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Abstract
Amid increasingly stringent global maritime regulations—notably the International Maritime Organization 
(IMO) GHG Strategy and the European Union’s “Fit for 55” package —the cruise industry faces an 
imperative transition toward deep decarbonization. As "floating cities" with exceptionally high energy profiles, 
cruise ships present unique challenges; their stationary hotel loads can account for over 50% of total power 
consumption during port calls. This thesis investigates the transformation of ports from passive logistics nodes 
into active, zero-carbon energy hubs to bridge the identified "Power Gap" in shore-to-ship power (STS) and 
the "Fuel Gap" for future zero-carbon propulsion.
The research adopts an interdisciplinary methodology—integrating engineering design, spatial planning, and 
policy analysis—and proposes a "Dual-Track" Energy Hub Model based on geographic endowments:
• Integrated Urban Adaptation Model (Genoa): Focuses on embedding renewable energy technologies, 

such as Vertical Axis Wind Turbines (VAWT) and Resonant Wave Energy Converters (REWEC3), into
existing maritime infrastructure like breakwaters. This model prioritizes "landscape symbiosis" in space-
constrained urban port environments.

• Industrial Scale & Energy Export Model (Shanghai): Leverages vast maritime territories to deploy
large-scale floating offshore wind farms and photovoltaic systems. This model emphasizes scaled green 
energy production to meet massive shore power demands and achieve regional green hydrogen energy
exports.

Quantitative verification through Cost-Benefit Analysis (CBA) and Life Cycle Assessment (LCA) 
demonstrates that both pathways are technically and environmentally feasible. Results indicate that lifecycle 
carbon intensity can be reduced by over 90%, with an Energy Payback Time (EPBT) of less than 3 years in 
both cases. Furthermore, the thesis evaluates the integration of alternative fuels, selecting green hydrogen 
and methanol as the primary energy vectors for cruise shipping while excluding ammonia due to stringent 
passenger safety constraints.
Finally, the study concludes with the "Adaptive Pathways" Theory, advocating for differentiated 
decarbonization strategies that harmonize industrial scalability with ecological restoration. This research 
provides a scientific roadmap for the sustainable evolution of global maritime infrastructure.

Keywords: Cruise Shipping Decarbonization; Zero-Emission Port Entry; Shore Power; Green Hydrogen; 
Maritime Policy; Landscape Symbiosis; Port of Genoa; Port of Shanghai.



Abstract
Nel contesto di normative marittime globali sempre più stringenti — in particolare la strategia GHG dell'IMO 
e il pacchetto "Fit for 55" dell'Unione Europea — l'industria crocieristica sta affrontando una transizione 
imperativa verso una profonda decarbonizzazione. Essendo "città galleggianti" ad altissimo profilo energetico, 
le navi da crociera presentano sfide uniche; i carichi alberghieri stazionari possono rappresentare oltre il 50% 
del consumo energetico totale durante la sosta in porto. La presente tesi indaga la trasformazione dei porti da 
nodi logistici passivi in hub energetici attivi a emissioni zero, con l'obiettivo di colmare il "Power Gap" per 
l'alimentazione da terra (Cold Ironing) e il "Fuel Gap" per la futura propulsione a zero emissioni.
La ricerca adotta una metodologia interdisciplinare — integrando progettazione ingegneristica, pianificazione 
spaziale e analisi delle politiche — e propone un "Modello di Hub Energetico a Doppio Binario" (Dual-
Track) basato sulle dotazioni geografiche:
•	 Modello di Integrazione e Adattamento Urbano (Genova): si concentra sull'integrazione di tecnologie 

per l'energia rinnovabile, come le turbine eoliche ad asse verticale (VAWT) e i convertitori di energia 
ondosa a risonanza (REWEC3), all'interno delle infrastrutture marittime esistenti (es. dighe foranee). 
Questo modello privilegia la "simbiosi paesaggistica" in contesti portuali urbani con vincoli spaziali.

•	 Modello di Scala Industriale ed Esportazione Energetica (Shanghai): sfrutta ampi territori marittimi 
per l'implementazione di parchi eolici offshore galleggianti e sistemi fotovoltaici su vasta scala. Questo 
modello enfatizza la produzione di energia verde scalabile per soddisfare la massiccia domanda di 
elettrificazione delle banchine e realizzare l'esportazione regionale di idrogeno verde.

La verifica quantitativa attraverso l'Analisi Costi-Benefici (CBA) e la Valutazione del Ciclo di Vita (LCA) 
dimostra che entrambi i percorsi sono tecnicamente ed ambientalmente fattibili. I risultati indicano che 
l'intensità di carbonio nel ciclo di vita può essere ridotta di oltre il 90%, con un tempo di recupero energetico 
(EPBT) inferiore a tre anni in entrambi i casi. Inoltre, la tesi valuta l'integrazione di combustibili alternativi, 
selezionando l'idrogeno verde e il metanolo come vettori energetici primari per il settore crocieristico, 
escludendo l'ammoniaca a causa dei severi vincoli di sicurezza per i passeggeri.
Infine, lo studio conclude proponendo la Teoria dei "Percorsi Adattivi" (Adaptive Pathways), sostenendo 
strategie di decarbonizzazione differenziate che armonizzino la scalabilità industriale con il ripristino 
ecologico. Questa ricerca fornisce una roadmap scientifica per l'evoluzione sostenibile delle infrastrutture 
marittime globali.

Parole chiave: Decarbonizzazione del settore crocieristico; Ingresso in porto a zero emissioni; Shore Power 
(Cold Ironing); Idrogeno Verde; Politiche Marittime; Simbiosi Paesaggistica; Porto di Genova; Porto di 
Shanghai.
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1. Introduction
1.1 Research Background, Problem, and Gaps

 Introduction

The maritime industry is a cornerstone of global trade and tourism, yet it is also a significant contributor to 
global greenhouse gas (GHG) emissions, accounting for approximately 3% of total anthropogenic carbon 

dioxide (CO₂) emissions [1]. Within this sector, the cruise industry presents a unique and pressing environmental 
challenge. Cruise ships are essentially "floating cities," characterized by exceptionally high energy consumption 
to support not only propulsion but also extensive hotel operations—including heating, ventilation, air conditioning 
(HVAC), lighting, entertainment facilities, and fresh water production—for thousands of passengers and crew. This 
distinctive operational profile results in a carbon intensity per passenger that can be several times higher than that 
of other transport modes. The International Maritime Organization (IMO) has set ambitious targets to reduce total 
annual GHG emissions from international shipping by at least 50% by 2050, with a revised strategy pushing for 
net-zero emissions by or around 2050 [2]. Simultaneously, regional regulatory frameworks, such as the European 
Union's Emissions Trading System (EU ETS) and the "FuelEU Maritime" regulation, are increasingly stringent, 
mandating the monitoring, reporting, and verification (MRV) of emissions and creating direct financial costs for 
carbon outputs for large ships, which includes the vast majority of ocean-going cruise vessels [3]. For cruise lines, 
operating in sensitive coastal waters and port cities often surrounded by dense urban populations, the pressure to 
decarbonize is both regulatory and reputational.

A critical focal point within the broader decarbonization agenda is the period of port stay or "hotelling." 
Studies indicate that hotel loads can account for more than 50% of a cruise ship's total power consumption 

during a typical itinerary [4]. Consequently, while berthed—often for 10 to 12 hours or longer in home ports—
cruise ships traditionally operate their auxiliary engines continuously to maintain these services. This stationary, 
high-load operation generates localized emissions of CO₂, sulfur oxides (SOx), nitrogen oxides (NOx), and 
particulate matter (PM) in port cities, which can severely impact local air quality and public health. The adoption 
of Shore-to-Ship (STS) power, or "cold ironing," which allows ships to shut down auxiliary engines and draw 
electricity from the onshore grid, is the most immediate and effective measure to eliminate these local emissions. 
However, the widespread implementation of STS faces significant infrastructure gaps. Many ports, particularly 
older urban terminals like those in parts of the Mediterranean, lack the high-voltage, high-capacity connection 
points (e.g., 11 kV/60 Hz) required by modern mega-cruise ships, and their local electrical grids may be insufficient 
to handle the concentrated load of multiple vessels simultaneously without reinforcement. Beyond electrification, 
the long-term decarbonization of deep-sea cruising requires a shift away from fossil-based auxiliary fuels towards 
zero-carbon or low-carbon alternatives such as green hydrogen, methanol, or ammonia. This presents a "fuel gap," 
as portside bunkering infrastructure for these emerging fuels is currently scarce or non-existent in most major cruise 
terminals worldwide.

C urrent research and industry discussions on maritime decarbonization are heavily skewed towards vessel-
centric solutions, focusing on hull optimization, fuel-efficient engines, and onboard energy storage like 
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 Introduction

batteries. While crucial, this perspective often underestimates the systemic role of ports as critical energy supply 
nodes. The port is no longer merely a passive logistics interface; it must evolve into an active, integrated energy 
hub capable of supplying not just electricity but also alternative fuels in a safe, reliable, and economically viable 
manner. There exists a significant research gap in understanding how to design and implement such comprehensive 
port energy supply systems (PESS) specifically tailored to the high, variable, and quality-sensitive load profiles 
of cruise operations. Furthermore, most proposed decarbonization pathways tend to offer "one-size-fits-all" 
technology solutions, overlooking the profound influence of a port's geographic endowment, hinterland industrial 
base, and local policy environment on the optimal energy strategy. For instance, a port in a resource-rich open sea 
area (e.g., Shanghai in the East China Sea) has vastly different options compared to a port constrained by complex 
urban topography and moderate wave resources (e.g., Genoa in the Ligurian Sea). There is a lack of comparative, 
context-aware frameworks that guide ports in selecting and integrating the right mix of technologies—shore power, 
offshore wind, wave energy, hydrogen production—to bridge their specific "power gap" and "fuel gap" within
their unique operational and environmental constraints. This dissertation addresses these gaps by developing 
tailored energy supply system designs for two paradigmatically different cruise ports and establishing a comparative 
evaluation framework to assess their technical, economic, and ecological feasibility.
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1.2 Research Questions and Objectives

Guided by the identified background and research gaps, this dissertation is centered on answering three core research 
questions, which collectively aim to advance the understanding and implementation of zero-carbon solutions for cruise 
ships entering ports.

The first research question (RQ1) is: (How Can Port Energy Supply Systems Be 
Architected And Designed To Bridge The Identified "Power Gap" And "Fuel Gap" 
For Cruise Operations?  )
This question targets the technical core of the problem. It moves beyond simply listing available technologies 
(e.g., wind turbines, electrolyzers) and focuses on their systemic integration. The objective is to develop detailed, 
engineering-level designs for cruise energy supply systems that are not merely collections of separate assets but 
function as coherent, resilient energy topologies. These designs must demonstrate how to aggregate variable renewable 
generation (like offshore wind or floating photovoltaics) with energy storage (like batteries) and conversion units (like 
electrolyzers) to provide a stable and compliant supply of both high-voltage shore power and alternative fuels like 
green hydrogen. The designs must specifically address the operational realities of cruise terminals, such as the need for 
rapid "plug-and-play" connectivity, simultaneous berthing of large vessels, and strict safety protocols due to passenger 
proximity.    

The second research question (RQ2) is:  (How Do Geographic And Operational 
Constraints Shape Divergent Decarbonization Pathways For Different Port Typologies, 
And What Models Can Guide This Adaptive Selection? )
This question addresses the need for a non-universal, context-sensitive approach. The objective is to formulate a 
theoretical and practical framework—termed the "Adaptive Pathways" theory—that maps optimal decarbonization 
strategies against a port's specific profile. This involves analyzing how factors such as available offshore wind and wave 
resources, local renewable energy potential, the existence and strength of a hinterland industrial base for hydrogen 
absorption, and the visual and social sensitivity of the port environment (e.g., being a tourist destination vs. a pure 
industrial hub) dictate the choice between different technology mixes. For example, does a port invest in large-scale 
offshore wind for energy export (a "scale strategy"), or does it focus on integrating wind and wave energy into existing 
structures like breakwaters for high-value, space-limited generation (an "integration strategy")? The objective is to 
demonstrate through comparative case studies how two ports, the Port of Genoa and the Port of Shanghai, navigate 
these constraints to arrive at substantively different yet equally effective design solutions.    

The third research question (RQ3) is:  (What Are The Economic Viability And 
Environmental Sustainability—Over The Full Lifecycle—Of The Proposed Port Energy 
System Designs?  )
This question shifts from technical feasibility to holistic evaluation. The objectives are twofold. First, to conduct a 
rigorous cost-benefit analysis (CBA) that quantifies the investment required (CAPEX), the ongoing operational costs 
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(OPEX), and the diverse revenue streams, which include not only direct energy sales but also indirect benefits like 
avoided carbon costs (e.g., via EU ETS compliance), tourism value-added from "green" branding, and potential grid 
arbitrage. This analysis must determine financial metrics like payback period and return on investment (ROI). Second, 
to perform a life cycle assessment (LCA) that goes beyond operational emissions to quantify the "embodied carbon" 
or energy debt incurred during the manufacturing and construction of the energy infrastructure (e.g., steel in turbines, 
concrete in wave devices) and calculates the energy payback time (EPBT). The objective is to ensure that the proposed 
systems deliver a net-positive environmental impact over their entire lifespan, from cradle to grave, and to identify 
potential ecological trade-offs, such as the impact on marine biodiversity from subsea cables or the management of 
brine discharge from electrolyzers.    

In summary, the overarching objective of this research is to move beyond isolated technology discussions
and provide a comprehensive, evidence-based, and adaptable roadmap for transforming cruise ports from 

passive points of emission into active, sustainable energy hubs. By answering the above questions through detailed 
design, comparative analysis, and multi-dimensional evaluation, this dissertation aims to offer practical blueprints 
and a guiding theoretical model that can assist port authorities, policymakers, and industry stakeholders in planning 
and investing in the next generation of green port infrastructure.
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To address the research questions and achieve the stated objectives, this dissertation employs a mixed-
method research strategy that integrates qualitative comparative analysis, quantitative engineering 

design, and rigorous economic-environmental modeling. The methodology is structured into four sequential but 
interconnected phases, ensuring that the findings are robust, grounded in reality, and transferable to other contexts.

