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ABSTRACT ARTICLE DETAILS

Cold ironing, commonly called shore-to-ship electricity, achieves substantial reductions in berth Published On:
emissions, simultaneously alleviating numerous environmental and public health burdens in port 18 August 2025
cities. The practice becomes even more sustainable when hybrid, grid-tied renewable energy

installations comprising solar, wind, and hydropower along with energy storage and smart-grid

architecture are integrated. This study surveys contemporary global cold ironing schemes that draw

power exclusively from hybrid renewable systems, examining the technological, economic, and

policy dimensions. The analysis highlights that sustained advancement depends on three tightly

interlinked determinants: enduring institutional commitment, mature infrastructural development,

and secure access to abundant renewable resources. The results illustrate that, while technological

roll-out is necessary, it is insufficient on its own; successful outcomes also demand realization of

economies of scale, deployment of sophisticated supervisory control systems, and unwavering

enforcement of coherent legislative frameworks. The inquiry uncovered critical deficits: limited

longitudinal operational data, a lack of artificial-intelligence-enhanced optimisation algorithms,

incomplete characterisation of renewable resource potentials, and insufficiently articulated resilience

mechanisms against both cyber and operational perturbations. The study therefore recommends

targeted governmental incentives, calibrated carbon-pricing schemes, and carefully structured

public—private consortia to catalyse broader deployment. With legal and technical oversight, hybrid-

renewable systems enabling cold ironing can achieve the definitive decarbonisation of port maritime

operations, transforming gateways into zero-emission energy hubs that advance global sustainability

objectives.
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1. INTRODUCTION

Cold ironing, often referred to as shore-to-ship power, has emerged as one of the most practical and immediate options for cutting
emissions from vessels while they are berthed [1]. In essence, it allows ships to connect directly to a land-based power source and
shut down their auxiliary engines, which in turn reduces both harmful air pollutants and noise in and around port areas [2]. This
shift is particularly important for ports located in widely populated coastal cities, where poor air quality has long been deemed to
cause health problems [3]. With regulations getting stricter and the population becoming aware of the issue [4], cold ironing today
is no longer shouldered as just a technical upgrade but is increasingly seen as an environmental necessity in congruence with the
overarching decarbonization objectives of the maritime industry [5].

That being said, whether the operation of cold ironing leads to benefits or not is heavily dependent upon the source of the electricity.
If the shore power is generated using fossil fuels, then emissions are not truly eliminated, they are simply moved elsewhere. This
“emissions relocation” problem means that, to achieve real decarbonization, cold ironing systems need to be powered by clean
electricity. Integrating grid-connected hybrid renewable energy systems (HRES) into port infrastructure offers a direct route to this
outcome [6]. By drawing on a mix of sources such as solar, wind, and battery storage, ports can ensure that the electricity supplied
to docked vessels is genuinely renewable [7].
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This review investigates the design and dynamic behaviour of fully renewable cold ironing networks, concenetrating on the problems
they encountered in their everyday implementation. The analysis centres on the synergistic integration of solar photovoltaics, wind
generators, and battery energy storage, examining whether their jointly optimised performance can deliver reliable, continuous
electrical supply for ships alongside berths.

As international efforts to decarbonize shipping intensify, this approach moves the conversation beyond simply shifting emissions
to actively lowering the maritime sector’s overall carbon footprint [8], replacing fossil-fuel-based auxiliary generation with clean
shore-side electricity [9] [10].

The discussion will bring together current research on technological innovations, energy management approaches, economic
viability, and the policy environment that can either help or hinder adoption [11] [12]. It will also address the operational challenge
of ensuring grid stability when renewable generation is variable and vessel demand is high and unpredictable [13] [14]. Alongside
this, the review will draw on real-world case studies to show what has been achieved so far, and where further work is needed [15]
[16]. Modern vessels are increasingly dependent on large amounts of electrical power not only for auxiliary systems but in some
cases for propulsion meaning that ports require advanced grid architectures to keep up [17] [18]. In short, cold ironing has the
potential to play a decisive role in cutting port emissions [19], but only if supported by robust, renewable-powered infrastructure
designed for the demands of a cleaner maritime future.

1.1. Cold Ironing: An Overview

Cold ironing or shore power, better known as Alternative Maritime Power, connects a ship to the port's electrical system, so that
shore power can be used instead of turning on the diesel generators [20]. By eliminating the need to burn fossil fuels at the port, it
significantly reduces the emissions of nitrogen oxides, sulfur oxides, particulate matter, and carbon dioxide, thereby improving the
public and environmental health of port cities [21] [22]. It also reduces noise pollution and helps the world in reaching the goal of
reducing carbon emissions [23]. For these reasons, it is a major aid in the sustainable development of the marine industry.

There is a strong focus on the adoption of cold ironing facilities, especially in emission control areas and feasibility restricted dense
population ports, provided by international and local authorities [24]. Increased vessel operations, such as reduction in generator
maintenance, lesser fuel bunkering, and faster vessel turnaround times, ecologically sensible practices certainly necessitate cold
ironing [25].

Renewable energy strengthens the economic and environmental justification for integrating renewable energy into cold ironing
infrastructure. Implementing solar, wind, and battery storage for cold ironing creates lower operational costs, mitigated grid
dependency, and reduced carbon emissions [26]. Renewable powered shore side supply substantially mitigates the carbon footprint
of docked vessels, which continues to be a significant source of fuel emissions degrowth [7] [27]]. Thus supports zero-carbon port
initiatives.

There are international srules set into place with the International Maritime Organization (IMO) which have very bold goals for
reducing emissions and improving energy efficiency, including the EEXI and CII as well as the FuelEU Maritime regulation by the
EU. [28] [29] [30] [31]. These Encourages ports to adopt shore power as the primary energy supply. [32] [33] Thus shore power
can be the primary idea for decarbonization efforts in shipping and the maritime sector [34].

Connecting solar and wind energy along with batteries to cold ironing gives delivery of a resilient and low-carbon power supply.
This helps prevent fossil fuels and gives a renewable energy supply. Along with careful planning to enhance energy management,
cold ironing becomes eco-friendly which can make it easy to be adopted in ports. This report will focus on cold ironing and on grid-
connected hybrid renewable energy systems to analyze the infrastructure, costs, and laws about their use.

1.2. Environmental and Regulatory Context

The need to mitigate the impact of the maritime industry has become more pressing due to the impacts of climate change and air
pollution, particularly in densely populated coastal areas [38]. An example of cold ironing is the technique of cold ironing, which
allows vessels to ‘plug in’ to a port’s electrical network, thereby shutting off their auxiliary diesel engines [41].

By doing so, ports can sharply cut emissions of nitrogen oxides, sulfur oxides, particulate matter, and greenhouse gases [39] [42],
which in turn improves local air quality and helps reduce respiratory and heart-related health problems [40]. It also brings down
noise and excess heat levels, improving the quality of life for nearby communities and contributing to a healthier port environment.
The continued use of marine diesel engines while ships are docked remains a major source of local air pollution [43] [44] [45], and
this has driven the introduction of stricter rules at both the global and regional level. The IMO’s global sulfur cap of 0.5%, introduced
in January 2020, along with its measures for cutting CO: emissions [48] [49], and regional programs such as the EU’s backing of
shore-side electricity [51] [52], are all pushing ports to adopt cold ironing more widely [34] [46] [47]. With the help of targeted
incentives, what was once a specialized solution is increasingly becoming a standard part of port infrastructure [50].

Bringing renewable energy into the mix further boosts the benefits of cold ironing. Hybrid grid-connected systems that combine
solar power, wind generation, and battery storage can ease dependence on electricity from fossil fuels [55] [56], make it easier to
meet the environmental regulations [54], and improve energy security at the port. Although more options such as hydrogen fuel
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cells show potential [58] [59] [60], their high costs and infrastructure needs limit short-term construction [59]. For now, hybrid
renewable systems remain the most practical way to move fowrad helping ports meet compliance goals, lower long-term running
costs [61], and move closer to a genuinely sustainable model for maritime transport.

