes to cover longer storage periods, prevent curtailment, resilience
services or carbon-compensated flexibility [87].

The uncertainty of policy also makes deployment more difficult. Multi-form
coupling is strongly reliant on the long-term expectations concerning the carbon pricing,
renewable incentives, hydrogen strategies, and the efficiency regulations as well as
infrastructure planning. When the policy frameworks change often or are sector specific
the developers run a high risk of stranded assets or misalignment of investment. This
is especially applicable to hydrogen and synthetic fuel routes, the viability of which
is highly sensitive to future regulation and formation of industrial demand. Thus,
the innovation of coupled renewable systems is not simply a technical shift but a
governance issue that will also demand coordinated sector-wide policies that will be
traditionally regulated separately [66].

7.3. Safety, standardization, and governance issues
With an increase in the level of coupling, the concerns of safety and standardization

take center-stage in the development of the system. This is particularly the case of
storage technologies and conversion pathways that contain hydrogen and high capacity
batteries, pressurized gases and thermally integrated infrastructure. Safety cannot be
considered as a secondary compliance concern that is added to the system design at the
end; it has to be part and parcel of the architecture as the ramifications of failure may
spread out to related subsystems.

This is depicted by hydrogen. It has a significant strategic worth as a long-duration
and cross sector energy carrier; however, its storage, compression, transport, and end
use have raised concerns regarding leakage, flammability, embrittlement, and design of
the facility. Massive battery systems also pose thermal runaway and fire hazards which
are aggravated by the fact that they are more severe when installations are clustered
or not closely supervised. Thermal storage and even district-scale infrastructure
containment, pressure and operational reliability issues apply. With multi-form coupled
systems, the problem is not just that each technology has its safety requirements but that
interactions between technologies can result in compound risks [88].

In most aspects, standardization is still wanting. The data protocols, communication
interfaces, operational definitions of flexibility, safety certification pathways and
integrated planning methodologies remain fragmented sectors and jurisdictions. This
slows deployment as developers have to deal with unknown technical needs and
interoperability cannot be guaranteed between assets of different vendors or domains of
infrastructure. Replicability is also restricted by a lack of standardization. Demonstration
projects can operate under very bespoke circumstances, but such an experience is hard to
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scale unless there are common standards of integration and performance assessment [89].
Another layer of difficulty is that of governance. The multi-form coupling

systems have a tendency to cross the administrative, regulatory, and ownership territory.
One of these systems can include utilities, industrial operators, building owners,
mobility providers, technology vendors, and local authorities. The eventual lack of
clear structures of governance makes decision making slow and responsibility diffuse.
The latter is of particular concern to infrastructure investment and risk management,
where long-term planning involves institutional coordination, which is lacking in
disaggregated energy transitions [90].

7.4. AI risks and governance
The application of artificial intelligence introduces risks that must be treated as

design constraints. Data-driven models are sensitive to missing data, measurement
error, non-representative training sets, changing user behaviour, equipment ageing,
and distribution shift caused by extreme weather or market changes. A controller
that performs well in historical data may produce unsafe or economically undesirable
decisions when operating conditions move beyond the training domain. Black-box
models also make it difficult to explain why a dispatch action was selected, which can
impede operator trust, regulatory approval, fault diagnosis, and accountability.

AI-enabled control should therefore be embedded within a layered safety
architecture. Physical operating limits, network constraints, reserve requirements,
and emergency rules should remain explicit and enforceable. Physics-informed
learning, constrained reinforcement learning, uncertainty quantification, interpretable
surrogate models, and human-supervised operation can reduce but not eliminate risk.
Cybersecurity must cover sensor authentication, communication integrity, access
control, model tampering, false-data injection, and secure software updates. Before
field deployment, algorithms should be tested through out-of-sample validation,
stress scenarios, hardware-in-the-loop experiments, failure-mode analysis, and
staged demonstration. A fail-safe mode should maintain essential services when
communication, forecasts, optimisation, or AI components fail.

7.5. Strengths and limitations
The principal strength of this review is its integration of system architecture,

coupling pathways, storage functions, comparative indicators, and modelling methods
within a single decision-oriented framework. The analysis covers multiple energy
carriers, system scales, storage durations, and application sectors, which allows
technology performance to be interpreted in relation to the service required. The
explicit distinction between component metrics and whole-system value also reduces
the risk of ranking technologies using a single indicator such as efficiency or capital
cost.

The review nevertheless has limitations. Published studies use heterogeneous
system boundaries, reference years, cost assumptions, climate conditions, demand
profiles, and definitions of efficiency, which restrict direct numerical comparison.
Evidence from laboratory studies, optimisation models, pilot projects, and commercial
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installations cannot always be combined without qualification. The availability of
field data is uneven, particularly for long-duration hydrogen, thermochemical storage,
and complex Power-to-X systems. The review may also be affected by publication
bias, database coverage, language restrictions, and incomplete reporting in the primary
literature. Quantitative ranges should therefore be interpreted as context-dependent
evidence rather than universal design values, and the proposed framework should be
validated through common benchmark cases and measured demonstration projects [91].