The First Phase is “Foundational Literature and Policy Analysis”. This involves a
comprehensive review of academic literature, industry technical reports, and the evolving corpus of international 
and regional maritime decarbonization policies. Key regulatory documents, such as the IMO's Initial and Revised 
Strategies on Reduction of GHG Emissions from Ships [2] and the EU's legislative packages on emissions trading 
and maritime fuels [3, 5], are analyzed to establish the strategic boundary conditions and compliance requirements 
that any design must meet. Concurrently, technical literature on alternative fuels, propulsion architectures, and 
renewable energy integration for marine applications is synthesized to build a baseline of technology readiness 
levels (TRL), performance characteristics, and associated challenges. This phase ensures that the subsequent design 
work is anchored in the current state-of-the-art and forward-looking regulatory landscape.

The Second phase is “Comparative Empirical Case Study”. This phase forms the core of the
research's context-specific investigation. Two distinct ports, the Port of Genoa (Mediterranean, urban-constrained) 
and the Port of Shanghai (East Asian, deltaic mega-hub), are selected as paradigmatic cases representing different 
endowments and operational models. Data for this phase is drawn from a blend of public sources, including port 
authority annual reports and sustainability documents [6, 7], technical feasibility studies (e.g., for the "Nuova Diga 
Foranea" project in Genoa) [8], and peer-reviewed studies on local energy and environmental conditions [9, 10]. 
The analysis characterizes each port's: 
(1) geographic and renewable energy potential (wind, wave, solar)
(2) current energy supply infrastructure and shore power baseline
(3) operational patterns and projected demand from cruise ships
(4) emission profiles and local environmental constraints. 
This comparative diagnosis explicitly identifies the specific "power gap" (insufficient electrical supply) and
"fuel gap" (lack of alternative fuel bunkering) for each port, providing the concrete problem statements that the
subsequent design proposals must solve.

The Third phase is “Context-Specific System Design and Modeling”. Based on the diagnosis 
from the case studies, this phase involves the development of bespoke energy supply system designs for the Port 
of Genoa and the Port of Shanghai. The design process is not merely technological selection but a top-down 
architectural exercise. It begins by defining the overall system architecture, such as the "Wind-Wave-Hydrogen-
Storage" coupling for Genoa or the "Wind-Solar-Hydrogen" integrated hub for Shanghai. Then, it proceeds to 
detailed subsystem design, including specifications for shore power capacity (e.g., 120 MVA for Genoa, 84 MVA 
for Shanghai), renewable generation assets (e.g., breakwater-integrated VAWTs and REWEC3 wave converters 

1.3 Research Methodology, Tools, and Approaches
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for Genoa; 200 MW floating offshore wind farm and 10 MW floating PV for Shanghai), and hydrogen production 
facilities (e.g., 3 MW PEM electrolyzer for Genoa, 5 MW for Shanghai). Quantitative modeling tools are employed 
at this stage. For example, energy yield estimation for renewable assets uses local meteorological data and standard 
capacity factors. A supply-demand balance analysis is conducted using algebraic models to ensure the designed 
systems can meet projected cruise demand and potentially create an energy surplus (as in the Shanghai case). The 

designs are further refined by considering spatial layout, safety zones (especially for hydrogen), and integration with

existing port infrastructure, adhering to relevant engineering standards like IEC/IEEE 80005 for shore power and 
IGF Code for gases [11, 12].

The Fourth phase is “Multi-Dimensional Evaluation and Synthesis”. The final phase
assesses the proposed designs through two primary analytical lenses. First, a Financial Viability Analysis is 
conducted using a cost-benefit analysis (CBA) framework. Capital Expenditure (CAPEX) is estimated based 
on benchmarking costs from industry reports for technologies like offshore wind, floating PV, and electrolyzers 
[13, 14]. Operational Expenditure (OPEX) is modeled as a percentage of CAPEX based on technology maturity. 
Revenue streams are projected, including electricity sales (considering a potential "green premium" pricing), 
hydrogen sales, and intangible revenues from tourism (e.g., an "energy breakwater promenade" for Genoa)
and indirect benefits like carbon trading value. Metrics like simple payback period, net present value (NPV), and 
return on investment (ROI) are calculated. Second, a “Life Cycle Assessment (LCA)” is performed to evaluate 
the holistic environmental performance. This involves calculating the embodied carbon in materials (e.g., steel, 
concrete, rare earths) using emission factors from databases like those of the International Renewable Energy 
Agency (IRENA) [15] and the International Energy Agency (IEA) [16]. The Energy Payback Time (EPBT) is then 
computed by comparing this embodied energy to the annual green energy production of the system. Furthermore, 
potential ecological interactions, such as the impact of subsea cables on benthic communities or the risk of bird 
collisions with wind turbines, are qualitatively assessed based on ecological literature and specific local studies [17, 
18]. The findings from this evaluation phase are then synthesized to answer RQ3 and to inform the development 
of the "Adaptive Pathways" theoretical model, linking the technical design choices, economic outcomes, and 
environmental impacts back to the port-specific contexts established in the case study phase.

T his structured, multi-phased methodology ensures that the research moves logically from understanding 
the problem in specific contexts (Case Study) to proposing and engineering solutions (Design), and finally 

validating them comprehensively (Evaluation). It leverages both established academic methods (like LCA 
and CBA) and tailored, context-driven analysis, resulting in conclusions that are both theoretically rigorous and 
practically actionable for port stakeholders and policymakers striving for a low-carbon future for cruise shipping.
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1.4 Thesis Structure

The thesis structure follows the logic flow of "Theoretical Construction — Empirical Diagnosis 
— Design Proposals — Multi-Dimensional Evaluation," divided into three parts comprising ten 
chapters, systematically advancing from theoretical foundations to final empirical designs and theoretical elevation.

Part I is Theoretical Background (Chapters 2-4), establishing the theoretical and technical foundation
for the entire research. Chapter 2 focuses first on cruise ship carbon emissions, systematically expounding on the 
international regulatory framework (such as IMO strategy, EU ETS) and carbon emission calculation methods 
(fuel-based vs. power-based), while deeply exploring data collection and monitoring technologies to provide a 
methodological basis for subsequent quantitative analysis. Chapter 3 turns to the technological level, conducting 
a comparative analysis of new energy sources and propulsion technologies such as LNG, methanol, ammonia, 
hydrogen, and nuclear, assessing their safety, Technology Readiness Level (TRL), and impact on cruise ship 
architecture based on onboard characteristics, providing a detailed technical matrix for technology selection 
in the design phase. Chapter 4 expands the perspective to the port side, analyzing the modernization of port 
energy systems, focusing on the global interoperability of shore-to-ship power technology and the infrastructure 
requirements for alternative fuels (hydrogen, ammonia, LNG), and detailed exploration of the integration 
pathways of marine renewable energy technologies such as offshore wind, floating photovoltaics, tidal, and wave 
energy into port energy systems. This part, through theoretical combing, reveals the technological boundaries and 
systemic requirements for achieving zero-carbon emissions for cruise ships at the port level.

Part II is Case Study and Design (Chapters 5-7), serving as the core empirical and design portion of
this research. Chapter 5 conducts an in-depth empirical analysis based on detailed data from the Port of Genoa and 
the Port of Shanghai. By comparing the geographic layouts (Ligurian Sea complex topography vs. East China 
Sea deltaic estuary), natural wind-wave conditions, and operational energy data of the two ports, it quantitatively 
analyzes the emission inventory and energy supply-demand structure during cruise ship calls, clearly diagnosing the 
"Space-Constrained" power gap faced by Genoa and the "Scale-Type" power gap faced by Shanghai, as well as 
the missing alternative fuel infrastructure (fuel gap) common to both. Based on this diagnosis, Chapter 6 proposes 
a "Wind-Wave-Hydrogen" integrated design for the Port of Genoa, utilizing its breakwater engineering to embed 
Vertical Axis Wind Turbines (VAWT) and wave energy converters (REWEC3), demonstrating the feasibility of 
energy self-sufficiency within limited space through mathematical modeling and proposing economic correction 
scenarios. Chapter 7 proposes a "Wind-Solar-Hydrogen" large-scale energy hub design for the Port of Shanghai, 
utilizing the East China Sea deep-water wind farm to establish an energy export-oriented business model, designing 
large-capacity shore power systems and electrolytic hydrogen production facilities, and demonstrating its potential 
as a regional energy hub through supply-demand balance analysis. This part validates the concept of "appropriate 
system engineering" through the comparative design of two ports with distinct geographical endowments.

Part III is Quantitative Evaluation and Outlook (Chapters 8-10), aiming to verify the feasibility of the 
design proposals and elevate them to a theoretical height. Chapter 8 conducts Cost Analysis and Economic Benefit 
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Evaluation, utilizing cost parameters from authoritative databases such as IRENA [14] and IEA [16], combined 
with specific CAPEX and OPEX estimates, calculating the payback periods and ROI for both design proposals, 
and innovatively introducing "Tourism Value-Add" and "Green Premium" as indirect revenue streams for 
financial analysis, proving the commercial feasibility of different business models under various scenarios. Chapter 
9 conducts Life Cycle Assessment (LCA) and analysis of marine ecological interactions, quantifying the embodied 
carbon of infrastructure and calculating the Energy Payback Time (EPBT), while assessing potential ecological 
interactions such as brine discharge diffusion, bird collision risks, and the impact of underwater electromagnetic 
fields on biology, ensuring the design proposals have net positive environmental benefits over their full lifecycle. 
Chapter 10 presents the Research Conclusions and Future Outlook, synthesizing the previous analyses to 
summarize the "Adaptive Pathways" theory, pointing out that port decarbonization should choose between a 
"Scale Strategy" and an "Integration Strategy" based on geographic endowments, hinterland conditions, and 
stakeholder characteristics, and looking forward to future trends towards "Energy-Experience Complex" and AI-
driven dynamic coordination. This part ensures the scientific rigor and integrity of the research conclusions through 
a rigorous evaluation across both economic and environmental dimensions.
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Part I: Theoretical Background
Chapter 2: Cruise Ship Carbon Emissions

2.1 International Regulatory Framework and Policies

2.1.1 Overview of Major International and Regional Emission Reduction Policies

With the focus on global climate change, the shipping 
industry faces regulatory pressure, as one of the 

major sources of global carbon emissions, faces mounting 
pressure to reduce its footprint. The cruise industry, as a 
specialized segment of the shipping sector characterized 
by high energy consumption, high added value, and the 
dual nature of passenger transport and tourism services, 
is subject to even stricter public scrutiny and regulatory 
oversight. Currently, the international and regional 
regulatory framework regarding cruise ship carbon 
emissions has formed a multi-level governance system 
led by the International Maritime Organization (IMO), 
pioneered by regional economies such as the European 
Union (EU), and coordinated by national governments and 
industry associations.

At the international level, the International Maritime 
Organization (IMO) is the supreme authority for 
establishing global shipping emission reduction rules. In 
2018, the 70th session of the IMO Marine Environment 
Protection Committee (MEPC 70) adopted the Initial IMO 
Strategy on Reduction of GHG Emissions from Ships, 
establishing the goal of reducing total annual greenhouse 
gas emissions from international shipping by at least 50% 
by 2050 (compared to 2008 levels) [1]. This strategy set the 
overall tone for emission reduction for all ships, including 
cruise liners. Subsequently, at MEPC 80 in 2023, the IMO 
further revised the strategy, raising the target to achieve 
net-zero emissions by or around 2050, while setting 
intermediate checkpoints for 2030 and 2040 [2].   

To implement the above strategic goals, the IMO has 
introduced a series of mandatory technical and operational 
measures, the most representative of which are the 
"Energy Efficiency Existing Ship Index" (EEXI) and the 
"Carbon Intensity Indicator" (CII). EEXI applies to all 
existing ships (including cruise ships) and requires vessels 
to meet specific energy efficiency design standards through 
technical means (e.g., limiting engine power, installing 

energy-saving devices) [3]. For cruise ships, which are 
typically equipped with high-power main engines to meet 
speed and hotel load demands, EEXI compliance often 
requires limiting engine power, which directly impacts 
operational scheduling. CII is a rating mechanism based on 
actual ship operational data, rating ships from A to E based 
on carbon dioxide emissions per unit of transport work. If 
a ship is rated D for three consecutive years or E for one 
year, it must develop a rectification plan [4]. Because cruise 
ships have fixed routes, frequent port calls, and significant 
hotel loads, their CII ratings often face significant 
challenges, forcing major cruise companies to optimize 
itinerary design, adopt cleaner fuels, or improve operational 
efficiency.     

In terms of regional policies, the European Union is leading 
the way globally. The EU has incorporated the shipping 
industry into its Emissions Trading System (EU ETS). 
Starting from January 1, 2024, all large ships (covering the 
vast majority of ocean-going cruise ships) over 5,000 gross 
tons calling at EU ports are required to purchase carbon 
allowances (EUAs) for 100% of their reported emissions 
[5]. This regulation establishes a mechanism where the 
operational costs of cruise operators are directly linked to 
their carbon output. According to relevant EU directives, 
the Monitoring, Reporting, and Verification (MRV) 
mechanism provides the data foundation for the EU ETS, 
requiring ships to monitor and report carbon emission data 
for each voyage. The EU has also introduced the "FuelEU 
Maritime" regulation, which mandates the use of shore 
power provided at EU ports to reduce emissions while 
berthed. This regulation is particularly critical for the cruise 
industry given the unique energy profile of cruise ships 
during port stays [6].   