Environmental Pressures
(Climate Change & Air Pollution) [38-40]

Health & Environmental Impacts
(NOx, SOx, PM, GHG) [39,42]

Y
Regulatory Actions
(IMO Sulfur Cap, CO:z Targets, EU Shore Power) [34,46-49,51,52]

4

Cold Ironing Adoption
(Shore-to-Ship Power) [41,50]

Y
Renewable Integration

(Solar, Wind, Battery) [55,56,54]

Y
Future Solutions
(Hydrogen Fuel Cells) [58-60]

Sustainability Outcomes
(Compliance, Cost Savings, Decarbonization) [61]

Figure 1: Environmental and Regulatory Context for Cold Ironing and Renewable Integration

1.3. The Need for Sustainable Cold Ironing Solutions

Ports worldwide face mounting pressure to clean up the air around them, not only because of climate commitments but also due to
tougher rules coming from both international agencies and regional authorities. Ships sitting at berth, once reliant almost entirely
on their auxiliary engines, now have access to a far cleaner option: grid-connected hybrid renewable energy systems [60]. These
integrations can combine solar panels, wind turbines, and storage in a way that balances the nature failing to produce so, delivering
a steady stream of electricity for cold ironing. Layering in advanced energy management brings extra gains less waste, better use of
renewables, and smoother overall operation. The result is a system that cuts greenhouse gases, eases dependence on fossil fuels
[62], and fits neatly into the maritime sector’s push toward ambitious decarbonization goals.

Switching to renewable-powered cold ironing does more than just tick regulatory boxes. It focus on local air quality problems and
creates a long-term energy plan that ports can build on for decades. Other clean energy routes biofuels, hydrogen are also finding
their way into the mix [63] [64]. Even so, hybrid solar—wind systems stand out. Their production patterns tend to complement each
other, keeping the lights on without needing massive banks of batteries [65] [66]. Making these systems work at their best is a
balancing act: choosing the right scale, the right blend of technology, and the right control strategies [67] [13]. Done well, they don’t
just provide cleaner power they help ports weather disruptions, reduce reliance on fragile grid links, and produce energy right where
it’s needed [68].

The next leap comes with smarter control. Al-based forecasting tools can anticipate demand and supply, decide how best to dispatch
power, and shave down running costs without sacrificing reliability. Storage remains the safety net whether in the form of modern
battery banks or future hydrogen solutions [69] [70]. With storage in place, ships can keep drawing shore power even when the
wind drops or clouds roll in [71]. Sizing these systems, however, is rarely straightforward. With generation fluctuating, electricity
prices moving up and down, and energy markets proving unpredictable, finding the right operating balance becomes more of a
necessity than an option [72] [73].

Certain models put the spotlight on cost-versus-benefit decisions, measuring each storage technology not just by its price tag but by
its efficiency and durability [74]. Others widen the lens, comparing the port’s energy profile with the ups and downs of renewable
supply to manage spending over time [75]. Adding real-time feeds from weather stations, port schedules, and grid status sharpens
that decision-making [76]. In the end, it’s about understanding how all the pieces fit together: renewables, storage, and the grid. Get
that balance right, and ports can run cold ironing systems that are reliable, cost-conscious, and genuinely clean exactly the kind of
solution needed to push maritime transport toward a low-carbon future.

2. HYBRID RENEWABLE ENERGY SYSTEMS (HRES) FOR COLD IRONING
Hybrid renewable energy systems (HRES) connected to the grid are now widely viewed as a central pillar of sustainable cold ironing
in ports. In practice, these setups often combine solar photovoltaic arrays, wind turbines, and advanced battery storage to overcome
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the stop-start nature of individual renewable sources, keeping a steady flow of electricity to ships at berth [77]. Cutting back on
dependence on the conventional grid doesn’t just improve a port’s environmental performance it can also make its operations more
cost-effective [78]. Achieving both goals, however, depends heavily on getting battery capacity right. Properly sized and
strategically placed storage lets ports smooth out renewable power dips and handle peak loads without having to invest in expensive
grid upgrades [79].

Pairing renewables with different generation patterns most commonly solar and wind goes a long way toward reducing fluctuations
in supply. This, in turn, helps stabilize the grid and lowers the need to fall back on fossil-fuel generation when demand spikes [80].
Such complementarity keeps power flowing around the clock, covering the large electrical draw of cold ironing while holding down
its carbon footprint. Falling battery prices have made it far more practical to include storage as part of HRES. For ports aiming to
smooth energy supply over an entire season, batteries alone may not be enough; hydrogen systems or thermal storage can provide
the needed backup [81] [82].

Since renewable generation can vary not only from one day to the next but also across entire seasons, a dependable supply of robust
storage becomes a prerequisite for system stability and reliability [83]. Long-duration storage solutions are particularly important
for enhancing the mismatch between generation and demand because they prtoect the grid from the impacts of prolonged weather
events [84]. Once deployed, they equalize supply and demand, eliminating the need to reduce surplus generation, while also
delivering essential ancillary services related to frequency and voltage regulation [85].

These technologies have important and a wider function than merely storing power for later use. They can either sell power back to
the grid or supply power when necessary. This enhances resilience while diminishing reliance on carbon-intensive reserve plants.
With this capability, ports can maintain shore power for vessels day and night, even through extended lulls in renewable generation
[88] [89]. That reliability, coupled with reduced fossil fuel dependence, is what makes advanced storage-equipped hybrid renewable
systems such a cornerstone of modern, low-carbon shore power.

2.1. Overview of Grid-Connected HRES

Hybrid renewable energy systems (HRES) connected to the grid can mix several clean energy sources most often solar photovoltaics,
wind power, and battery storage to deliver dependable shore power for cold ironing [90] [91]. Bringing these sources together helps
smooth out the natural ups and downs in renewable output, which in turn steadies the grid, improves the use of available green
energy, and reduces dependence on fossil fuels [92] [93]. Making such a system work well in practice isn’t just about installing
hardware. It involves a close look at both technical and economic factors, from the energy expected over time to the shape of port
demand and the costs involved. Control strategies also matter; well-designed coordination between generation units, storage, and
the port grid can ensure that local energy is used first while keeping imports from the main grid to a minimum [94].

For day-to-day operation, accurate synchronization with the grid especially accurate voltage and frequency control is important
[95]. Smart grid features, including demand response programs, dynamic load balancing, and intelligent energy management, can
push efficiency further. These tools direct power where it’s most needed, cut down transmission losses, and help guarantee a steady
supply to berthed vessels even when renewable output shifts [96] [97]. Where renewables make up a large share of a microgrid,
combining strong power management with advanced voltage and frequency control helps keep electricity quality within the required
limits [98] [99] [100].

Replacing fossil-fuel-generated power with clean energy in this way offers direct benefits for coastal air quality while advancing
climate goals [4] [5] [3]. To achieve that, ports also need to address power quality issues in marine microgrids [101] and make use
of advances in power electronics such as coupled inductor DC-DC converters to integrate different renewable sources and storage
more effectively [102] [6]. Approaches like model predictive control, along with other modern operational strategies, can then help
match the shifting output of renewables to the real-time demands of cold ironing [103] [14].

.