7.6. Research gaps and future trends
The identified challenges define a direct research agenda. Inconsistent system

boundaries require harmonised reporting protocols and open datasets. Weak
comparison across coupling pathways requires common benchmark systems
and service-based performance indicators. Limited long-duration evidence
requires measured demonstrations with transparent operational data. Fragmented
planning and control studies require integrated models that connect investment
decisions with degradation, uncertainty, network limits, and real-time operation.
Cybersecurity and black-box risk require explainable, physics-constrained, and
fail-safe artificial-intelligence architectures. Institutional fragmentation requires
market and governance arrangements that allocate costs and benefits across electricity,
heat, gas, hydrogen, transport, and industrial stakeholders. Future work should
therefore link each proposed technical development to a clearly defined evidence gap
and should report validation conditions sufficiently well to support comparison and
replication [92,93].

Resilience analysis is another area that is not well developed. Most studies
maximize cost and emissions in the usual state of operation and little attention is given
to extreme events, infrastructure failure, cyber-physical risks and supply disruption.
This exclusion is important since the future low-carbon systems will be subject to
climate-related strains, as well as increasing digital reliance. A system which works
well under average conditions might not be sufficient in cases of disruption where the
system is not capable of supporting necessary services [94].

Lastly, most studies are regionally or technologically limited. Findings made in a
single climate, policy regime, or infrastructure setting are quickly generalised. Local
resource profiles, urban form, industrial structure and legacy infrastructure will be vital
in determining the future of multi-form coupling. A larger number of comparative
studies across settings are thus required, especially those studies that focus on how
the principles of design should vary between building scale, industrial, regional and
national application.

The convergence of further electrification, selective molecular energy pathways,
digital intelligence, and even more integrative carbon governance is likely to influence
the future development of renewable energy systems in the context of multi-form
coupling. An evident trend is the ever-increasing sector coupling as energy systems
transition to decarbonization of entire systems beyond isolated deployment of
renewables. Electricity will continue to be the prevailing backbone though this is not
likely to be the only carrier. In its place, more frequent use will be made of thermal

34



Energy Storage and Conversion 2026, 4(3), 4414.

networks, hydrogen systems and flexible demand to take in renewable variability and
find applications where direct electrification is not as viable [95–97].

8. Conclusion

This review shows that renewable multi-form coupling should be designed as
a coordinated system of energy sources, conversion routes, storage assets, networks,
control, and end-use services. The value of coupling does not increase automatically
with the number of technologies. It increases when each pathway performs a clearly
defined function and when conversion losses, storage duration, infrastructure, cost,
carbon reduction, and operational risk are assessed at the whole-system level.

Direct electrification remains the preferred route where electrical end
use is feasible and network constraints are manageable. Electricity–heat and
electricity–cooling coupling can provide particularly effective flexibility when thermal
demand is large because heat pumps, thermal networks, and thermal storage avoid
unnecessary reconversion to electricity. Batteries and other fast electrical storage
technologies are most appropriate for high-power response, renewable smoothing,
local reliability, and intraday energy shifting. Their use becomes less attractive when
very large energy capacity is required for infrequent discharge.

Hydrogen and chemical carriers have a different and more conditional role. They
can extend renewable energy across weeks, seasons, regions, and hard-to-electrify
sectors, but this value must be balanced against complete-pathway losses, infrastructure
investment, safety requirements, and operational complexity. Hydrogen is therefore
best understood as a strategic complement to direct electrification, batteries, and
thermal storage rather than as a universal replacement. Hybrid storage can improve
performance when each technology is assigned to the timescale and service for which
it has a comparative advantage.

The review also demonstrates that technology selection and model selection must
be linked. Steady-state optimisation is suitable for strategic planning and capacity
screening; dynamic models are required for transient and control questions; stochastic
and robust methods are needed when uncertainty materially affects decisions; and
multi-objective approaches are necessary when economic, environmental, reliability,
and resilience objectives conflict. Artificial intelligence can improve forecasting
and adaptive management, but it should operate within physical constraints and be
supported by explainability, cybersecurity, fail-safe control, and field validation.

The scientific contribution of this study is the transformation of fragmented
literature into a common decision framework that relates local conditions and service
requirements to coupling pathways, storage duration, maturity, and modelling method.
This framework advances existing reviews by explaining not onlywhat technologies are
available, but why, when, and under which constraints they should be selected. It also
clarifies that efficiency, cost, carbon mitigation, infrastructure compatibility, flexibility,
safety, maturity, reliability, and resilience must be considered together.

For practice, planners should first define the required energy service and
flexibility timescale, then screen technically feasible pathways using common criteria
before conducting detailed optimisation. Policymakers should support interoperable
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standards, transparent carbon accounting, multi-sector market participation, and
demonstration projects that report comparable performance data. Future research
should develop open benchmark systems, harmonised technology and cost datasets,
integrated planning–operation–control models, quantitative resilience assessment,
life-cycle analysis with consistent boundaries, and long-term field validation
of hydrogen, thermochemical, hybrid storage, and AI-enabled control. These
developments are necessary to convert multi-form coupling from a broad conceptual
vision into reproducible, scalable, and economically defensible energy-system design.
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