Furthermore, Emission Control Areas (ECAs)
established in specific sea areas also have an indirect 

but profound impact on cruise ship carbon emissions. 
Although the ECAs established in the Baltic Sea, North 
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Figure 2-1

Map of International Maritime Organization (IMO) Emission Control Areas (ECAs)

Sea, North America, and US Caribbean primarily target sulfur oxides (SOx) and nitrogen oxides (NOx), to meet low-
sulfur requirements, many cruise ships choose to switch to low-sulfur fuels (such as MGO) or install scrubbers and 
continue using high-sulfur fuel. Low-sulfur fuels typically have higher carbon density, meaning they generate more 
carbon dioxide per unit of heat, which may lead to an increase in carbon emission intensity; conversely, installing 
scrubbers increases ship resistance, thereby slightly increasing fuel consumption [7]. Therefore, regional air quality 
policies have effectively reshaped the energy consumption structure of cruise ships, thereby affecting their carbon 
footprint.

In addition to mandatory laws and regulations, cruise industry self-regulatory organizations have also promoted
a series of emission reduction initiatives. Cruise Lines International Association (CLIA), representing 95% of 

global ocean-going cruise capacity, has committed on behalf of its members to reduce carbon intensity by 40% by 2030 
(compared to 2008) and achieve net-zero emissions by 2050 [8].
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summarizes the major international and regional emission reduction policies currently affecting the cruise industry and their 
core requirements.

In summary, the current international regulatory framework is trending from "voluntary" to "mandatory" and
from "broad goals" to "refined indicators." For the cruise industry, this policy environment implies not only 

a rise in compliance costs but also a profound transformation regarding energy structure, technology application, and 
business models.

Table 2-1 

Comparison of Major International and Regional Cruise Emission Reduction Policies
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2.2 Carbon Emission Calculation Methods

Accurately quantifying carbon emissions from cruise ships is the foundation for developing emission reduction policies, 
assessing the effectiveness of technical measures, and conducting carbon asset management for enterprises. Since cruise 
ships have complex operational modes (sailing, maneuvering, berthing) and diverse energy consumption structures that 
differ significantly from cargo vessels, establishing a precise calculation model is critical. Unlike cargo ships, where 
propulsion is the primary energy driver, cruise ships function essentially as "floating hotels," meaning a substantial portion 
of their energy consumption is dedicated to hotel operations rather than movement.

The fuel consumption-based method is currently the
most widely applied and is the mainstream method 

recommended by the International Maritime Organization 
(IMO) and the European Union (EU) MRV mechanisms. 
The core logic of this method is the "top-down" mass 
conservation principle, which infers emissions based on 
the relationship of converting chemical energy into thermal 
energy and carbon dioxide during fuel combustion.

Its basic calculation formula is as follows:

Where:
 ECO2: Represents the total carbon dioxide emissions (in 
grams, g).
FCi: Represents the consumption of fuel type i (in grams, g).
Ccarbon_factor: Represents the carbon content coefficient of that 
fuel (in grams of Carbon per gram of fuel, g C/g fuel).
OFoxidation: Represents the carbon oxidation rate.

Note: This is typically taken as 0.99 (i.e., 99% of the carbon 
is oxidized to carbon dioxide) [9].

In practical operations, to simplify calculation, IMO
has stipulated default carbon dioxide emission factors 

(Conversion Factor, unit: t-CO2/t-Fuel) for different 
fuel types in the “2006 IPCC Guidelines for National 
Greenhouse Gas Inventories” and subsequent MEPC 
resolutions. For example, the emission factor for Heavy 
Fuel Oil (HFO) / Marine Diesel Oil (MDO) is typically 
taken as 3.114, while the emission factor for Liquefied 
Natural Gas (LNG) is typically taken between 2.75 and 
2.78 depending on methane slip (although LNG has lower 

2.2.1 Fuel Consumption-Based Method

Chapter 2: Cruise Ship Carbon Emissions Part I: Theoretical Background

carbon intensity, the Global Warming Potential - GWP of 
methane must be considered, and relevant factors are still 
being dynamically adjusted) [10].

For cruise ships, fuel consumption data is usually obtained 
through two methods: one is the actual bunkering volume 
recorded by the ship's fuel flow meter or Bunker Delivery 
Note (BDN); the other is estimation via tank monitoring 
systems. In academic research, researchers often use the 
annual total fuel consumption disclosed in the Sustainability 
Reports published by cruise companies to estimate the 
carbon footprint of their fleets. For example, based on data 
published by Carnival Corporation, the annual carbon 
emissions of its entire fleet can be back-calculated using the 
fuel consumption method, thereby benchmarking against 
the industry average [11].

The advantage of this method lies in its simple principle, 
relatively direct data acquisition (as long as there are fuel 
supply records), and wide recognition by international 
conventions, making it suitable for macro-level statistics 
and carbon trading compliance. However, its disadvantages 
are also obvious: it cannot provide details on emissions 
during different sailing stages (e.g., cruising, port entry/
exit, hotel operations while berthed), making it difficult 
to identify specific emission hotspots. For cruise ships, 
the inability to distinguish between propulsion fuel and 
auxiliary fuel used for "hotel loads" limits its utility in 
guiding specific ship energy efficiency optimizations. 
Furthermore, this method is sensitive to fuel quality 
fluctuations; if the actual carbon content of the fuel deviates 
significantly from the default factor, calculation errors will 
arise.
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The engine power-based method is a "bottom-up"
micro-physical modeling method. It does not rely on 

macro fuel statistics but estimates carbon emissions based 
on the actual operating conditions and thermodynamic 
parameters of the ship's engines. This method is particularly 
suitable for scenarios lacking actual fuel consumption 
records or where fine-grained analysis of specific voyage 
segments or operating conditions is required.

The calculation process of this method usually involves 
two steps: 
first, calculate fuel consumption based on engine power 
and load, and then calculate carbon emissions based on fuel 
consumption.
Its basic calculation formula is as follows:

* Step 1: Calculate Fuel Consumption (FC)The first 
formula determines how much fuel is burned based on
engine performance and time.

Where:
FC: Fuel Consumption (Total mass in grams, g).
P: Average Engine Power (typically in kilowatts, kW).
SFOC: Specific Fuel Oil Consumption. 
This represents the efficiency of the engine—how many 
grams of fuel are needed to produce one kilowatt-hour of 
energy (usually in g/kWh).
t (or T): Operating time (typically in hours, to align with 
the SFOC unit).
* Step 2: Calculate Carbon Dioxide Emissions
(ECO2)The second formula converts the total fuel mass
into emissions using an emission factor.

2.2.2 Engine Power-Based Method

Where:
ECO2: Total Carbon Dioxide Emissions.
FC: Fuel Consumption (derived from Step 1).
EF: Emission Factor (a coefficient that converts mass of 
fuel to mass of CO2).
For cruise ships, the application of this method is extremely 
challenging but also highly valuable. Cruise ships are 
typically equipped with multiple main propulsion engines 
and multiple auxiliary engines (Auxiliary Engines).

1. Main Propulsion Engines: Provide power during 
the sailing phase. Their power P depends on speed and 
sea conditions. According to the Admiralty Coefficient,
power is proportional to the cube of speed (    ).  
By obtaining speed data from the Automatic Identification 
System (AIS), combined with the hull resistance curve, the 
output power of the main engine at a specific moment can 
be estimated.
2. Auxiliary Engines: This is the key differentiator
between cruise ships and cargo ships. Unlike cargo ships,
which can often shut down auxiliary engines while in port
(Shore Power), cruise ships' auxiliary engines must run 
continuously—whether sailing or berthed—to provide
electricity for lighting, HVAC, entertainment facilities, and
galleys. Research indicates that for cruise ships, hotel loads
account for approximately 50% to 60% of total energy
consumption. This significant energy demand is driven by 
air conditioning, fresh water production, food preparation,
and entertainment systems, all of which must operate
24/7 to support thousands of passengers and crew [12]. 
Consequently, while in port, emissions from cruise ships
come almost entirely from auxiliary engines, creating a
distinct environmental challenge in densely populated port
cities.

The power-based method requires extremely high data
granularity. Researchers often utilize SFOC curves 

obtained from engine bench tests and engine parameters 
provided by manufacturers. For example, in studying 
emissions from cruise ships in the Greek islands, Tzannatos 
(2010) utilized SFOC data under different loads, combined 
with speed profiles derived from AIS, to successfully build 
a high-resolution emission inventory for cruise ships on 
complex itineraries [13].

The advantage of this method is that it can accurately 
capture the temporal distribution characteristics of 
emissions, particularly isolating the high-impact hotelling 
phase. This highlights why shore power is a rigid 
necessity for the cruise industry: unlike cargo ships 
which can reduce port emissions to near zero by shutting 
down engines, cruise ships must maintain a massive power 
supply for the hotel load. Without shore power connectivity, 
they are forced to run auxiliary engines continuously, 
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leading to significant localized emissions. However, 
the disadvantage of this method lies in the cumbersome 
calculation process and the difficulty in obtaining detailed 
ship technical parameters (engine characteristic curves, 
propeller thrust curves, etc.), which are often trade secrets. 
This distinct energy profile dictates that the decarbonization 
of cruise ports cannot rely solely on fuel switching but must 
necessitate high-capacity shore power infrastructure to 
address the stationary hotel load

2.2.3 Integrated Calculation Model

With advancements in computing technology and
increasing requirements for emission accuracy, 

academia has gradually developed integrated calculation 
models. Such models aim to combine the macro 
reliability of fuel consumption-based methods with the 
micro precision of engine power-based methods, while 
introducing more influencing variables such as ship 
design parameters, operating environment, and passenger 
load factors, to build a comprehensive lifecycle emission 

assessment framework.
Integrated models typically include the following core 
modules:

1. Activity Database: Integrates AIS data, port call
schedules, and meteorological data (wind speed, wind
direction, wave height).
2. Ship Technical Parameter Database: Contains engine 
configuration, power load requirements, Energy Efficiency 
Design Index (EEDI) reference lines, etc., for different ship 
types and tonnages.
3. Emission Factor Database: Not only considers CO2
but also extends to Black Carbon (BC), Nitrogen Oxides,
etc., and can be dynamically adjusted according to different 
fuels (LNG, Methanol, Ammonia).

A typical integrated model is an "activity-based model." 
For example, a model developed by a renowned shipping 
consultancy uses machine learning algorithms to train 
power prediction models for cruise ships under different 
draft and speed conditions using historical operational data 
[14].

46



Chapter 2: Cruise Ship Carbon Emissions Part I: Theoretical Background

In this model, emissions are expressed as a function of 
speed, draft, weather, and load. For cruise ships, load 
refers not only to cargo but, more importantly, the number 
of passengers (passenger load factor). A fully booked 
cruise ship requires more air conditioning and fresh water 
processing capacity, which directly increases the load on 
auxiliary engines, thereby increasing carbon emissions.

Furthermore, integrated models are often used to
assess the emission reduction potential of alternative 

fuels. For example, by establishing a "Well-to-Wake"
(WTW) analysis model, one can compare the lifecycle 

carbon emissions of traditional HFO, LNG, biofuels, 
and green methanol on cruise ships. Existing research 
indicates that while LNG can reduce direct CO2 emissions 
by about 20%-25%, its climate advantage may be 
weakened if upstream methane leakage is considered 
[15]. This multi-dimensional analysis is impossible for a 
single fuel consumption or power method to accomplish 
independently.

To more intuitively demonstrate the characteristics and 
applicable scenarios of different calculation methods, Table 
2-2 provides a comparative summary.

Table 2-2

Comparison of Cruise Ship Carbon Emission Calculation Methods
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In practical applications, these three methods are often
complementary. For instance, when formulating the 

EU MRV regulation, the fuel consumption-based method 
is adopted to ensure the authenticity and verifiability 
of data; whereas, when conducting port environmental 
impact assessments, researchers tend to use power-based or 
integrated models to simulate emission peaks during cruise 
ship entry and exit. For cruise companies, using integrated 
calculation models for "digital twin" simulation has become 
an important means to optimize energy management and 
reduce CII rating risks.

With the introduction of big data and artificial intelligence 
technologies, future carbon emission calculation models 
will become more intelligent. Through deep learning of 
historical operational data from thousands of cruise ships, 
models will be able to more accurately predict carbon 
emission levels under different itineraries and seasons, 
thereby providing a quantitative basis for cruise companies 
to formulate more scientific emission reduction strategies.
Meanwhile, with the pilot application of green fuels (such 
as green ammonia and hydrogen), the emission factor 
database will also continue to iterate and update to meet the 
demands of energy transition.
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2.3 Data Collection and Management

The calculation methodologies and emission models discussed in the previous sections provide the theoretical framework 
for quantifying cruise ship carbon emissions. However, the reliability and accuracy of these models are fundamentally 
constrained by the quality of the input data—a principle often encapsulated in computer science as constrained by the 
quality of input data, adhering to the principle that output quality is dependent on input quality. In the context of maritime 
decarbonization, data collection and management form the critical backbone of regulatory compliance, such as the IMO 
Data Collection System (DCS) and the EU Monitoring, Reporting, and Verification (MRV) Regulation. For cruise ships, 
which possess complex operational profiles involving both propulsion and hotel services, the data collection process is 
multifaceted, encompassing high-frequency navigation data, granular fuel consumption records, and rigorous validation 
protocols to ensure data integrity.

Ship navigation data serves as the primary input for
determining the operational context of emissions, 

specifically for "bottom-up" calculation models based 
on engine power. Unlike cargo ships, where the load 
factor is primarily determined by cargo weight, cruise 
ship emissions are heavily influenced by itinerary design, 
sailing speed, and time spent in specific navigation zones 
(e.g., Emission Control Areas). The collection of this data 
has evolved significantly with the advent of the Automatic 
Identification System (AIS).

AIS data is currently the industry standard for capturing 
vessel movement. It transmits dynamic information, 
including the ship's position (latitude and longitude), speed 
over ground (SOG), course over ground (COG), heading, 
and navigation status (e.g., "underway," "at anchor," 
or "moored"), at intervals typically ranging from a few 
seconds to several minutes depending on the vessel's speed 
and turn rate [16]. For researchers and regulators, this 
high-resolution temporal and spatial data allows for the 
reconstruction of a ship's trajectory with high precision. By 
analyzing the SOG and the navigational status, analysts can 
partition the voyage into distinct phases: deep-sea cruising, 
coastal maneuvering, port approach, and hotelling (berthed). 
This segmentation is crucial because the carbon intensity of 
these phases varies significantly; for instance, the hotelling 
phase, while often occurring at zero speed, generates 
significant auxiliary engine load for air conditioning and 
lighting, contributing disproportionately to localized 
emissions in port cities.