Figure 2: Illustration of a cold ironing system enabling shore-to-ship power supply while vessels are berthed.
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2.2, PV-Wind-Battery Hybrid Systems

PV—wind-battery hybrid systems are particularly well-suited to cold ironing because the strengths of each component can offset the
weaknesses of the others.Solar production generally reaches its highest levels during the afternoon, whereas wind farms can either
maintain a steady output or achieve peak generation at different intervals. Battery systems subsequently serve to absorb excess
generation or to discharge energy during demand peaks, thereby mitigating the variability intrinsic to renewable resources [104].
With contemporary power electronics, adaptive control algorithms, and optimized energy management, such hybrid systems can
deliver a consistent power quality to moored ships [105]. Reducing reliance on high-voltage electricity grids allows ports to cut
operating costs, strengthen energy reliability, and insulate themselves from the the increase and decrease of fosil fuels also as fosil
fuels will decrease

To capture these benefits comprehensively, methodical energy stewardship must prevail. Integrating forecasting-based control
trajectories with continuous optimization environments equips dispatchers to align electricity transits with peak temporal and
locational loads. Maximum power point tracking modules, active on photovoltaic arrays and wind machines, govern these generators
to harvest incident energy at performance coefficients approaching theoretical heights, adapting in real time to the inherent
variability of solar irradiance and wind speed [106]. The tight integration of power management routines and optimization shells
thus constitutes an obligatory architecture for enduring operational integrity and performance superiority [107]. By harmonizing
energy paths among wind-synchronous machines, photovoltaic ensembles, and electrochemical storages, the system architecture
not only accentuates the assimilation of intermittent generation but also fortifies both reactive and active reserves essential for grid
dependability [108]. Such coordinated energy conduits enable demand-side response strategies and create ancillary services that
cumulatively elevate the transmission system’s overall robustness [109].

The combined deployment of photovoltaics, wind turbines, and battery energy storage creates a resilient platform for shore-side
power delivery, or cold ironing, to vessels. Photovoltaic and wind generation usually deliver power in complementary time patterns,
and battery systems fill the remaining variability gaps while offering ancillary services such as frequency and voltage regulation
[110], [111], [112]. This harmonized architecture enhances supply reliability, operational efficiency, and the overall reduction in the
carbon intensity of port activities, progressing toward the long-term objective of fully decarbonized maritime shore infrastructure
[65], [13]. Advanced optimization methodologies most notably, mixed-integer linear programming facilitate highly resolved,
economically optimal timetables for renewable generation and storage release, which in turn elevate profitability and overall
technical efficacy [113]. Rigorous system-level experiments performed in stand-alone, grid-assisted, and fully hybrid scenarios
furnish essential insights into component behavior when subjected to heterogeneous, real-world regulatory and operational
boundaries [114].

Financial modelling anchored in indicators such as net present value, internal rate of return, and comparable lifetime metrics
generally indicates that hybrid system architectures outpace traditional grid-exclusive and diesel-dominant configurations in cost-
effectiveness across extended forecasting periods [115]. Ongoing advancements in high-energy-density battery chemistries, when
coupled with next-generation, foresight-driven energy management algorithms, reinforce these findings by compressing operating
expenditures and community-wide greenhouse gas outputs, thereby heightening compliance with maritime pathways to net-zero
emissions [116],[117],[12].

2.3. Benefits and Limitations of HRES in Cold Ironing

Hybrid Renewable Energy Systems (HRES) exhibit a decisive superiority over single-source renewable schemes when implemented
for cold ironing, since they yield a more dependable power profile while mitigating the risks linked to any single intermittent
generator [118]. By integrating multiple generation pathways, operational risk is redistributed failure in one linkage is
counterbalanced automatically by the remaining sources guaranteeing that moored vessels enjoy a constant, regulated supply [119].
A frequently adopted configuration is a combination of solar photovoltaics and wind turbines, which, in practice, exhibit
complementary generation patterns: lower solar output during overcast conditions or dusk frequently coincides with intensified
wind, thereby smoothing overall energy production [120]. A configuration reliant solely on photovoltaics, conversely, is constrained
to daylight hours and faces steep output declines during cloud cover, culminating in complete system inoperability after sunset.
Energy storage systems materially reinforce grid stability by absorbing surplus generation and dispatching it during the decerese of
renewable output or the escalation of load, thus guaranteeing uninterrupted cold ironing operations throughout the port cycle.

The trade-off is complexity HRES are more demanding to design, coordinate, and maintain than single-source systems [121].
Multiple generation types and storage must be managed together, and linking them requires a larger initial investment in equipment
and integration. Over time, however, lower operating costs, reduced emissions, and greater energy independence can outweigh the
higher upfront expenditure.

Resilience is another strong point. HRES are less likely to be taken offline by extreme weather events that could cripple a single-
source setup [122]. Even so, the variable nature of solar and wind makes integrating them at scale a challenge [123]-[125].
Fluctuations in supply can strain performance and may require oversizing certain components to ensure continuous operation an
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approach that increases capital costs [126]. This is one reason why strong management of energy systems is crucial, particularly
when the percentage of renewable energy sources on the grid exceeds 20% of total grid capacity [127].

Meeting that challenge calls for sophisticated control methods. Model Predictive Control, Particle Swarm Optimization, and similar
techniques can anticipate supply and demand trends, enabling operators to plan power dispatch in advance. In busy port
environments, where demand can pivot within seconds, precise forecasting complemented by ongoing optimization of energy flows
is indispensable not merely advisable for sustaining uninterrupted delivered shore power and for maximizing utilization of project-
available renewable sources [128].

3. GRID INTEGRATION AND ENERGY MANAGEMENT

The successful implementation of hybrid renewable energy systems into existing port distribution networks represents a significant
step toward achieving net-zero cold-ironing operations. This integration requires, among other things, a robust electrical network
and sophisticated management policies designed to reconcile the fluctuating profile of renewable energy supply with the steady-
state demands of the grid energy supply [129]. The fundamental engineering struggle is still the coexistence of supply and demand
hunting. The episodic nature of renewable sources, compounded by the step, and often nonlinear, electrical signatures of berthed
vessels, simultaneously challenges operational reliability and energy-extraction (or harvesting) efficiency [130].

Robust anticipatory mechanisms are therefore indispensable. Ensemble forecasting and model-predictive optimization furnish
estimates of available renewable capacity and probabilistic load profiles, enabling advance scheduling of energy dispatch and
ancillary services. Such preemptive coordination is vital; as the renewable penetration within the port microgrid increases, the
reactive reserve and conventional generation must be minimized, lest they operate off-design at a suboptimal efficiency point, driven
solely by inertia [131]. Within a smart grid architecture, the reliability of these forecasts directly influences the scheduling of
dispatchable units, curtails fossil-fuel-based peaking, and accelerates the transition to a low-carbon energy mix [132].

Reliable forecasting depends on more than just software. It needs decision-support tools, strong communication networks, and
sensors that track grid conditions in real time [133], [134]. With these in place, ports can respond quickly to disturbances a vital
ability when weather changes can throw off renewable output and threaten grid stability [135]. Achieving this often means using
flexible control strategies and demand-side programs that can adjust quickly as generation or consumption shifts [136],[138].
Renewable energy systems are integrating machine learning (ML), and artificial intelligence (AI) technologies into their frameworks
[139], [140]. Advanced forecasting techniques help alleviate the primary problems of variability and uncertainty by improving the
accuracy of generation and load predictions [141]. An ML algorithm processes years of meteorological data, load profiles, and
operational data collected from the transmission network, identifying hidden patterns which improve the short-term electricity
pricing signals, resulting not just in cost efficiency but also bolster the reliability of the grid [142]. These insights help in improving
the generation scheduling which reduces the reliance on gas-fired peaker plants and increases the cost-effective integration of
renewables into the supply mix [143], [144].

Neural network architectures extend these capabilities by offering dynamic control frameworks that dynamically respond to the
inherent variability of renewable output [145]. When combined with accurate forecasts, intelligent control mechanisms, and a robust
transmission infrastructure, maritime terminals can provide cold-ironing services that are both dependable and economical to reach
the zero emission goal.

3.1. Renewable Energy Integration with Port Grids

Making port grids run reliably on hybrid renewable energy systems (HRES) takes more than simply connecting solar panels, wind
turbines, and storage. It requires integration strategies that can deal with voltage swings, frequency shifts, and power quality issues
that come with bidirectional power flows. At the hardware level, ports rely on high-performance inverters and converters to smooth
power flow, filter out unwanted harmonics, and meet strict grid and operational standards. On the control side, smart grid
technologies ranging from advanced metering systems to fast, real-time communication links give operators the ability to shift and
balance energy distribution online, keeping the network steady through sudden load changes or swings in renewable generation.
The integration of artificial intelligence into port energy systems significantly strengthens their ability to adjust in real time.
Intelligent platforms continuously match demand to supply, effectively merging the fluctuating output of renewable generation with
the evolving energy signature of port activities. By aggregating real-time sensor data with forward-looking predictive models, these
systems modulate generation units, maximising the utilisation of energy storage and demand-response assets. The ongoing process
of demand-supply reconciliation reinforces operational reliability, reduces the curtailment of renewable generation, and facilitates
the gradual electrification of both maritime operations and landside logistics.

Concurrently, machine learning algorithms discern deviations from normative behavior in equipment performance, enabling
proactive identification of potential failures and the timely organization of preventive maintenance interventions. By applying
machine learning to weather data, past generation records, and demand trends, ports can produce highly accurate forecasts for both
renewable output and electricity requirements [147], [148]. This foresight is especially important for maintaining transient stability
the ability of the grid to return to normal operation after a major disturbance [149].
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Al-based control also makes demand-side management more responsive, allowing port facilities to adjust their energy use in line
with available supply. This not only lowers operating costs but also increases the share of renewable energy used in daily operations.
When combined, intelligent grid control and flexible demand response form a system that can autonomously coordinate multiple
energy sources and loads, outperforming traditional grid operations [150], [143].

The progressive development of smart grid architectures supports the large-scale incorporation of distributed energy resources and
demand-side flexibility, resulting in enhanced energy efficacy and improved grid robustness [ 151]. Such architectures further embed
cybersecurity protocols that fortify vital grid components against both physical sabotage and coordinated cyber—physical assaults
[152]. In the cold-ironing operational paradigm, where continuous delivery of shore-based power is required to satisfy stringent
emissions regulations and to maintain the dependability of ship systems, the establishment of assured resilience becomes an
operational imperative [153].

Integrating Al into predictive maintenance and operational planning allows ports to allocate resources more effectively, sustaining
efficiency and cost control over time [154], [155]. The broader digital transformation driven by smart meters, [oT devices, big data
analytics, and Al now enables precise monitoring of consumption patterns and strengthens grid stability under complex operating
conditions [156]. By combining data, computing power, and adaptive algorithms, port grids are being redefined in how they are
designed, operated, and optimized [157], [158].

3.2, Energy Management Systems for HRES

Running a grid-connected hybrid renewable energy system (HRES) for cold ironing requires a capable Energy Management System
(EMS) to coordinate multiple generation sources, storage units, and ship loads [159]. The EMS works to optimize power flows,
keep operating costs low, and maintain grid stability by combining demand and generation forecasts with control algorithms that
schedule and adjust operations in real time [160], [161]. With demand-side management features, ports can shift or reduce energy
use when needed, easing strain on the grid and improving stability.

Recent EMS designs make use of artificial intelligence (AI) and machine learning (ML) methods including Particle Swarm
Optimization and Q-Learning to refine forecasts and improve dispatch strategies [162], [163]. By pooling distributed energy
resources (DERs) for shared grid services, these systems cut costs, extend battery life, and achieve precise control through
continuous sensing and fast data exchange [164], [165]. Combining weather data, ship arrival schedules, and electricity price signals
allows the EMS to meet short-term efficiency goals while also supporting long-term system reliability [76], [166].

To maintain continuous operation especially where contingent power is critical for shore supply EMS architectures must be
engineered to withstand both hostile cyber incursions and potential loss of signalling links. By embedding cyber-resilient
subsystems, distributed energy resources can be shielded without compromising their functionality in stabilizing voltage and in
seamless virtual power plant orchestration [167].

3.3. Demand-Side Management (DSM) Strategies

Demand-Side Management (DSM) has emerged as a pivotal strategy for optimizing the performance of inland port electricity
distributions, allowing the load portfolios of vessels at berth to be modulated in real-time with respect to both grid operability limits
and the temporally varying supply from renewable generation [168]. By deferring or curtailing power demand when conventional
demand peaks or when renewable generation is inadequate, DSM mitigates grid congestion, enhances overall energy efficiency, and
lowers variable operational costs [169]-[171]. Such demand modulation is critical for maintaining the equilibrium necessary to
sustain the stability and reliability of hybrid renewable energy systems interfaced with the electrified port environment.

Originally tailored for expansive electricity grids, demand-side management (DSM) strategies are now being recalibrated for
microgrid settings, where they enhance resilience and optimize the integration of distributed solar and wind assets [172], [173]. In
the maritime domain, DSM generally targets the synchronisation of electricity consumption by berthed vessels and ancillary shore
facilities with both the output of renewable generation and the operational limits of the local grid. This synchronisation can be
achieved via financial incentives that prompt operators to modulate demand profiles, or through automated control architectures
that respond continuously to fluctuations in generation and demand [174]. When these interventions are embedded within a
comprehensive energy management platform, they neutralise production intermittency, thereby preserving the overall stability of
the grid [84]. Contemporary DSM initiatives frequently deploy real-time pricing mechanisms and variable tariff structures to
influence usage, thereby rendering the practice of cold ironing more economically attractive. Moreover, such programmes underpin
load-shedding protocols that rank critical loads during supply shortfalls or grid congestion [175]. Extending demand-response
invitations to industrial and commercial stakeholders provides additional, economically valuable flexibility, particularly within
networks characterised by a considerable penetration of distributed energy resources [176].

Cutting peak demand in this way can delay the need for costly new generation capacity and help utilities avoid penalties [177],
[178]. At the same time, smoothing the net load profile makes it easier to integrate intermittent renewables, thereby strengthening
grid stability and reducing emissions [179],[181].
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34. Optimization Algorithms (PSO, Q-Learning)

A grid-connected hybrid renewable energy system (HRES) needs a sophisticated optimization system to streamline all factors like
energy management and dispatch in a dynamically changing work environment like the one described in [78]. Recent studies have
focused more on the evolutionary algorithm-based swarm intelligence models and modern machine-learning frameworks to solve
multi-objective convex optimization problems with the least capital expense and ecological footprint and optimal reliability [182].
One example of this is the combination of advanced metaheuristics like the salp-swarm algorithm with dynamic economic dispatch
optimization; this setup minimizes generation expenditure and accommodates the variability of renewable generation and the limits
on storage devices [183].

As renewable penetration increases, conventional deterministic dispatch approaches become less effective at managing uncertainty,
prompting the need for more adaptive techniques [184], [159].

Such optimization methods are essential for maintaining stability, improving efficiency, and managing variability [185]. Predictive
modeling supports proactive scheduling so that generation and storage can adapt to expected demand and output in real time [ 186],
[187]. Well-established methods such as Genetic Algorithms and Particle Swarm Optimization (PSO) remain widely used for
determining the size and placement of distributed generation, with the aim of improving both cost efficiency and system reliability
[188]. In recent years, machine learning-based scheduling has offered a fresh alternative for operating storage-enabled systems,
generating dispatch plans that reflect both market volatility and the uncertain nature of renewable output [189].

Optimization in this area has also shifted in focus. Instead of looking solely at cost, current strategies often place equal emphasis on
cutting emissions, maintaining operational flexibility, and ensuring the system’s long-term resilience [72]. Achieving such a balance
calls for methods that can address several objectives together. Among the more experimental tools are quantum computing which
could unlock solutions to the highly complex, multi-dimensional problems common in microgrid control [190] and deep learning
models, including neural networks, that are being tested for their ability to deliver rapid, efficient dispatch decisions [191].