Beyond AIS, modern cruise ships are equipped with 
sophisticated Integrated Bridge Systems (IBS) that record a 

2.3.1 Ship Navigation Data

more granular set of navigation parameters. These include 
draft (fore and aft), which is essential for calculating hull 
resistance and displacement; wind speed and direction, 
which affect the aerodynamic drag and engine load; and 
sea state data, which influences the vessel's seakeeping 
performance and fuel efficiency [17]. While this data is 
critical for advanced ship performance monitoring systems, 
it is not always mandatory for regulatory reporting under 
basic DCS or MRV frameworks. However, leading cruise 
companies utilize this enriched dataset internally for 
"Voyage Optimization" software. These systems analyze 
historical and real-time navigation data to recommend 
optimal routing and speed profiles (Just-In-Time arrival) to 
minimize fuel consumption. The integration of navigation 
data with engine performance logs allows for a cross-
verification mechanism; discrepancies between the 
expected power demand at a certain speed and the actual 
fuel consumed can trigger maintenance alerts or highlight 
potential data anomalies.

Furthermore, the management of navigation data
involves addressing challenges related to data gaps 

and noise. AIS signals can be lost in coastal areas with 
poor terrestrial coverage or due to signal interference. To 
ensure a continuous dataset for emission calculations, 
data management protocols often employ interpolation 
algorithms or fuse AIS data with other positioning sources 
like Long Range Identification and Tracking (LRIT) data or 
proprietary satellite tracking services. This ensures that the 
emission inventory for a specific voyage remains complete 
and auditable, satisfying the stringent data completeness 
requirements of regulatory bodies like the European 
Maritime Safety Agency (EMSA).
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While navigation data provides the context, fuel
consumption records serve as the direct quantifier 

of emissions in mass-based calculation methods. The 
collection of fuel data in the cruise industry is governed 
by strict international standards that prioritize traceability 
and transparency. Two primary sources constitute the fuel 
consumption record framework: Bunker Delivery Notes 
(BDN) and onboard fuel oil metering systems.

The Bunker Delivery Note (BDN) is the legal document 
for fuel transfers. Under IMO regulations, every bunker 
delivery must be accompanied by a BDN detailing the 
fuel type, quantity, density, sulfur content, and calorific 
value [18]. For cruise ships, which may refuel in various 
global ports, BDNs are the primary source of data for the
"fuel-based method" described in Section 2.2.1. They 
provide a physical inventory check that is often used as the 
baseline for verifying the ship's reported fuel consumption. 
However, BDNs only capture the total fuel added to the 
ship's tanks, not the fuel consumed during specific voyage 
segments. To bridge this gap, operators must maintain 
robust tank sounding records. Tank sounding involves 
measuring the level of fuel in storage tanks using gauges 
(manual or electronic) and converting this volume into 
mass using temperature-corrected density tables. The 
difference in tank levels between the start and end of a 
reporting period, adjusted for bunkers received, yields the 
fuel consumption.

In recent years, there has been a shift towards direct 
flow metering to improve accuracy. Fuel Flow Meters 
(FFM) installed on the supply lines to engines and boilers 
provide real-time measurement of the actual mass of fuel 
combusted. This is particularly relevant for cruise ships 
because of the variety of engines in use—main engines 
for propulsion and auxiliary engines for power generation. 
Advanced data management systems aggregate data 
streams from multiple FFMs, allowing for the segregation 
of fuel consumption by engine type and operational mode 
[19]. For instance, a ship can now report exactly how much 
fuel was used by the main engines during transit versus 

2.3.2 Fuel Consumption Records

how much was used by the auxiliary engines while berthed 
in Miami or Barcelona.

Managing this data requires standardized electronic
logging systems. Paper logbooks are increasingly 

being replaced by approved electronic record books 
(e-logbooks). These systems not only reduce the risk of 
human error in data entry but also facilitate the automated 
generation of the reports required by the EU MRV and 
IMO DCS. The data management system must handle 
different fuel types, including Heavy Fuel Oil (HFO), 
Marine Gas Oil (MGO), and increasingly, Liquefied 
Natural Gas (LNG). For LNG-fueled cruise ships, data 
collection is more complex as it involves monitoring 
volume flow, temperature, and pressure to calculate energy 
content in megajoules, rather than just mass in metric tons, 
requiring specialized sensors and conversion factors [20]. 
This heterogeneity of fuel types necessitates a flexible yet 
rigorous data architecture capable of handling diverse unit 
systems and conversion protocols.

The transition from raw data collection to verified,
actionable information is achieved through a rigorous 

process of data validation and accuracy assurance. Given 
the financial implications of carbon trading (e.g., under 
EU ETS) and the reputational risks associated with 
greenwashing, the integrity of reported data is paramount. 
The validation process typically follows a tiered approach 
involving internal verification, external audits, and 
regulatory oversight.

Data validation begins at the source with quality control 
(QC) checks. Automated algorithms within the ship's 
data management system scan for outliers and logical 
inconsistencies. For example, a reported fuel consumption 
rate that exceeds the maximum possible flow rate of the 
installed fuel pumps would trigger an automatic error flag. 
Similarly, navigation data indicating a speed impossible for 
the ship's hull form (e.g., 50 knots for a large cruise liner) 
would be rejected or flagged for manual review [21]. These 
plausibility checks are the first line of defense against data 
corruption caused by sensor malfunction or transmission 
errors.

2.3.3 Data Validation and Accuracy

50



Chapter 2: Cruise Ship Carbon Emissions Part I: Theoretical Background

Table 2-3 

Hierarchy of Cruise Ship Emission Data Management
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The next level of validation involves reconciliation
between different data streams. Regulators require 

a cross-check between the fuel consumption calculated 
from tank soundings (inventory method) and the 
consumption calculated from flow meters (direct method). 
If the variance between these two figures exceeds a pre-
determined threshold (often set at around 5% depending on 
the regulation), the discrepancy must be investigated and 
explained in the monitoring plan [22]. This reconciliation 
is crucial for ensuring that the reported emissions are not 
under-reported, which would carry significant penalties.

Finally, independent verification is conducted by accredited 
third-party verifiers, known as Recognized Organizations 
(ROs) or Designated Verifiers. Under the EU MRV 
Regulation, these verifiers assess the ship's Monitoring 
Plan and audit the annual emission report before it is 

submitted to the European Commission. The verification 
process includes examining the calibration certificates 
for flow meters, reviewing the BDNs, and inspecting the 
methodology used for estimating missing data [23]. The 
concept of "uncertainty assessment" is central to this phase. 
Verifiers evaluate the uncertainty levels associated with 
the measurement equipment and calculation methods. For 
instance, flow meters generally have lower uncertainty (+/- 
1%) compared to tank dipping methods (+/- 3-5%) [24]. 
Consequently, validated emission reports often come with 
an accompanying statement of uncertainty, providing a 
statistical confidence interval for the reported figures.

summarizes the hierarchy of data sources, collection 
mechanisms, and validation protocols commonly 
employed in the cruise industry.
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2.4 Emission Monitoring Methods

While data collection focuses on the historical record of fuel use and movement, emission monitoring methods represent the 
active, often real-time, observation of pollutants being released into the atmosphere. The distinction is critical: data collection 
is retrospective and accounting-based (how much did we burn?), whereas monitoring is prospective and observational-
based (what are we emitting right now?). As regulatory pressures increase and stakeholder scrutiny intensifies, the cruise 
industry is adopting a blend of onboard, port-based, and remote monitoring technologies to gain a comprehensive view of 
its environmental footprint.

Real-time voyage monitoring represents the cutting
edge of maritime emissions management. It involves 

the continuous measurement of exhaust gases during the 
ship's operation, providing instantaneous feedback that 
can be used for immediate operational adjustments or 
compliance checking. This category encompasses onboard 
Continuous Emission Monitoring Systems (CEMS), 
remote sensing from satellites, and the use of Unmanned 
Aerial Vehicles (UAVs).

Onboard CEMS is the most direct form of monitoring. 
Although currently more prevalent in the power generation 
industry, CEMS is gaining traction in the maritime sector, 
particularly for vessels operating in stringent Emission 
Control Areas (ECAs) or those powered by alternative 
fuels where specific pollutant ratios need to be monitored to 
ensure engine efficiency and safety [25]. A CMS installed 
on a cruise ship typically draws a sample from the exhaust 
stack and analyzes it using sensors for Carbon Dioxide 
(CO2), Carbon Monoxide (CO), Nitrogen Oxides (NOx), 
Sulfur Dioxide (SO2), and Particulate Matter (PM). 
Advanced systems utilize optical technologies such as 
Non-Dispersive Infrared (NDIR) spectroscopy for CO2 
detection or Differential Optical Absorption Spectroscopy 
(DOAS) for gas analysis. The data generated is fed into 
the ship's automation system, allowing the Chief Engineer 
to correlate emission spikes with specific engine loads or 
combustion inefficiencies. For LNG-powered cruise ships, 
real-time monitoring of methane slip (unburned methane) 
is becoming a priority, as methane has a significantly higher 
global warming potential than CO2 [26]. While regulatory 
mandates for onboard methane monitoring are still being 
developed, proactive operators are utilizing these sensors to 
validate the performance of their dual-fuel engines.
Beyond the physical ship, satellite-based remote sensing 

2.4.1 Real-time Voyage Monitoring

has emerged as a powerful tool for monitoring emissions 
on a global scale. Satellites equipped with high-resolution 
spectrometers, such as the TROPOspheric Monitoring 
Instrument (TROPOMI) on the Sentinel-5P satellite, can 
measure the concentration of trace gases in the atmosphere. 
By observing the "plumes" of NO2 or CO2 trailing behind 
ships, researchers can estimate the emissions of vessels, 
even in the middle of the ocean where no monitoring 
infrastructure exists [27]. Studies have demonstrated the 
feasibility of using this data to detect violations of fuel 
sulfur content limits by observing SO2 spikes, and similar 
techniques are being refined for CO2 quantification. This 
"top-down" approach provides a critical check on the 
"bottom-up" self-reporting data described in Section 2.3. 
For the cruise industry, which operates in open oceans 
as well as coastal zones, satellite monitoring means that 
emissions are visible regardless of the location, removing 
the possibility of hiding non-compliance activities in 
international waters.

A dditionally, Unmanned Aerial Vehicles (UAVs)
or drones are increasingly used for localized real-

time monitoring. Port authorities or regulatory agencies 
may deploy drones to sample the exhaust plume of a 
ship as it enters or leaves port. These drones can fly close 
to the funnel, capturing air samples and measuring gas 
concentrations with high spatial precision. This method has 
been used in pilot programs to verify the sulfur content of 
fuel being used by ships, and the technology is adaptable 
for CO2 monitoring as sensor miniaturization improves 
[28]. For cruise ships, which frequently dock in densely 
populated coastal cities, drone monitoring offers a non-
intrusive way for authorities to ensure compliance with 
local air quality regulations without disrupting the ship's 
schedule.
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Port-based monitoring provides a distinct perspective,
focusing on emissions where the impact on human 

health and local air quality is most acute: the port interface. 
Given that cruise ships spend a significant portion of their 
time in port (often 10-12 hours per call) running auxiliary 
engines to support hotel loads, monitoring these emissions 
is a priority for port authorities and municipalities.

Fixed monitoring stations are the backbone of port-based 
monitoring networks. These stations, similar to urban air 
quality stations, are strategically located around the port 
perimeter, on piers, or on nearby high-rise buildings. They 
are equipped with analyzers that continuously measure 
the concentrations of criteria pollutants. To attribute these 
pollutants to specific ships, the data is often correlated 
with AIS data and meteorological wind models [29]. For 
example, if a monitoring station detects a spike in NO2 
levels coinciding with the arrival of a large cruise ship 
and the wind direction is blowing from the dock to the 
station, the emissions can be attributed to that specific 
vessel. Advanced networks use "sniffer" technology—
sensors placed on fixed infrastructure like buoys or bridge 
pylons that measure the chemical signature of the ship's 
exhaust as it passes by. The European Maritime Safety 
Agency (EMSA) has deployed a fleet of drones equipped 
with "sniffer" sensors across major EU ports to verify the 
sulfur compliance of ships, a methodology that effectively 
complements the fixed stations [30].

Another critical aspect of port-based monitoring is the 
management of Shore Power (Shore Power). When 

2.4.2 Port-based Monitoring

a cruise ship connects to the local electrical grid, its 
auxiliary engines shut down, theoretically eliminating local 
emissions. Monitoring in this context shifts from measuring 
exhaust gases to monitoring electrical parameters. Smart 
meters at the shore connection point measure the kilowatt-
hours (kWh) of electricity drawn by the ship. This data 
is used for billing and for calculating the "avoided 
emissions"—the amount of CO2 that was not emitted 
because the ship used grid power instead of burning fuel 
[31]. However, the accuracy of this "avoidance" calculation 
depends on the carbon intensity of the local grid. Therefore, 
port-based monitoring systems must integrate both the 
electrical load data of the ship and the real-time carbon 
intensity factor of the regional power grid to provide a true 
environmental account.