Al’s ability to forecast renewable resource availability accurately along with traditional optimal power flow methods is expanding
the boundaries of the latter’s limitations. Al systems allow operators to have a detailed insight of the systems Al alongside the
controllable units increases system accuracy. Additionally, RL is gaining traction as a powerful microgrid strategy development
tool, even under significant delays, such as the case of the action and consequence gap [194]. For instance, responsive energy flow
balancing and enhanced responsiveness to demand changes are achieved by the coordinated charging and discharging of electric
vehicles via Deep Q-Learning [195].

Al techniques are also being used for emergency grid control, adapting more readily to unexpected changes than traditional
approaches [196]. In smart grids, RL and other Al methods can strengthen cybersecurity by detecting and countering potential
threats [153]. Beyond security, these tools support more accurate forecasting, stability checks, and fault detection functions that are
essential for predictive maintenance and quick operational decisions [197].

When incorporated into grid operations, Al can enhance forecasting accuracy, streamline scheduling, improve responsiveness, and
ensure orderly and optimal energy circulation [198]. Furthermore, Al can aid in policy creation by simulating the behaviour of the
system for various rules or scenarios [159]. Al systems have made it easier to integrate more renewable energy by managing the
variability of solar and wind generation, improving dependability, and reducing environmental impacts [199], [200]. Advanced
systems can also model intricate dynamics of electric vehicles and energy storage systems, which are anticipated to be pivotal in
achieving a cleaner, more resilient energy system, if given large, high-quality datasets [201].

4. GLOBAL PRACTICES AND CASE STUDIES

the move toward renewable-powered cold ironing is already evident in ports across the globe, where ongoing projects show that
clean energy can be successfully linked to shore-side power systems. These examples demonstrate that pairing renewable generation
with advanced management tools is both technically achievable and environmentally advantageous for maritime operations.

In some locations, the approach has advanced well beyond trial phases. At the Port of Los Angeles, large photovoltaic fields work
in tandem with sizeable battery storage units to supply electricity to ships at berth, delivering notable cuts in emissions.In Europe,
the Port of Hamburg has developed a hybrid power facility that blends wind and solar generation under the supervision of an
advanced energy management system, supplying berthed vessels with a reliable source of low-carbon electricity [6]. Similar
strategies are in place in Norway and Sweden, where hydroelectric power and other renewable sources are harnessed to meet
stringent environmental requirements and support national emission-reduction commitments [1], [3].

Across the Asian maritime eco-structure, major Chinese and Japanese gateway ports are embedding cold-ironing facilities within
expansive smart-grid and renewable-energy architectures, leveraging decades of advancement in zero-carbon generation, especially
in wind and solar. These investments are creating a substantive and distributed source of shoreline electricity. Cumulatively, the
regional deployments have progressed from demonstration projects into mature, scalable platforms, demonstrating that cold-ironing
supplied from renewable portfolios is now a commercially viable means of decarbonising vessel operations in the port environment.
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4.1. European Cold Ironing Projects

The European Union is presently the foremost actor in promoting cold-ironing technology, propelled by stringent regulatory
frameworks, directed funding, and aggressive decarbonisation strategies. Legislative instruments, notably the Shore Power
Directive, and the Horizon 2020 research and innovation programme, have collectively catalysed the widespread integration of low-
carbon shoreline energy infrastructure at EU ports.

Several major ports, including Gothenburg in Sweden and Amsterdam in the Netherlands, have successfully connected shore power
networks to renewable energy sources, demonstrating both technical reliability and economic soundness. Stockholm, which
introduced high-voltage shore connections as early as 2008, provides a clear example of how early adoption can bring significant
cuts in greenhouse gas emissions and harmful air pollutants from vessels at berth [23].

Political determination has been the chief enabler of this advancement. In Oslo, for example, a combination of resolute governance
and bespoke regulatory frameworks allowed for the successful roll-out of shore-side power. Throughout Europe, the increasing
installation of cold-ironing systems underscores their strategic role in decarbonising maritime supply chains and in sharply curtailing
pollutants associated with port operations.

Financial feasibility has been strengthened through government incentives, carbon pricing, and operational savings from reduced
fuel use in ships’ auxiliary engines.

Working together closely, port operators, shipping companies, and equipment and technology suppliers have enabled compatibility
between various vessel types and electrical standards, as well as address the high upfront costs, shipping companies [7].These
collaborations have produced successful implementations that now serve as templates for other ports, particularly those operating
within Emission Control Areas (ECAs) [5].

The combination of strong policy backing and attractive financial support has moved cold ironing in Europe from a specialised
measure to a widely adopted standard. This approach supports the EU’s broader environmental strategy to cut shipping’s carbon
footprint and improve air quality in coastal regions [8]. The resulting drop in particulate matter and harmful gas emissions also
delivers tangible public health benefits to nearby communities.

Increasingly, European ports are coupling shore power facilities with renewable generation, improving grid stability, lowering
reliance on fossil fuels, and making better use of clean energy through advanced management systems. Forecasting tools and real-
time analytics are being applied to anticipate demand and coordinate renewable dispatch, helping to ensure consistent supply and
cost control. Collectively, these actions have positioned Europe at the forefront of maritime decarbonisation, delivering both
environmental and operational gains that other regions are starting to replicate, albeit at different speeds and scales.

4.2. Asian Cold Ironing Initiatives

Across Asia, rapid economic development and heightened awareness of environmental challenges have encouraged major
investment in shore power systems. Numerous initiatives converge with domestic renewable-energy targets and the phased
implementation of intelligent grid networks. China, Japan, and South Korea lead the trajectory, compelled by stringent emissions
regulations and an urgent imperative to mitigate air-quality crises threatening densely populated littoral districts.

China is advancing national port electrification programmes that align expansive solar and wind farms with shore power networks,
thereby lowering greenhouse gas emissions associated with ship-to-shore energy transfer. Japan complements this effort with
advanced grid orchestration technologies that assure grid-compatible shore-to-ship connections and is trialling hydrogen fuel cell
systems together with renewable assets to supply energy to port handling equipment. In South Korea, the large volume of container
traffic and a competitive shipbuilding base have prompted port authorities to integrate conventional cold-ironing berths with large
stationary battery and supercapacitor plants, which enhance power grid resilience and guarantee that vessels receive continuous
electrical supply during port stay[11].

Public policy has annoucent these accomplishments. Targeted subsidy mechanisms, tariffs calibrated on emissions intensity, and
purpose-built capital-gain vehicles have collectively financed the extensive rollout of low-emission terminal equipment [27].
Multiple ports have transitioned to distributed-autonomy operating models that synchronize variable solar and wind generation with
electric gantry cranes, flywheel storage, and shore-side power connectors, resulting in increased terminal throughput and enhanced
resilience of the local distribution network to transient load changes [7]. Given the heavy maritime traffic in the adjacent navigation
corridors, anticipatory demand-side management and granular demand-response regimes are essential to curbing voltage sag,
maintaining reactive power neutrality, and ensuring seamless, high-quality cold-ironing power to vessels alongside the quay.
Comparable initiatives are emerging throughout Southeast Asia, embedding delivery of shore-to-ship electricity within
comprehensive green-port strategies. Such strategies cover energy-optimised berthing, continuous emissions surveillance, and
financial or regulatory inducements for cleaner auxiliary engines and cargo-handling systems. Most of the schemes are underpinned
by alliances of governmental authorities and commercial terminal operators, bolstered by multilateral cooperation in technology
diffusion, labour-skill enhancement, and the formulation of harmonised solutions tuned to specific regional parameters.
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Together, these developments signal a strong regional commitment to reducing maritime emissions by combining shore power with
renewable integration and advanced grid technologies placing Asia alongside Europe as a major driver in the global shift toward
cleaner port operations.