Furthermore, port communities are increasingly adopting 
data platforms that aggregate monitoring data from various 
sources—ships, trucks, yard equipment—to create a 
holistic "Port Emission Inventory." This allows port 
authorities to identify the main contributors to the port's 
carbon footprint and evaluate the effectiveness of mitigation 
measures such as low-sulfur fuel mandates or shore power 
incentives. For cruise ports, which act as logistic hubs and 
tourist destinations, this integrated monitoring is essential 
for maintaining their "social license to operate" amidst 
growing environmental concerns from local communities.

compares the characteristics and applications 
of real-time voyage monitoring versus port-
based monitoring：
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Table 2-4

Comparison of Emission Monitoring Methodologies

In conclusion, the convergence of advanced data
collection techniques and sophisticated monitoring 

technologies is providing an providing enhanced visibility 
level of visibility into cruise ship carbon emissions. While 
the regulatory framework sets the targets and the calculation 
methods provide the estimates, it is the rigorous validation 
of data and the real-world observations from monitoring 

systems that hold the industry accountable. As the industry 
moves toward net-zero targets, these systems will evolve 
from mere compliance tools to integral components of 
operational decision-making, enabling cruise lines to 
optimize their energy usage in real-time and transparently 
demonstrate their progress to a watching world.

55

Source: Author's own elaboration



Chapter 2: Cruise Ship Carbon Emissions Part I: Theoretical Background

2.5 Emission Reduction Technologies (Under the Current Fossil Fuel 
System)

The previous sections have established the rigorous regulatory landscape, the methodologies for calculation, and the 
critical importance of data collection and monitoring in managing cruise ship emissions. While these frameworks provide 
the necessary oversight, the tangible reduction in carbon dioxide (CO2) emissions ultimately depends on the deployment 
of effective technologies and operational strategies. As the maritime industry navigates the transition toward zero-carbon 
fuels, the immediate focus for the existing fleet—and new builds currently under construction—remains on maximizing 
efficiency and integrating transitional technologies within the current fossil fuel paradigm. This section explores the primary 
technological avenues being pursued by the cruise industry to reduce emissions: energy efficiency improvements, the 
application of alternative energy sources (including transitional fuels and electrification), and the emerging role of carbon 
capture and storage (CCS).

Energy efficiency measures are often regarded as the
most immediate and cost-effective measures in the 

decarbonization pathway. These measures aim to reduce 
the amount of fuel energy required to propel the ship and 
support its hotel operations without necessarily altering 
the fuel type itself. For cruise ships, which have a unique 
high-energy demand profile due to extensive hotel loads, 
efficiency improvements are applicable to both the hull/
propulsion system and the onboard auxiliary power plant.

Hull and Propulsion Optimization
The hydrodynamic performance of a cruise ship is a 
primary determinant of its fuel efficiency. Resistance acting 
on the hull, encompassing frictional resistance, wave-
making resistance, and air resistance, must be overcome by 
the thrust generated by the propellers. To minimize these 
forces, naval architects are increasingly turning to advanced 
hull form optimizations. Computational Fluid Dynamics 
(CFD) analysis allows for the design of bow shapes that 
reduce wave-making resistance at cruising speeds, a critical 
factor for vessels that spend the majority of their voyage at 
constant velocity [32].
One of the most widely adopted retrofit technologies in 
this domain is the air lubrication system. This system 
works by pumping a thin layer of micro-bubbles across 
the flat bottom of the vessel's hull. This layer of air 
reduces the frictional resistance between the hull and the 
water. While the theoretical savings can reach up to 10-
15%, practical trials on large cruise ships, such as those 
conducted by Princess Cruises and MSC Cruises, have 

2.5.1 Energy Efficiency Improvements

demonstrated consistent fuel savings of approximately 5% 
to 8% depending on the vessel's speed and sea state [33]. 
The system is particularly effective for cruise ships due 
to their large flat-bottomed areas, which facilitate an even 
distribution of the air carpet.

Another critical area of focus is the propulsion system 
itself. Modern cruise ships, particularly those operating in 
environmentally sensitive areas, are increasingly equipped 
with azimuth thrusters or podded propulsion systems 
(e.g., ABB Azipod). These units can rotate 360 degrees, 
optimizing thrust vectoring and improving maneuverability, 
which significantly reduces the time and fuel spent during 
port approaches and departures. Furthermore, the recovery 
of waste heat from the exhaust gases to generate electricity 
for the hotel load via Organic Rankine Cycle (ORC) or 
conventional steam turbines is becoming a standard feature 
on new builds. This Waste Heat Recovery (WHR) systems 
utilize thermal energy that would otherwise be lost to the 
atmosphere, thereby lowering the load on the auxiliary 
generators and reducing overall fuel consumption [34].   

Operational Measures and Weather Routing
Beyond hardware, significant emission reductions can be 
achieved through software-driven operational measures. 
Weather routing systems utilize meteorological data 
and ocean current analysis to plot courses that minimize 
adverse weather encounters. By avoiding heavy headwinds 
and utilizing favorable currents, a ship can maintain its 
required arrival time while reducing engine power output. 
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This "slow steaming" strategy, while already common 
in container shipping, presents a unique challenge for 
the cruise industry due to fixed itineraries and passenger 
expectations. However, advanced voyage optimization 
software allows for "flexible arrival times," adjusting 
speed slightly to save fuel without impacting the passenger 
experience. For instance, reducing speed by just 1 knot 
can yield a reduction in fuel consumption of nearly 3% 
due to the cubic relationship between speed and power 
requirements (the Admiralty Law).     

Auxiliary Load Management
Given that hotel operations account for a significant portion 
of a cruise ship's energy demand—sometimes exceeding 
50% while in port—optimizing the auxiliary engine load 
is vital. Energy efficiency measures in this domain include 

the installation of variable frequency drives (VFD) on large 
pumps and fans. Traditionally, centrifugal pumps and fans 
run at constant speed, with flow regulated by throttling 
valves or dampers, which is highly inefficient. VFDs allow 
the motor speed to match the actual demand, reducing 
electrical energy consumption by up to 30-40% for 
specific machinery like HVAC fresh air fans and cooling 
water pumps [35]. Furthermore, comprehensive LED 
lighting retrofits across the vessel, from public decks to 
passenger cabins, have become standard practice, reducing 
the electrical load compared to legacy incandescent or 
fluorescent lighting systems.

outlines the energy efficiency technologies discussed, their 
mechanism of action, and typical fuel savings, illustrating 
the cumulative potential of these measures.

Table 2-5

Energy Efficiency Technologies in Cruise Shipping
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While efficiency measures reduce the demand for
energy, the application of alternative energy sources 

aims to decarbonize the energy supply itself. Under the 
current fossil fuel system, this primarily involves the 
use of transitional alternative fuels and the integration of 
electrification to reduce reliance on traditional heavy fuel 
oil (HFO) and marine gas oil (MGO).

Liquefied Natural Gas (LNG)
Liquefied Natural Gas (LNG) currently represents the 
most mature alternative fuel for deep-sea shipping. LNG 
significantly reduces local air pollutants, eliminating sulfur 
oxides (SOx) and particulate matter (PM) almost entirely, 
and reducing Nitrogen Oxides (NOx) by up to 85%. From 
a climate perspective, LNG offers a reduction in CO2 
emissions of approximately 20% to 25% compared to 
conventional marine fuels on a combustion basis [36]. This 
reduction is significant enough to improve a vessel's Carbon 
Intensity Indicator (CII) rating and ensure compliance with 
upcoming regulations such as FuelEU Maritime.

Cruise lines have been at the forefront of LNG adoption. 
Carnival Corporation’s "Excel-class" ships and MSC 
Cruises’ "World-class" and "Seaside EVO-class" are 
powered by LNG. These vessels feature massive insulated 
tanks capable of storing the fuel at -162°C. However, the 
"green" credentials of LNG are subject to the "methane 
slip" phenomenon. This occurs when unburned methane 
escapes the engine; since methane has a global warming 
potential (GWP) over 80 times greater than CO2 over a 
20-year period, even small slip rates can negate the CO2 
benefits. To mitigate this, cruise operators are increasingly 
selecting modern, low-pressure dual-fuel (X-DF) engines 
specifically designed to minimize methane slip, thereby 
maximizing the climate benefits of the transition [37].

Biofuels and Synthetic Blends
Biofuels offer a promising "drop-in" solution that requires 
minimal modifications to existing engine infrastructure. 
Fatty Acid Methyl Ester (FAME) and Hydrotreated 
Vegetable Oil (HVO) are derived from biomass or waste 
oils and can be blended with traditional marine fuels. In 
recent years, major cruise lines have conducted successful 
trials using 100% biofuel blends. For example, Royal 
Caribbean Group and MSC Cruises have tested biofuels 

2.5.2 Alternative Energy Applications

derived from used cooking oil in European ports. These 
fuels are considered nearly carbon-neutral on a lifecycle 
basis because the carbon released during combustion was 
originally absorbed from the atmosphere by the biomass 
feedstock [38].

Furthermore, the concept of e-fuels (electro-fuels), such as 
green methanol or e-ammonia produced using renewable 
electricity, is gaining traction. While these fuels are 
not yet widely available for deep-sea cruise operations 
due to infrastructure constraints, they are the focus of 
intense R&D. Some new builds are being prepared to be 
"methanol-ready," meaning their engines and fuel tanks are 
designed to be convertible to methanol in the future once 
the supply chain matures.

Shipboard Electrification and Hybrid 
Systems
Battery hybridization is increasingly being integrated 
into cruise ship power plants to handle peak shaving and 
improve efficiency. Large cruise ships have highly variable 
electrical loads. During maneuvering in port or when the 
acceleration of propulsion motors creates a sudden spike 
in power demand, auxiliary engines often run at inefficient 
loads. By installing a battery bank, the vessel can supply the 
peak power from the batteries, allowing the generators to 
run at a steady, optimal load, thereby reducing specific fuel 
oil consumption.

Additionally, batteries are essential for the operation of 
"zero-emission zones" while docked in sensitive areas. 
While shore power is the primary solution for hotelling 
emissions, batteries can provide the necessary power for 
brief periods where shore power is unavailable, such as 
during anchoring or short transits through fjords [39]. 
Although current battery technology makes full electric 
propulsion impossible for large ocean-going cruise liners 
due to energy density limitations, the integration of energy 
storage systems significantly optimizes the existing fossil 
fuel plant's efficiency. The "Hurtigruten Norway" hybrid 
ships represent a leading example of this application in the 
expedition cruise sector, using battery packs to supplement 
diesel engines.
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Solar and Wind Technologies
The application of renewable energy sources such as solar 
and wind on cruise ships is currently supplementary but 
growing. Solar photovoltaic (PV) panels are increasingly 
being installed on unused deck spaces. While the power 
generated—typically a few hundred kilowatts for a large 
vessel—is negligible compared to the multi-megawatt 
demand of the main engines, it effectively offsets the hotel 
load during daylight hours. Some ships, like the AIDA 
nova, are equipped with over 2,000 square meters of solar 
panels [40]. Wind technologies, such as Flettner rotors or 
rigid wing sails, are more challenging to implement on 
cruise ships due to the need for unobstructed deck space for 
passenger activities and the interference with navigation. 
However, concept ships utilizing suction wings are being 
explored for future expedition vessels where deck space is 
less utilized for passenger amenities.

While energy efficiency and alternative fuels address 
the source of emissions, Carbon Capture and 

Storage (CCS) technologies tackle the problem "end-of-
pipe." CCS involves capturing CO2 from the ship's exhaust 
gas, liquefying it, and storing it onboard for later offloading 
at a port. For the existing fleet of fossil-fueled cruise ships, 
CCS is emerging as a critical technology that could bridge 
the gap to the 2050 net-zero targets without requiring 
immediate engine replacement or fuel infrastructure 
overhaul.

Post-Combustion Capture Technologies
The primary technology being investigated for maritime 
applications is post-combustion capture using amine 
scrubbing. In this process, exhaust gas from the engines is 
passed through an absorber tower where a liquid solvent 
(typically an amine solution) chemically binds with the 
CO2. The "cleaned" gas, now stripped of up to 90% of 
its CO2, is released into the atmosphere. The CO2-rich 

2.5.3 Carbon Capture and Storage

solvent is then pumped to a stripper tower, where heat is 
applied to break the bond, releasing a stream of pure CO2 
[41]. The main challenges of applying this on ships are the 
space requirements of the absorption towers and the energy 
required to regenerate the solvent.

On a cruise ship, occupying volume with CCS tanks 
directly competes with passenger cabins and revenue-
generating public spaces. Therefore, modular and compact 
system designs are essential. Recent pilot projects, such as 
the collaboration between Wärtsilä, Solvang, and others, 
have tested rotating packed bed technology to reduce the 
footprint of the absorber. Furthermore, the "energy penalty" 
of CCS is a significant factor; capturing carbon requires 
substantial heat, usually derived from burning extra fuel. 
Studies indicate that while CCS can achieve significant 
capture rates, the associated energy consumption reduces 
the net fuel efficiency of the vessel, requiring a careful 
balance between capture volume and operational cost.

Conclusion and Transition
In summary, the emission reduction technologies under the 
current fossil fuel system—ranging from hull modifications 
like air lubrication to waste heat recovery and carbon 
capture—provide essential incremental improvements 
in energy efficiency. These measures are crucial for 
complying with near-term regulations such as EEXI 
and CII. However, it is critical to recognize that these 
technologies, while effective in optimizing the existing 
combustion paradigm, have physical and thermodynamic 
limits. They cannot achieve the magnitude of CO2 
reduction required to meet the ambitious 2050 net-zero 
targets. Therefore, while efficiency optimization serves as 
a vital bridge, it is not the destination. To fundamentally 
decarbonize the cruise industry, a transition beyond fossil-
based efficiency measures is required. This necessitates 
a shift toward radical fuel alternatives and new energy 
infrastructures, which will be explored in the following 
chapter.
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Table 2-6

Pros and Cons of Carbon Capture Systems on Cruise Ships
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2.6 Chapter Summary

This chapter has provided a comprehensive analysis
of the multi-dimensional framework governing 

cruise ship carbon emissions. It began by establishing 
the international and regional regulatory environment in 
Section 2.1, highlighting the driving forces of the IMO's 
decarbonization strategy, EU ETS, and CII ratings. These 
regulations have transformed carbon emission from a 
voluntary corporate social responsibility metric into a hard 
operational constraint.