4.3. North American Cold Ironing Implementations

In recent years, North American ports have stepped up their use of shore power, driven by environmental standards and the pursuit
of lower-emission port operations. California remains at the forefront, enforcing air quality rules that require most container ships
to plug into shore power while alongside. The Ports of Los Angeles and Long Beach have been early leaders, rolling out large-scale
systems that have cut emissions from berthed vessels and contributed to measurable improvements in local air quality and public
health.

Progress in this area is often supported by federal grants and targeted incentive programs, which help reduce the financial burden
of infrastructure investment and speed up implementation. Outside California, ports along the U.S. Several ports along the U.S. East
Coast and in Canada have begun installing or assessing shore power systems, often coupling them with renewable generation to cut
emissions further and improve cost efficiency.

Successful implementation has been supported by close collaboration between port authorities, utility providers, and shipping
operators. These collaborations address design and integration challenges, ensuring that shore power systems work seamlessly with
existing port infrastructure. Advanced energy management systems and smart grid solutions are also becoming more common,
helping ports optimise renewable energy use, maintain grid stability, and improve cost efficiency.

This combination of policy support, financial incentives, and technology adoption reflects a wider regional effort to cut maritime
emissions. The trend is reinforced by global measures such as the European Union’s Emissions Trading System for shipping, which
applies a price to carbon emissions and makes shore power a more attractive option [28], [31].

Taken together, these developments indicate a clear upward trajectory for cold ironing across North American ports. Achieving this
expansion in an efficient and scalable way will make on the advancement of grid-connected hybrid renewable energy systems
(HRES),the subject of the following review, which examines their technical, operational, and policy dimensions in relation to
sustainable shore power.

Table 1: Summary of international ports implementing renewable energy integration for shore power (cold ironing) systems, highlighting

regional approaches, key technological features, and associated environmental and operational benefits.

Region / Port Renewable Integration Key Features Outcomes / Benefits References
Sh for Significant issi
Port of Los Angeles, | Large-scale  solar + ore' L .or o 1’can . emlsswn's
container ships, reduction, improved local air [6], [28]
US4 battery storage ) .
integrated EMS quality
Port of Hamburg, | Hybrid (wind + solar) + Stable green power for Reduced GHG emissions, (6]
Germany EMS ships, grid integration  stable supply from RES
Port of Gothenburg, | Renewable grid High-voltage  shore Demonstrated technical and 23]
Sweden connection (hydro/wind)  power systems economic feasibility
Port of Amsterdam, Renewable regional grid I.ntegrated sh(?re power Red.uced vessel emissions 23]
Netherlands in cargo terminals during berth
. Early adopti del, . .
Port  of Stockholm, | High-voltage shore oY ACOPHOMMOCEL g htantial GHG &  air
. connected to . [23]
Sweden power since 2008 . pollutant reductions
renewable grid
L Policy-dri h Full-scale OPS fi
Port of Oslo, Norway | Hydroelectric grid ofleymciiven - suofe U 'sca ¢ . C9verage of [35]
power deployment ferries & cruise ships
Solar + wind + national National Large-scale emissions
China Multiple Ports . electrification plan for g . [26]
grid . reduction in high-traffic areas
major ports
A d id
e Multivle Port Hydrogen fuel cells + inctlzarr;ieon for f(i d Improved energy efficiency & [11]
apan uitiple r-orts
3 P RES . g reduced carbon footprint
ironing
South Korea Major | RES + Energy Storage Enhanced gridstability Reduced reliance on fossil 27]
Ports Systems under high port traffic ~ fuels, improved reliability
. L Federal ts & .
Canada — East Coast | RES integration in shore .e era. g'ran s Lower operational costs &
incentive-driven .. [28]
Ports power emissions
deployment
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4.4. Policy Support and Economic Feasibility

The shift toward widespread deployment of cold ironing, particularly when coupled with hybrid renewable energy systems, is
influenced equally by cost structure and technological readiness. Sustained capital investment demands persist as a primary obstacle,
suggesting that the trajectory of any given scheme is frequently resolved by the presence, consistency, and depth of enabling
regulatory frameworks rather than by engineering feasibility alone.

Well-structured incentives, such as targeted subsidies, carbon pricing, and reduced port fees for vessels using shore power, can
improve competitiveness against fossil-fuel-based alternatives [4]. Regulations that set binding emission targets or give preferential
treatment to low-emission vessels add further momentum to adoption.

Innovative financing mechanisms are also playing a role. Green bonds, public—private partnerships, and similar instruments have
helped mobilise investment, while ports benefit over time from lower fuel consumption, reduced engine maintenance, and public
health gains from cleaner air [55]. Linking cold ironing with renewable generation can enhance these benefits by reducing exposure
to fuel price volatility and creating additional revenue streams, for example through surplus electricity sales or participation in
demand-response programs.

The evaluation of renewable energy projects require detailed techno-economic modelling. The analysis must include a consideration
of the generation and storage systems’ upfront costs versus the achievable savings once operational, as well as the costs associated
with missing emissions compliance deadlines. Traditional metrics such as payback duration, IRR, and LCOE still possess some
utility [203], [207], [208]. However, these metrics must now be framed within the context of constantly changing fuel prices and
the regulatory environment [209], [210]. At the same time, the comprehensive socio-economic factors: improved atmospheric
quality, diminished biophysical disruption, and enhanced alignment with the SDGs, while challenging to quantify, bolster the
valuation [204], [205], [206], [211].

Private-sector participants, therefore, should calibrate models to incorporate rigorous risk quantification, perform multi-faceted
sensitivity analyses, and embed scenarios reflective of emergent market instruments, notably carbon trading mechanisms.

Reliable demand and generation forecasting is equally important, calling for advanced modelling that accounts for renewable
variability, vessel schedules, and possible policy changes, including future carbon pricing [212]. The integration of well-designed
regulatory instruments with disciplined fiscal management and an acknowledgment of broader social returns enables cold ironing
through hybrid renewable energy systems to generate both ecological and economic advantages for maritime terminals and the
broader shipping industry.

Table 2: Key economic, policy, and societal factors influencing the adoption of renewable-powered shore power (cold ironing) systems,
including enabling mechanisms, potential barriers, and their expected impacts on implementation and sustainability.

Category Key Factors Examples / Mechanisms Expected Impact
Government incentives & subsidies- Subsidized infrastructure grants-
.. . . . C . Improves return on

) Carbon pricing mechanisms- Carbon credit trading- Participation | .
Economic . . investment, reduces capital

Preferential port fees for shore-power in demand-response markets- . .
Enablers . payback period, increases
vessels- Revenue from surplus energy Reduced berth fees for compliant )
: adoption rates
sales ships
High upfront capital expenditure- Cost of integrating renewable . .

. .. . . . . . Slows investment, increase
Economic Market volatility in energy prices- generation + storage- Fluctuations in risk erception limits
Barriers Uncertainty in vessel traffic patterns- electricity spot market prices- : b'lr')t ption,

o . . . scalabili
Limited private sector financing Inconsistent port call schedules Y
Emission reduction mandates- green IMO & national GHG targets- EU Encourages  compliance,
Policy bond financing- Public—private ETS inclusion for shipping- National leverage private capital,
Mechanisms | partnerships (PPPs)- Preferential renewable energy credits- PPP accelerates infrastructure
taxation & credits for renewables funding models for infrastructure rollout
Public health improvements- Job . . .