To navigate this new regulatory landscape, accurate 
measurement is indispensable. Sections 2.2 and 2.3 delved 
into the technicalities of quantifying emissions. The chapter 
contrasted the broad applicability of fuel consumption-
based methods with the granular detail provided by engine 
power-based and integrated models. It further emphasized 
that the reliability of these models is entirely dependent 
on robust data management systems—specifically the 
integration of AIS navigation data and rigorous fuel 
consumption records, validated through sophisticated cross-
checking and verification protocols.

Section 2.4 expanded the focus from historical data to 
real-time accountability, examining the role of continuous 
emission monitoring systems (CEMS), satellite remote 

sensing, and port-based monitoring. These technologies 
ensure transparency and enable immediate operational 
adjustments, bridging the gap between theoretical 
calculation and actual environmental performance.

Finally, Section 2.5 addressed the technological solutions 
available to the industry to reduce emissions within the 
context of current fossil fuel dependence. It detailed the 
spectrum of strategies ranging from energy efficiency 
measures—such as air lubrication and waste heat 
recovery—to the adoption of transitional fuels like 
LNG and biofuels, and the futuristic potential of carbon 
capture and storage. The analysis suggests that there is 
no "silver bullet"; rather, a synergistic application of these 
technologies is required.

Inconclusion, the pathway to decarbonization for
the cruise industry involves a complex interplay 

of stringent policy, advanced data analytics, and multi-
faceted engineering solutions. While the regulatory 
framework provides the necessary push, the technologies 
discussed in this chapter provide the mechanism for 
change. As the industry moves towards the 2050 net-zero 
horizon, the convergence of these elements will determine 
the sustainability and viability of the global cruise sector.
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Chapter 3: Comparative Analysis of New Energy Sources 
for Cruise Ships
3.1 Traditional and New Energy Systems

The maritime industry, specifically the cruise sector, is currently navigating a pivotal transformation in propulsion and power 
generation architectures. This transition is driven by a convergence of stringent regulatory frameworks, environmental 
imperatives, and rapid technological advancements. To understand the trajectory of future cruise ship design, it is essential 
to establish a baseline by examining traditional fossil fuel systems and contrasting them with the emerging portfolio of 
alternative energy solutions.

For over a century, the maritime sector has relied
predominantly on heavy fuel oil (HFO) and 

marine diesel oil (MDO). In the context of large cruise 
ships, the dominant architecture has traditionally been 
the diesel-electric propulsion system. Unlike standard 
cargo vessels that may utilize direct mechanical 
drive, cruise vessels require high flexibility in power 
management to satisfy hotel load demands—heating, 
ventilation, air conditioning (HVAC), lighting, and 
entertainment—which often account for more than 
50% of the total power consumption [1].

In a traditional diesel-electric setup, high-speed or 
medium-speed auxiliary auxiliary diesel generators 
burn fossil fuels to produce electricity. This electricity 
is distributed via switchboards to propulsion electric 
motors driving azimuth thrusters or podded propulsion 
units, as well as to the hotel loads. While this system 
offers operational flexibility and redundancy, it is 
heavily reliant on hydrocarbons.

Figure 3-1

Real photo of the podded thruster (ABB Azipod)

3.1.1 Traditional Fossil Fuel Systems

Chapter 3: Comparative Analysis of New Energy Sources for Cruise Ships          Part I: Theoretical Background

64

Source: ABB official website



Chapter 3: Comparative Analysis of New Energy Sources for Cruise Ships           Part I: Theoretical Background

The limitations of traditional fossil fuels have catalyzed 
the exploration of alternative energy vectors. The 

emerging energy landscape for cruise ships is diverse, 
ranging from drop-in replacements for internal combustion 
engines to radical shifts in propulsion architecture. These 
solutions can be broadly categorized into gaseous fuels, 
electrochemical storage, synthetic fuels, and nuclear power.

The technical challenges associated with traditional fossil 
fuels primarily revolve around emissions. The combustion 
of HFO and MDO produces significant levels of carbon 
dioxide (CO2), sulfur oxides (SOx), nitrogen oxides (NOx), 
and particulate matter (PM). Historically, the industry relied 
on Heavy Fuel Oil (HFO) due to its economic advantages, 
but its high sulfur content (up to 3.5% prior to IMO 2020) 
necessitated the use of abatement technologies such as 
Exhaust Gas Cleaning Systems (EGCS), commonly 
known as scrubbers, or a switch to low-sulfur fuels [2].

While scrubbers and Selective Catalytic Reduction (SCR) 
systems can mitigate SOx and NOx respectively, they do 
not address CO2 emissions, which are the primary driver 
of global warming in the maritime sector. Furthermore, 
traditional systems face increasing pressure from the 
Carbon Intensity Indicator (CII) and the Energy Efficiency 
Existing Ship Index (EEXI), regulations established by the 
International Maritime Organization (IMO) to measure 
and improve the energy efficiency of existing ships [3]. 
Consequently, while robust and technologically mature, 
traditional fossil fuel systems are increasingly viewed as a 
transitional baseline rather than a long-term solution for the 
cruise industry.

3.1.2 Overview of Emerging Energy Solutions

The primary driver for the adoption of these new 
technologies is the IMO's strategy to reduce greenhouse gas 
(GHG) emissions from international shipping by at least 
50% compared to 2008 levels by 2050, with a net-zero 
target currently under negotiation for the mid-century [4]. 
For the cruise industry, which operates in environmentally 
sensitive areas and coastal regions, the particularly 
significant due to local regulations such as the European 
Union's "Fit for 55" package, which includes maritime 
emissions within the EU Emissions Trading System (ETS) 
[5].

Emerging solutions are not merely fuel substitutions but 
represent systemic changes in ship design. For instance, 
the adoption of Liquefied Natural Gas (LNG) requires 
cryogenic storage tanks and dual-fuel engines capable of 
managing different combustion characteristics. Similarly, 
battery-electric propulsion necessitates advanced power 
electronics and energy management systems to handle 
high-voltage DC distribution. Hydrogen and ammonia, 
while offering zero-carbon potential at the point of use, 
introduce challenges related to storage density, material 
compatibility, and safety protocols that require novel 
engineering solutions [6].

Furthermore, the concept of "shore power" or "cold 
ironing" acts as a bridge technology, allowing ships to 
shut down auxiliary engines while in port. This does not 
replace the main propulsion fuel but significantly reduces 
local emissions in port cities, a critical requirement for 
modern cruise terminals. The integration of these emerging 
technologies is rarely mutually exclusive; the future points 
towards hybridization—combining LNG fuel cells with 
batteries, or using methanol engines supplemented by solar 
panels for hotel loads.
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Figure 3-2

The cruise ship is connected to the high-voltage shore power cable at the quay.
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Figure 3-3

The LNG bunkering vessel is performing a Ship-to-Ship refueling for a large vessel.

3.2 Analysis of New Fuel and Propulsion Technologies (Based on Onboard 
Characteristics)
This section provides a detailed technical analysis of alternative energy sources strictly from the perspective of shipboard 
application. The evaluation focuses on energy density, storage space requirements, safety parameters, and the maturity of 
propulsion integration, excluding supply chain considerations.

LNG represents the most mature alternative fuel technology currently deployed in the cruise sector. Onboard, LNG is stored 
as a cryogenic liquid, primarily methane (CH4), cooled to approximately -162°C, which reduces its volume by a factor of 
600 compared to its gaseous state.

Onboard Storage and Space Utilization
The primary onboard challenge for LNG is cryogenic storage. It requires vacuum-insulated tanks (C-type cylindrical tanks 
or membrane tanks) that occupy significant hull volume. Although LNG has a high volumetric energy density compared to 
other alternative fuels, its tanks are approximately 1.5 to 1.6 times larger than conventional HFO tanks for the same energy 
content [7]. Additionally, the system must manage Boil-Off Gas (BOG)—vaporization caused by heat ingress. Onboard 
management involves either reliquefaction units or using the gas directly in engines, requiring complex piping and safety 
systems that encroach on valuable payload space.

3.2.1 Liquefied Natural Gas (LNG) as a Marine Fuel
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Propulsion Maturity
Cruise ships utilizing LNG employ dual-fuel (DF) engines capable of burning either LNG or Marine Gas Oil (MGO). 
Major engine manufacturers such as Wärtsilä and MAN Energy Solutions have optimized Otto-cycle and Diesel-cycle 
engines for this purpose. The technology is highly mature (TRL 9), offering operational flexibility. From an emissions 
standpoint onboard, LNG eliminates SOx and particulate matter (PM) and reduces NOx by up to 85% [8]. However, the 
"methane slip"—unburnt methane escaping from the engine—remains a technical inefficiency that directly impacts the 
vessel's carbon footprint without requiring shore-side intervention.

Despite its success, LNG is increasingly viewed by some as a transitional fuel rather than the ultimate solution, as it remains 
a fossil fuel and does not achieve the net-zero targets required by 2050 without the use of synthetic LNG (bio-LNG or e-LNG)

Table 3-1

Comparison of Emission Reduction Factors for LNG vs. HFO (Based on Engine Manufacturer Data)
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For cruise ships, battery-electric propulsion is
currently constrained by the fundamental physics of 

electrochemical energy storage.

Energy Density and Space Penalty 
The critical constraint is specific energy. State-of-the-art 
Lithium-ion (NMC or LFP) batteries offer specific energies 
in the range of 150–250 Wh/kg at the cell level. System-
level integration, including housing and cooling, reduces 
this to 100–150 Wh/kg [10]. Compared to heavy fuel oil 
(~11,500 Wh/kg), batteries have an energy density less 
than 2% of liquid fuels. Consequently, a pure electric cruise 
ship capable of transoceanic travel would require batteries 
occupying 40-50 times the volume of fuel tanks, rendering 

3.2.2 Battery-Electric Propulsion

Table 3-2

Comparison of Marine Battery Technologies

it commercially unviable for large vessels.

Onboard Operational Functions 
Despite range limitations, batteries serve critical onboard 
functions:
1.Peak Shaving: They buffer variable hotel loads (e.g., 
HVAC, thrusters), allowing generators to run at optimal 
efficiency.
2.Spinning Reserve: They provide instant electrical
backup, eliminating the need to run a redundant generator
solely for safety.
3.Zero-Emission Maneuvering: They enable silent,
emission-free operation in ports or sensitive fjords for
limited durations [11].
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M ethanol and biofuels are advantageous for
shipboard operations due to their physical state as 

liquids at ambient conditions.

Methanol Storage and Handling 
Methanol (CH3OH) is liquid at ambient temperature 
and pressure, simplifying storage design compared to 
cryogenic fuels. It requires pressurized tanks similar to 
those used for conventional fuels, albeit with approximately 
double the volume for the same energy content compared 
to HFO [13]. While the volumetric penalty exists, the 
elimination of cryogenic insulation allows for more flexible 
tank placement within the hull. Technically, methanol 
is corrosive to certain metals and elastomers, requiring 

3.2.3 Methanol and Biofuel Options

specific material choices for fuel pipes and tanks. However, 
its handling risks are well-understood, and it burns cleaner 
than fossil fuels with virtually no SOx or PM.

Biofuels as "Drop-in" Options 
Biofuels (FAME and HVO) are chemically similar to fossil 
diesel and can be stored in existing fuel tanks with minimal 
modification. From an onboard perspective, they offer the 
highest ease of integration. HVO (Hydrotreated Vegetable 
Oil) is particularly stable and clean. The primary onboard 
consideration is fuel stability management to prevent 
microbial growth, a standard engineering challenge that 
does not require new infrastructure [16].
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Comparison of Marine Battery Technologies
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Hydrogen and ammonia represent the frontier of zero-
carbon onboard energy, offering distinct trade-offs 

between storage volume and safety.

Hydrogen Fuel Cells 
Hydrogen has the highest specific energy by mass (~120 
MJ/kg), roughly three times that of diesel, but it has a very 
low volumetric energy density, even when liquefied or 
compressed.
• Storage: Onboard storage requires either 350-700 bar

compressed gas cylinders or cryogenic liquid hydrogen 
(LH2, -253°C). LH2 tanks require heavy vacuum

3.2.4 Hydrogen and Ammonia Fuels

Figure 3-4

ship  Hydrogen fuel cell

insulation and significant safety buffers. To power a 
large cruise ship, the volume of LH2 storage would 
be substantial, impacting passenger capacity.

• Application: The “Viking Neptune “and other ships 
in Viking's fleet have been equipped with a small-
scale hydrogen fuel cell system (approximately
100-200 kW). This is currently used for "off-grid" 
power generation during port calls or to power the
hotel load silently, rather than for main propulsion.
This pilot project highlights the technology's current 
limitation: scalability. To power a 60 MW cruise
ship via hydrogen would require an impractical
volume of storage with current tank technology [17].
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Ammonia: High Density, High Risk
Ammonia (NH3) offers a storage advantage over hydrogen. 
It can be stored as a liquid at mild pressures (10 bar) or 
refrigerated at -33°C, requiring less volume than hydrogen.

• Onboard Risks: The primary barrier for cruise
ships is toxicity. Ammonia is lethal to humans at
low concentrations (300 ppm). In a confined space
like a ship engine room or passenger area, a leak
would present an immediate threat to life. Unlike
hydrogen, which dissipates rapidly, ammonia gas is
heavier than air and tends to accumulate in lower deck 
spaces, posing a severe threat to passenger and crew
safety. Furthermore, ammonia combustion requires
precise engine tuning to avoid N2O (Nitrous Oxide)
emissions, a potent greenhouse gas [18].
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Figure 3-5

Comparative Analysis Hydrogen vs. Ammonia (Onboard Storage & Safety)
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Table 3-4

Comparative Analysis Hydrogen vs. Ammonia

Nuclear propulsion uses Small Modular Reactors (SMRs) 
to generate heat or electricity.
• Onboard Impact: SMRs offer the ultimate energy

density, eliminating fuel tanks and exhaust stacks
entirely. This frees up massive internal volume for
passenger amenities. However, the reactor requires
a heavily shielded containment vessel, often located

3.2.5 Nuclear Energy Potential

deep in the hull, which impacts the ship's center of 
gravity and structural design [19].