. . P Reduction in particulate matter & Strengthens public and
Societal Co- | creation in renewable energy & port . .\ .
Benefit technoloey sectors- Improved air qualit NOx emissions-Renewable energy political support, aligns

enejits - . . . . .
. gy. . P UMY installation and maintenance jobs with UN SDGs
in coastal cities
5. RESEARCH GAPS AND FUTURE OPPORTUNITIES

Where strong regulatory frameworks converge with precise financial structuring and a recognition of wider societal advantages,
cold ironing combined with hybrid renewable energy installations can yield synergistic gains for both port infrastructure and the
wider maritime sector. Though grid-connected hybrid architectures are maturing, significant deficiencies remain in both theoretical
foundations and operational execution. The most pressing of these is the lack of longitudinal performance datasets spanning a wide
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range of contextual conditions. In the absence of such longitudinal empirical evidence, the resilience and cost-effectiveness of the
associated infrastructure under varying seasonal, climatic, and operational conditions cannot be reliably assessed [213].
Furthermore, the interaction of climate change with renewable generation profiles and the stability of port electrical networks is still
inadequately characterised, necessitating the development of predictive frameworks explicitly centred on climate resilience [120].
Investigation remains constrained in the treatment of renewable variability and the episodic energy demands of moored vessels.
Enhanced probabilistic forecasting, integrating physical models with machine-learning techniques, promises to mitigate these
complexities [121, 216]. In parallel, the refinement of system dimensioning and operational scheduling particularly with respect to
battery energy-storage integration continues to require attention. Implementing multi-objective optimisation algorithms, such as
Particle Swarm Optimisation and Q-Learning, can more effectively reconcile economic, environmental, and availability
performance targets [121, 214].

Control architectures must advance in order to accommodate high-penetration renewable portfolios within marine electrification.
Autonomous, reconfigurable platforms that seamlessly orchestrate distributed generation and storage while reacting to variable port
load dynamics will be indispensable for maintaining system inertia and frequency regulation [123], [130]. Confronting ongoing
technical hurdles harmonic injection, voltage sags, and diminished fault-current contribution demands harmonised interconnection
protocols and enhanced grid-assist functionalities, with emphasis on synthetic inertia and fast active-power modulation [134].
Complementing these engineering imperatives, systemic evaluations must broaden scope. Life-cycle assessment, encompassing raw
material extraction, fabrication, operational use, and end-of-life processing, will yield a quantitative estimate of cumulative
ecological harm [99], [124]. In parallel, socio-economic analysis must interrogate stakeholder acceptance, harmonised regulatory
regimes, and viable mechanisms for sustainable finance [67]. Cybersecurity, long relegated to the margins of engineering dialogue,
has attained critical salience: the integration of digital control networks and advanced grid overlays widens the attack surface for
port battery systems. Establishing architectures that are secure, interoperable, and resilient to faults must thus be treated as an
imperative constraint rather than an optional enhancement [131], [215].

Filling these voids will mandate interdisciplinary convergence, uniting professionals in power engineering, intelligent computation,
ecological science, and regulatory design. Only such a holistic methodology can yield shore-power infrastructures that are not only
resilient and economically viable, but sufficiently modular to exert a decisive influence on the maritime sector’s decarbonisation
trajectory.

Table 3: Identified research gaps and corresponding future opportunities for advancing renewable-powered shore power (cold ironing)
systems, highlighting technical, environmental, socio-economic, and cybersecurity considerations.

, Key
Research Gap Future Opportunity References
Lack of long-term performance data under real- Implement multi-year monitoring and field trials to capture [213]
world port operations seasonal, climatic, and operational variability
Limited assessment of climate change impacts on | Integrate climate resilience parameters into predictive [120]

renewable energy yield and system reliability
Inadequate modelling of renewable intermittency
and dynamic vessel demand
Limited optimization of HRES
dispatch, especially with storage

sizing and

Lack of adaptive real-time control for multi-
source, multi-load systems
Insufficient solutions for high-RES penetration

models and system design

Develop hybrid forecasting frameworks combining
physical models with AI/ML techniques
Apply multi-objective optimization (cost, emissions,

reliability) using algorithms such as PSO and Q-Learning
Deploy Al-driven adaptive controllers for dynamic demand
response and rapid fault recovery

Standardize interconnection protocols and implement

[121], [216]
[121],[214]

[123], [130]

. . . . L 134
issues (e.g., harmonics, voltage stability) advanced grid-support functionalities [134]
Absence of full life-cycle environmental Conduct cradle-to-grave LCA to capture environmental [99], [124]
assessments impacts from manufacturing to decommissioning ’

.. . . . . Expl it t , lat i tives, and
Limited socio-economic and policy analysis AP Ofe comumunty acceptafce, Fegliatory Incefiives, an [67]

Minimal research on cybersecurity in port HRES

public—private partnership models
Develop cyber-resilient control architectures with secure
communications and intrusion detection

[131], [215]

5.1. Limitations in Existing Research

Despite significant progress in modeling grid-connected hybrid renewable energy systems (HRES) designed for cold-ironing
applications, the body of literature still exhibits critical shortcomings. Foremost among these factors is the lack of observation
concerning the long-term degradation issues for HRES systems, as well as, photovoltaic arrays, wind turbines, and energy-storage
batteries on different ambient conditions and operating over prolonged periods of time. Reliability concerning lifecycle-performance
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predictions, the optimization of maintenance schedule intervals, as well as the establishment of accurate timelines for parts
replacement hinges on the existence of robust longitudinal datasets..

Furthermore, awareness of the cyber-physical resilience of these multi-layered networks remains rudimentary, even as HRES
increasingly depend on distributed controls, real-time telemetry, and predictive energy management strategies embedded within
smart grids [218]. The very architecture that permits flexible and renewable-rich grid support namely, the tightly coupled arrays of
sensors, communication nodes, and actuators also exposes HRES to a spectrum of cyber-physical vulnerabilities [220], [152]. The
risk is magnified when the prevailing, mostly hierarchical and often centralized grid governance is repurposed to accommodate
distributed renewable generation while the cyber-protocol suite remains stagnant [221], [222]. Therefore, both degradation modeling
and cybersecurity must be integrated within the same quantitative frameworks to furnish a comprehensive, resilient design for future
cold-ironing deployments.

Current research predominantly centres on isolated pilot implementations, resulting in a gap where scalable, replicable frameworks
for full industrial adoption are absent [219]. This gap is particularly problematic in port ecosystems, where the intricate interplay of
varying vessel designs, cargo-handling equipment, and legacy systems necessitates standardised, interoperable solutions to ensure
effective coordination. The rising share of inverter-based renewable generation compounds the issue, as its varying fault responses
deviate from historical norms, introducing complications for the reliable architecture of transmission protection schemes [225].
Mitigating these interrelated risks mandates the formulation of decentralised, fault-tolerant cyber—physical security frameworks that
couple intrusion detection, self-repair capabilities, and adaptive countermeasures [223]. Embedding artificial intelligence and
machine-learning algorithms within these frameworks can enhance their efficacy, enabling instant threat identification, anomaly
detection, and proactive risk mitigation informed by advanced analytics sifting large volumes of data from dispersed sensor
configurations [224], [160], [143].

Equally vital is the capacity of physical infrastructure to withstand cascading failures instigated by cyber intrusions, mandating a
comprehensive strategy that merges cybersecurity defence with physical reinforcement [153], [226], [227]. The deployment of
continuous monitoring and behaviour-anomaly detection frameworks specifically designed for harbour-scale hybrid renewable-
energy systems is crucial for identifying and neutralising threats prior to their evolution into significant operational disturbances
[228].

5.2. Integration Challenges Under Variable Weather

The variable characteristics of renewable energy generation most pronounced in solar and wind technologies pose significant hurdles
for hybrid renewable energy systems (HRES). These hurdles have direct implications for power quality, overall system reliability,
and the synchronised performance of protective relay schemes, owing to the intermittent and irregular output profiles. Variability
of'this kind is further exacerbated during extreme meteorological phenomena, when both the mechanical strength of key components
and the continuity of renewable resource supply may be jeopardised. Mitigating these concerns mandates the adoption of
sophisticated senority-based forecasting models in conjunction with an upgraded transmission and distribution architecture that can
absorb and accommodate rapid power fluctuations while preserving steady-state operational margins.

An important strategy in this arena involves the deployment of adaptive protection systems capable of recalibrating relay parameters
in real time, in direct response to evolving network topologies and shifting generation profiles. These systems are indispensable for
achieving both selective and dependable fault isolation in environments where the penetration of renewable resources is substantial.
Absent such adaptability, the resulting operational vulnerabilities include heightened mechanical loading on circuit breakers, mis-
timed reclosing sequences, and diminished fault selectivity. At present, globally deployed solar and wind forecasting models are
limited by a spatial and temporal discretization that remains insufficiently fine, thereby diminishing their effectiveness for high-
resolution, site-specific predictions and for real-time operational control, especially in microgrid architectures centered around port
facilities.

Mitigating these constraints necessitates the development of advanced spatiotemporal forecasting systems of fine resolution that
integrate satellite remote sensing, distributed terrestrial sensor networks, and state-of-the-art machine learning algorithms. Such
fusion is essential for enhancing forecast accuracy, especially in conditions of fast meteorological transition. The random and
sporadic characteristics of solar irradiance and wind speed further compound the difficulty of maintaining electrical grid reliability
and supplying continuous energy to consumers.Consequently, the advancement of intelligent energy management infrastructures
that equilibrate supply and demand via adaptable resources such as electrochemical storage and demand-side response gains
strategic significance [237]. Such infrastructures ought to embed refined control protocols enabling both predictive scheduling and
instantaneous operational recalibrations, thereby fortifying the grid's overall resilience.

The effective deployment of hybrid renewable energy systems (HRESs) is closely tied to precise forecasts of both renewable
generation and energy demand. The dependence on renewable generation stems first from the inherently variable availability of
these resources. Sophisticated machine-learning algorithms have become essential for attenuating the uncertainty linked to
photovoltaic-output predictions, thus enhancing the responsiveness of real-time control mechanisms. Simultaneously forecasting
wind and solar output within a unified analytical structure exploits the inherent statistical correlation in their generation trajectories,
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leading to a compounded reduction in overall uncertainty and thereby enabling their harmonious integration in extensive electricity
grids. The superior precision secured by such joint predictions proves essential for sound day-ahead scheduling and for participation
in competitive electricity markets, wherein accurate estimates of solar irradiance and wind speed guide both system operators and
market actors, aligning the objectives of economic efficiency with those of reliability.

5.3. Al-Based Optimization

Deployment of artificial intelligence especially machine learning algorithms and deep neural networks yields distinctive benefits
that are transferable across all components of hybrid renewable energy systems (HRES). Relevant domains include forecasting,
energy management and operational scheduling, optimal sizing of components, and seamless grid integration [144, 241]. Because
Al can ingest and dissect voluminous, multidimensional datasets, it can unearth sophisticated correlations and temporal dynamics
that classical analytical frameworks tend to overlook, thereby enhancing both the technical reliability and the economic viability of
the entire system [148]. These features are important in enhancing efficiency, accurate forecasting, proactive maintenance, and
optimizing energy flow in real-time in complex HRES structures which improve performance and increase asset lifespan [140],
[242].

Al strategies have also been useful in solving operational problems in electricity markets, such as unit commitment and economic
dispatch, in scenarios with high renewable energy integration and for areas with high renewable energy penetration [159]. As an
illustration, the accuracy and cost-efficiency of the integration of renewables into the grid have been enhanced by the application of
modern Al methods to the forecasting of solar and wind energy [243], [244]. Moreover, based on real-time grid data, renewable
generation profiles, and market price signals, Al can predict the optimal charge-discharge cycles and, thus, can optimize the
operation of battery energy storage systems [245]. This helps reduce reliance on fossil-fuel-based peaker plants and strengthens grid
stability while minimizing the stored energy.

Moreover, Al solutions help to manage the intricate coordination of multiple renewable inputs and energy storage technologies with
the grid, enabling the grid to be integrated and respond in real-time to the changes in load [139]. With respect to the demand side,
Al empowers intelligent algorithms to examine the consumption data to shift the load to off-peak periods or reduce it altogether,
thus relieving the grid of pressure and improving overall efficiency [154]. There have also emerged hybrid algorithms that combine
data-driven Al with mechanism-driven energy models for real-time optimization and long-term forecasting, thus improving the
accuracy and flexibility of the predictions [246].

The application of Al in the integration of distributed energy resources and the optimization of the planning, scheduling, and
operation processes is considering the smart grid as one of the most revolutionary changes in the energy sector [143]. With the
ongoing development of Al and machine learning technologies, their deployment for improving power generation, forecasting
renewables, diagnosing faults, and even participating in the energy market will contribute to more-efficient, resilient, and sustainable
energy systems [247].

5.4. Hybrid System Sizing and Resilience

The accurate and effective sizing of hybrid renewable energy systems (HRES) is critical in attaining optimal operational login,
economic efficiency, and strategic resilience to operational and environmental uncertainties. The baseline for such processes is
usually sophisticated multi-objective optimization algorithms that capture renewable resource. These models frequently adopt
probabilistic methods to account for the uncertainty in the production of renewables and the consumption of energy in order to
formulate systems which are flexible and can operate within varied conditions in order to improve resilience.

The optimal system sizing also includes the strategic deployment of diverse energy storage technologies such as battery systems,
hydrogen storage, and pumped-hydro to mitigate the intermittency of renewable energy sources and to offer critical grid ancillary
services. For critical infrastructure systems such as cold ironing, operational resilience is crucial, necessitating design measures that
mitigate diverse threats like extreme weather systems, cyber warfare, and equipment failure. This approach requires embedding
diverse fault tolerance, rapid recovery protocols and adaptive controls to ensure continuous power supply.

In addition, operational resilience planning should address operational capability of switching from grid-connected to islanded
operation or the other way around during disturbances to improve flexibility and security of the system simultaneously. This is made
possible by sophisticated energy resource controllers having the ability to manage multiple energy resources and agile responses to
shifting system conditions. Predictive and adaptive management on system-sizing and dispatching, during varying operational
conditions, is made possible by advanced and increasingly sophisticated forecasting tools, particularly those powered by artificial
intelligence [73].

6. CONCLUSION

This review has brought to the forefront the significance of the grid-connected renewable energy systems (HRES) as they facilitate
the sustainability of cold ironing, simultaneously responding to the environmental and operational needs of contemporary port
infrastructure. This study accentuates the importance of the transition from the conventional power generation systems which utilize
fossil fuels to cleaner renewable systems, to mitigate the environmental footprint of maritime operations around port areas.
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Additionally, this study emphasizes the multidisciplinary nature of the problem that needs to be solved for the design,
implementation, and management of such systems, from the optimal HRES size and integration into the existing grid to the advanced
energy management strategy and the enabling policies that need to be adopted.

The literature and global case studies have highlighted the need to scale solutions and this will require the technology innovations,
regulation, and operational strategies prescribed in [95]. In the future, other research goals should also consider the engineering of
robust Al controls and forecasting capabilities, enhancing long-term resilience of systems for diverse environmental and operational
conditions, and for Al systems, refining adaptability to continuously variable environmental and operational conditions. Successful
implementation will need constant advancements in cyber-physical infrastructure protection, energy storage, and policy frameworks
that stimulate sustainable port infrastructure investments.

Unlocking grid-connected HRES for cold ironing equips ports with the capability to self-regulate energy consumption. In this regard,
ports shift towards operational resilience, energy and environmental stewardship, self-sufficiency within the maritime context, and
self-sufficiency within the maritime context. Achieving this vision demands the sustained commitment of stakeholders, policy
transform innovators, and research institutions to solve problems and capture the problems and boundless opportunities of these
solutions. Self-sufficient, emission-free ports and transformative collaborative efforts will enable the maritime industry to
significantly reduce ecological impact and advance global decarbonization efforts.
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