• Safety: While "walk-away safe" designs exist, the
presence of nuclear material necessitates exclusion
zones and complex security protocols that conflict with 
the open, accessible nature of cruise ship design [20].
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Figure 3-6

Design rendering of the Ulstein Thor nuclear-powered concept vessel
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3.3 Comprehensive Assessment Based on Cruise Ship Architecture

The transition to sustainable propulsion requires evaluating energy options based on the unique constraints of cruise ships: 
high power density demand, extremely high value of onboard space, and an rigorous safety standard for passengers. This 
section assesses fuels based on economic impact (space vs. revenue), technical maturity, and safety.

In the cruise industry, space is the primary revenue generator. Any volume 
sacrificed to fuel storage (beyond the baseline of HFO) represents a 

direct loss of potential passenger cabins, restaurants, or entertainment venues.

The "Green Premium" of Space
Alternative fuels generally have lower volumetric energy density than HFO. 
This necessitates larger fuel tanks, reducing the Net Space Ratio (NSR)—a key 
metric of passenger comfort.
• LNG: Requires ~1.6x the tank volume of HFO. In a large vessel, this

could displace 50-100 passenger cabins.
• Methanol: Requires ~2.5x the tank volume of HFO. This significant

spatial penalty must be offset by lower fuel costs or regulatory compliance 
benefits.

• Hydrogen (LH2): Requires ~4x+ the volume of HFO, including
insulation and safety gaps. This is currently prohibitive for mega-cruise
ships [27].

Comparative Analysis of Onboard Space Requirements and Economic Impact     
Note: This conceptual graph illustrates why energy density is the critical 
bottleneck for cruise ship design.

3.3.1 Economic Feasibility and the "Revenue Loss" Factor

"In the cruise industry,
space is the primary revenue 
generator. Any volume sacrificed 
to fuel storage (beyond the baseline 
of HFO) represents a direct loss 
of potential passenger cabins, 
restaurants, or entertainment 
venues."
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Table 3-5

Fuel Volume vs. Cabin Revenue Impact]

The readiness of technologies determines the feasibility of implementation for shipyards and operators.
• High TRL (8-9): LNG propulsion and Diesel-electric architectures are fully mature. Methanol dual-fuel engines are

adapted from cargo applications and are ready for cruise integration.
• Medium TRL (5-7): High-voltage battery hybrid systems are operational but limited to peak shaving. PEM Fuel cells 

are in the demonstration phase (e.g., onboard auxiliary power).
• Low TRL (3-4): Ammonia combustion engines and nuclear SMRs are in the conceptual phase for passenger vessels. 

Safety certification processes (Classification Society rules) for these high-risk technologies are still under development 
[30].

3.3.2 Technology Readiness and Integration
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Table 3-6

Technology Readiness of Alternative Propulsion
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This assessment introduces the decisive criteria for
fuel selection in this study: Passenger Safety. Unlike 

cargo ships, cruise ships carry thousands of passengers in 
confined, high-density environments. The risk tolerance for 
toxic or explosive hazards is significantly lower.

The Exclusion of Ammonia 
While ammonia is a leading candidate for deep-sea cargo 
shipping due to its higher energy density and easier storage 
compared to hydrogen, it is deemed unsuitable for cruise 
ships in this analysis.
1. Toxicity Hazard: Ammonia is toxic at low

concentrations. In the event of a leak in a port or engine 
room, the risk to passengers and crew is catastrophic.
Evacuating 5,000+ people from a ship filled with toxic 
gas is a scenario with unacceptable probabilities.

2. Operational Complexity: The safety protocols required 
for ammonia (gas detection, ventilation, water curtains) 
would severely impact the passenger experience and
operational flexibility.

3. Design Conflict: Ammonia tanks require safety
distances from accommodation areas, conflicting with 
the "hotel" function of the ship.

3.3.3 Safety Assessment: The "Passenger Safety First" Principle

Selection of Hydrogen and Methanol 
Based on the "Safety First" principle:
• Hydrogen: While flammable, it is non-toxic and

disperses rapidly in the atmosphere. A leak poses
an explosion risk but not a poisoning risk. Modern
fuel cell enclosures can mitigate this effectively.
It is the preferred zero-carbon option for sensitive
environments.

• Methanol: As a liquid at ambient temperature, it is
easier to handle than cryogenic fuels. While toxic if
ingested or inhaled in high concentrations, its spill
management is similar to other liquid fuels, and it does 
not pose the broad toxic gas cloud risk of ammonia.

Conclusion for Design Selection 
For the designs proposed in this thesis (Genoa/Shanghai 
routes), Ammonia is excluded from the energy mix. The 
focus will be on:
• LNG: As the immediate transitional fuel (Mature).
• Methanol: As a near-future, green fuel option with

manageable onboard risk (High TRL).
• Hydrogen (Fuel Cells): For zero-emission auxiliary

power and future propulsion (Medium TRL).

This selection ensures that the vessel architecture 
maximizes passenger revenue potential while adhering to 
the highest safety standards.
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Table 3-7

Decisive Criteria for Cruise Vessels: Passenger Safety vs. Technical Feasibility
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3.4Chapter Summary

This chapter has conducted a comprehensive
comparative analysis of the emerging energy 

sources poised to reshape the cruise industry. By 
juxtaposing traditional fossil fuel systems with alternative 
vectors—including LNG, batteries, methanol, biofuels, 
hydrogen, ammonia, and nuclear—we have established 
a multi-dimensional landscape of technical capabilities, 
environmental impacts, and economic realities.

The analysis confirms that there is no singular "silver 
bullet" solution capable of satisfying all the demanding 
requirements of global cruise operations. Each energy 
vector presents a distinct set of trade-offs:
1. LNG: emerges as the most technologically mature

and immediately viable solution for large-scale vessels, 
offering immediate reductions in local pollutants
(SOx, PM) and moderate CO2 reductions. However, 
its status as a fossil fuel and the risks associated with
methane leakage position it as a transitional bridge
rather than a net-zero endpoint.

2. Battery-Electric Propulsion, while offering high
efficiency and zero emissions at the point of use, is
fundamentally limited by energy density. Its role is
currently confined to hybridization—specifically
peak shaving, spinning reserve, and short-range zero-
emission port operations—rather than primary deep-
sea propulsion.

3. Methanol and Biofuels offer the advantage of
being "drop-in" or near-drop-in fuels that can utilize
existing infrastructure with minimal modification,
facilitating the retrofitting of the existing fleet. Their
environmental credentials, however, are entirely
dependent on the sustainability of their feedstocks and
production pathways (waste biomass vs. food crops,
gray vs. green production)

4. Hydrogen and Ammonia represent the long-term
horizon for deep-sea zero-carbon operations. Their
high energy density (particularly ammonia) makes
them theoretically suitable for global itineraries.

However, they currently face low Technology 
Readiness Levels (TRL), significant safety hurdles 
(toxicity for ammonia, flammability for hydrogen), 
and a total lack of bunkering infrastructure.

5. Nuclear offers unmatched energy density and zero
operational emissions but remains constrained by
immense CAPEX, regulatory complexity, and
profound public perception challenges

The assessment of environmental performance underscores 
that the industry must adopt a "Well-to-Wake" perspective
to ensure that emissions are not merely displaced from 
the ship to the fuel production facility. Economically, the 
introduction of carbon pricing mechanisms, such as the 
EU ETS, is beginning to level the playing field, making 
the higher CAPEX of green technologies more justifiable 
against the rising cost of carbon penalties for fossil fuels. 
Finally, the assessment of technology and infrastructure 
readiness highlights that the bottleneck is not just the ship 
itself, but the global supply chain—from the production 
of green hydrogen in distant renewable hubs to the 
availability of compliant bunkering ports in popular cruise
destinations.

In conclusion, the trajectory for the cruise industry
points toward a diversified and hybridized energy 

future. The fleet of the near future will likely utilize a 
mix of LNG engines and biofuel blends, integrated with 
increasingly sophisticated battery systems to optimize 
efficiency. As the decade progresses and green hydrogen/
e-ammonia production scales, these fuels will gradually 
penetrate the market, supported by evolving regulatory 
frameworks like the IGF Code. The successful transition 
requires a synchronized approach: continued R&D into 
energy storage, massive investment in port infrastructure, 
and clear, long-term global regulatory signals to de-risk the 
capital investments necessary to power the next generation 
of sustainable cruising
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Chapter 4: Integration of Port Energy Systems and 
Marine Renewable Energy
4.1 Modernization of Port Energy Infrastructure

The maritime industry is currently undergoing a transformation driven by the International Maritime Organization's 
(IMO) strategic goals to reduce greenhouse gas emissions. As pivotal nodes in the global supply chain, ports are not only 
responsible for the efficient turnover of goods but also act as major energy consumers. For cruise terminals specifically, 
the "energy interface" is a critical bottleneck; cruise vessels high power load for hotel loads during short turnarounds 
and require rapid, high-volume fueling while passengers embark and disembark simultaneously. Consequently, the 
modernization of port energy infrastructure has become a prerequisite for achieving sustainable cruising. This section 
explores the technical architecture of Shore-to-Ship (STS) power systems and alternative fuel bunkering infrastructure, 
with a specific focus on the operational constraints of the cruise industry—specifically the need for rapid interoperability 
and Simultaneous Operations (SIMOPS).

Shore-to-Ship power technology, commonly referred
to as "Shore Power" or Alternative Maritime Power 

(AMP), enables vessels to shut down their auxiliary engines 
while berthed and draw electricity from the onshore grid. 
For the cruise sector, this transition is not merely about 
reducing emissions; it is a critical operational requirement. 
Cruise ships act as "floating cities" with massive hotel 
loads (HVAC, lighting, galleys) that require stable, high-
capacity power. Eliminating onboard auxiliary engines 
reduces noise and vibration, significantly enhancing the 
passenger experience and the quality of life in port-adjacent 
cities by removing local air pollutants such as sulfur oxides 
(SOx), nitrogen oxides (NOx), and particulate matter (PM).

System Architecture and Technical Principles
The technical design of an STS system is fundamentally 
an interdisciplinary engineering challenge involving power 
electronics, naval architecture, and dockside logistics. 
A complete STS system is composed of three main 
subsystems: the onshore power supply system, the cable 
management system, and the shipboard interface.

The onshore power supply system is the core component. 
Its primary function is to convert the medium voltage from 
the local port grid (typically 6 kV to 20 kV) into the specific 
voltage and frequency required by the vessel. A critical 
technical distinction exists between vessels with 60 Hz 
electrical systems (common in the Americas and parts of 

4.1.1 Shore-to-Ship Power Technology: 
System Design and Global Interoperability

Asia) and those with 50 Hz systems (common in Europe, 
Africa, and most of Asia).

To accommodate the global itinerary of cruise ships, 
modern ports must install high-capacity frequency 
converters. These converters utilize high-power electronic 
switches, such as Insulated Gate Bipolar Transistors 
(IGBTs), in a Voltage Source Converter (VSC) 
configuration. This technology allows for bidirectional 
power flow and precise control of voltage and frequency, 
ensuring that the shore power matches the ship's floating 
grid parameters seamlessly before synchronization [1]. The 
capacity of these substations varies significantly; a large 
cruise ship can demand up to 16 MVA or more during peak 
hotel load operations, far exceeding the requirements of 
standard cargo vessels [2].

The shipboard interface involves the connection box 
and the vessel's internal switchboard. To ensure safety 
and interoperability, the International Electrotechnical 
Commission (IEC) and the IEEE have established 
standards such as IEC/IEEE 80005-1. This standard 
defines the high-voltage shore connection (HVSC) system, 
including the control and communication protocols 
required to safely power up and down the connection. A 
key safety feature is the "Control Pilot Circuit," which 
continuously monitors the integrity of the earth connection 
and prevents the energization of the shore plug until a 
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secure, water-tight connection is verified [4].

Global Interoperability: The "Plug-and-
Play" Imperative
The cruise industry is unique in its global mobility. A vessel 
built in a European shipyard (50 Hz) may spend its summer 
in the Mediterranean and its winter in the Caribbean (60 
Hz). The primary technical barrier to widespread STS 
adoption has been the lack of standardization. Without the 
IEC/IEEE 80005 series of standards, a ship arriving at a 
foreign port would face incompatible connectors, voltage 
mismatches, or communication protocol failures.

The IEC/IEEE 80005 standard enforces the concept of 
"Global Plug-and-Play." It specifies the dimensions, pin 
configurations, and locking mechanisms for high-voltage 
plugs and sockets. This ensures that a ship fitted with a 
standard interface can connect to any compliant shore 
power station worldwide—from Shanghai to Genoa—
without requiring physical adapters or bespoke engineering 
solutions. For port authorities, adherence to these standards 
is not optional; it is a prerequisite for welcoming the next 
generation of "green" cruise ships [4]. Table 4-1 outlines the 
technical specifications adapted for cruise terminals.

Table 4-1

Technical Specifications of STS Systems in Major Cruise Ports
Data synthesized from port authority reports and technical reviews [2, 5]
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4.1.2 Alternative Fuel Bunkering: Hydrogen, Ammonia, and LNG Infrastructure

As the maritime industry moves beyond "Shore
Power" to address emissions during navigation, 

the fuel used by ships must change. The transition 
involves moving from Heavy Fuel Oil (HFO) and Marine 
Diesel Oil (MDO) to alternative fuels such as Liquefied 
Natural Gas (LNG), Liquefied Petroleum Gas (LPG), 
Methanol, Ammonia, and Hydrogen. Ports are required 
to upgrade their infrastructure to handle these new energy 
carriers, which differ significantly in physical properties, 
storage requirements, and safety protocols compared to 
conventional oil.

Liquefied Natural Gas (LNG) Infrastructure
LNG is currently the most mature alternative fuel for 
marine applications. It consists primarily of methane (CH4) 
that has been cooled to approximately -162°C, reducing its 
volume by a factor of 600 compared to its gaseous state.

The infrastructure for LNG bunkering involves a supply 
chain that includes import terminals, liquefaction plants, 
storage tanks, and bunkering vessels or trucks. Technically, 
the bunkering process can be performed via three main 
methods: Ship-to-Ship (STS), Truck-to-Ship (TTS), and 
Shore-to-Ship (via pipelines).
• Truck-to-Ship (TTS): This is the most flexible

method for smaller volumes or ports with low
demand. It utilizes cryogenic tanker trucks equipped
with pumps and hoses. The technical challenge lies in
managing the pressure differentials between the truck 
and the ship's tank to avoid boil-off gas (BOG) flare-
ups during transfer [8].

• Ship-to-Ship (STS): Used for large-scale bunkering,
dedicated LNG bunker ships transport fuel from large
import terminals to receiving vessels. This requires
precise maneuvering capabilities and high-capacity
cryogenic transfer arms.

• Shore-to-Ship: Involves fixed pipelines connecting
the port storage tank directly to the berth. This is the
most efficient method for high-turnover terminals
but requires significant capital investment in fixed
infrastructure.

The Port of Rotterdam serves as a leading example of LNG 
bunkering integration. The port has designated specific 
bunkering locations equipped with the necessary safety 

zones, fire suppression systems, and vaporizers to handle 
LNG. A critical technical component of LNG infrastructure 
is the double-walled, vacuum-insulated piping used to 
prevent heat ingress and maintain the cryogenic state of the 
fuel. Furthermore, the port utilizes a "mass flow metering"
system to ensure accurate custody transfer between the 
bunker supplier and the receiver, complying with ISO 
21589 standards [9].

Hydrogen and Ammonia Infrastructure: The 
Future Frontier
Looking towards 2030 and beyond, hydrogen and 
ammonia are gaining traction as zero-carbon or low-carbon 
fuels. However, their physical properties present distinct 
infrastructure challenges compared to LNG.

Hydrogen (H2) Bunkering:
Hydrogen has the lowest density of all fuels, whether stored 
as a compressed gas or as a liquid (LH2).
• Compressed Gaseous Hydrogen (CGH2): Typically

stored at 350 bar or 700 bar. This requires high-
pressure compressors at the bunkering facility and
specialized, high-strength composite storage tanks on
shore. The bunkering process for CGH2 is similar to
CNG (Compressed Natural Gas) but requires higher
safety protocols due to hydrogen's small molecular
size, which makes it prone to leakage, and its wide
flammability range [10].

• Liquefied Hydrogen (LH2): Stored at -253°C. This
requires even more advanced cryogenic technology
than LNG due to the lower boiling point. LH2 storage
tanks require sophisticated insulation to minimize boil-
off, as hydrogen leakage can lead to embrittlement
of metals. Currently, large-scale LH2 bunkering
infrastructure is in the pilot phase. Ports in Europe, 
such as the Port of Valencia and the Port of Antwerp-
Bruges, are investigating small-scale electrolyzers
to produce green hydrogen on-site for local tugs and
barges, bypassing the complexities of large-scale
transport [11].

Ammonia (NH3) Bunkering:
Ammonia is often viewed as a "hydrogen carrier" because 
it is easier to liquefy (at -33°C or under pressure at ambient 
temperature) than hydrogen. However, ammonia is toxic 
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and corrosive.
• Storage and Handling: Infrastructure for ammonia

must be constructed from materials compatible with
nitrogen corrosion, such as specific grades of stainless 
steel. The bunkering facilities require extensive gas
detection systems to monitor for leaks, as ammonia
poses a severe health risk to port workers and nearby
populations. Similar to LNG, ammonia can be stored
in fully refrigerated or pressurized tanks [12].

• Cracking Technology: While bunkering involves
the transfer of liquid ammonia, some port designs
incorporate "ammonia cracking" units. These units
decompose ammonia back into hydrogen and
nitrogen, allowing the port to supply hydrogen to ships 
without handling liquid hydrogen directly. This adds

a layer of technical complexity but offers flexibility in 
fuel supply [13].

Comparative Technical Analysis and Safety 
Considerations
The development of bunkering infrastructure requires 
rigorous safety standards. While the IGF Code governs 
ship design, port operations rely on SIGTTO guidelines. 
For ammonia and hydrogen, ports use Computational 
Fluid Dynamics (CFD) simulations to determine exclusion 
zones. For cruise ports, safety standards must 
strictly define the separation distance between 
hazardous fuel bunkering zones and passenger 
boarding bridges to prevent exposure risks.

Table 4-2

Comparative Technical Properties of Marine Alternative Fuels

89

Source: Author's own elaboration



Chapter 4: Integration of Port Energy Systems and Marine Renewable Energy       Part I: Theoretical Background

Figure 4-1

Technical Roadmap for Port Alternative Fuel Infrastructure

The development of bunkering infrastructure also
requires rigorous safety standards. The International 

Code of Safety for Ships using Gases or other Low-
flashpoint Fuels (IGF Code) provides the regulatory 
framework for ship design, but the port side relies on 
standards such as SIGTTO (Society of International Gas 
Tanker and Terminal Operators) guidelines. For ammonia 
and hydrogen, ports are currently developing specific 
exclusion zone models based on Computational Fluid 
Dynamics (CFD) simulations of gas dispersion. These 
simulations help determine the minimum safe distance 

between the bunkering station and public areas, ensuring 
that in the event of a leak, toxic or flammable gas clouds 
do not reach populated zones [14].

Integrated Energy Hubs
The modernization of port energy infrastructure is 
increasingly moving towards the concept of an "Integrated
Energy Hub." In this model, the port does not merely 
supply fuel but acts as a node for energy production, 
storage, and distribution. For example, offshore wind 
farms or floating solar PV arrays (as discussed in section 
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This roadmap highlights the divergence of technologies 
after the initial energy production stage. While LNG 
infrastructure is a linear evolution from traditional oil 
handling, hydrogen and ammonia require a paradigm 
shift involving electro-chemical processes and extreme 
cryogenics or high-pressure physics.

In conclusion, the modernization of port energy
infrastructure is a multi-faceted engineering 

endeavor. Shore power systems provide immediate 
solutions for berth-side emissions, utilizing advanced 
power electronics to bridge the gap between land and sea 
grids. Meanwhile, the development of alternative fuel 
bunkering infrastructure is a critical enabler for the deep 
decarbonization of the shipping sector. From the cryogenic 
precision of LNG handling to the high-pressure and 
toxic challenges of hydrogen and ammonia, the technical 
landscape is diverse. Through the integration of these 
technologies and the adoption of rigorous safety standards, 
ports are evolving from simple logistics hubs into complex, 
sustainable energy nodes. 

4.2) can supply excess electricity to onshore electrolyzers to produce 
green hydrogen. This hydrogen can then be stored in buffer tanks and 
used either directly for fueling hydrogen-powered ships or converted into 
ammonia for easier export and bunkering.
The technical roadmap for this integration is complex. It requires 
the deployment of smart grids to balance the intermittent supply of 
renewables with the variable demand of ship traffic. Ports like Hamburg 
and Singapore are already investing in these "Power-to-X" (P2X)
demonstrators. In Hamburg, the "Green Port Hub" project involves a 100 
MW electrolyzer plant, requiring massive grid reinforcement and water 
supply infrastructure to support hydrogen production [15].
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4.2 Integration of Marine Renewable Energy Technologies

Building upon the modernization of port infrastructure discussed in Section 4.1, the integration of Marine Renewable 
Energy (MRE) technologies constitutes the generation pillar of the sustainable port ecosystem. The maritime environment, 
comprising wind, solar, tidal, and wave energy, offers a vast, indigenous resource base that can be harnessed to decarbonize 
port operations. Unlike conventional grid power, which may rely on fossil-fuel-heavy generation mixes, MRE provides a 
pathway to carbon-neutral energy autonomy. This section provides a comprehensive technical analysis of the four primary 
marine energy vectors—offshore wind, floating photovoltaics, tidal streams, and wave energy—and their application in 
port settings. Furthermore, it explores the critical integration pathway of green hydrogen production, which serves as the 
nexus between variable renewable generation and the future fuel demands of deep-sea shipping.

4.2.1 Offshore Wind Power Technology 
and its Application in Port Energy Supply

Offshore wind power has evolved from a niche
alternative into a mainstream pillar of global 

energy production. For ports, which are often located in 
coastal zones with favorable wind regimes, offshore wind 
represents the most mature technology for bulk energy 
generation. The application of this technology within a 
port context is bifurcated into two primary models: the 
"Port as a Generator," where turbines are situated within 
port boundaries or adjacent waters, and the "Port as an 
Energy Hub," where the port serves as the Operations and 
Maintenance (O&M) base and grid connection point for 
distant offshore wind farms.

Technical Evolution and Turbine 
Architectures
The technological trajectory of offshore wind is defined 
by "upscaling." Early turbines utilized ratings of 2-3 MW, 
but the current state-of-the-art platforms feature capacities 
exceeding 14 MW, with 20 MW units under development. 
This upscaling is driven by the need to reduce the Levelized 
Cost of Energy (LCOE) by capturing more energy per 
foundation unit.

Foundation Technologies:
The choice of foundation is dictated by water depth and 
seabed geology, both of which are critical determinants for 
port-adjacent projects.
1. Monopiles: Large-diameter steel tubes driven into the

seabed. These are the industry standard for depths up to 
40-50 meters due to their relatively simple fabrication
and installation. For near-shore port applications,
monopiles offer the most straightforward installation
process using standard jack-up vessels often available
in large ports [16].

2. Jacket Structures: Lattice frames fixed to the seabed 
by piles. These are suitable for deeper waters (up to 70 
meters) and rocky seabeds where driving monopiles
is difficult. Jackets offer a smaller footprint, which is 
advantageous in congested shipping channels.

3. Floating Foundations: As the industry moves
into deeper waters (>60 meters), floating platforms
(Semi-submersibles, Spar-buys, and Tension Leg 
Platforms) are essential. Floating wind allows turbines 
to be deployed further offshore where wind speeds
are higher and visual impact is lower. However, the
dynamic motion of the platform requires specialized
turbine control systems to mitigate gyroscopic forces
and maintain stability [16].
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Power Conversion and Grid Integration:
The heart of the offshore wind turbine is the drivetrain. Modern high-
power turbines predominantly utilize Permanent Magnet Generator (PMG) 
technology. Unlike doubly-fed induction generators (DFIG), PMGs 
are direct-drive or hybrid systems that eliminate the need for a gearbox, 
significantly reducing maintenance requirements—a critical factor for 
offshore reliability where .

The electricity generated is stepped up from the generator voltage (typically 
~690V) to a collection voltage (33kV-66kV) via a transformer within the 
turbine nacelle. These individual turbine cables aggregate at an offshore 
substation. For ports connected to these arrays, the transmission technology 
is vital:
• High Voltage Alternating Current (HVAC): Technically simpler and

widely used for distances up to 80-100 km. It is suitable for near-shore
wind farms serving local port loads.

• High Voltage Direct Current (HVDC): Used for longer distances
(>100 km). While efficient for transmission, the converter stations
(rectifiers and inverters) require significant land area. Ports often 
compete to host these HVDC stations due to the economic benefits,
creating a massive electrical load center within the port estate [17].

Application in Port Energy Systems: The Hub Concept
The integration of offshore wind into port operations extends beyond 
simple power purchase. The most advanced applications involve the 
"Green Port Hub" model. In this configuration, the port provides the grid 
connection for the wind farm and utilizes the electricity directly to power 
large-scale electro-fuel production (discussed in Section 4.2.5).

Case Study:
The Port of Esbjerg
The Port of Esbjerg in Denmark exemplifies this integration. Historically a 
fishing port, it has transformed into the world's leading service hub for the 
North Sea wind industry. Technically, the port has upgraded its quay walls 
to withstand the heavy loads of wind turbine components and expanded 
its electrical grid to accommodate the power demands of shore-to-ship 
power and electrolyzers. The port acts as a "sourcing platform," where 
wind energy is generated offshore, brought onshore, and used to power the 
O&M vessels docked there, effectively creating a localized green energy 
loop [18].
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Figure 4-2

Offshore Wind Power Project at the Port of Esbjerg

Table 4-3

Technical Parameters of Representative Offshore Wind Turbines for Port Proximity
Data synthesized from manufacturer specifications and technical reviews [16], [17].
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While offshore wind dominates the open ocean,
Floating Photovoltaic (FPV) systems offer a high-

potential solution for the sheltered basins, reservoirs, and 
calmer waters within and around port terminals. FPV 
technology involves mounting standard PV modules on 
buoyant structures that float on the water surface.

Structural Engineering and Buoyancy 
Design
The technical core of an FPV system lies in the floating 
platform and the mooring system, which must withstand 
the specific environmental conditions of a port, including 
wakes from ships and tidal fluctuations.
1. Floater Materials: High-Density Polyethylene

(HDPE) is the predominant material used for floaters 
due to its high buoyancy, resistance to UV degradation, 
and inherent chemical stability in saline environments.
However, in high-wave environments often found in
open ports, modular floating systems using reinforced 
concrete or marine-grade steel frames are increasingly
employed to provide greater structural rigidity. The
design must account for the "specific weight" of the
PV modules and the ballast required to maintain
stability [19].

2. Mooring Systems: Unlike inland freshwater FPV, 
marine FPV in ports faces the challenge of tidal ranges 
(which can exceed 10 meters in some regions). The
mooring system must allow the platform to move
vertically with the tide without exerting excessive
horizontal forces. Common solutions include "guide
piles" (vertical posts driven into the seabed that the
platform slides up and down) or "catenary mooring"
with heavy chains that absorb tension through
geometry. The attachment points must be designed to
withstand fatigue loading caused by constant wave
motion [20].

4.2.2 Floating Photovoltaic (PV) Systems: Design and Operational Examples

3. Cabling Infrastructure: The dynamic connection
between the floating array and the fixed onshore grid is 
a critical failure point. Submarine cables are often used 
for the main transmission, but the connection between
the platform and the seabed requires a dynamic
umbilical cable that can flex without damaging the
copper or fiber cores. Technical standards (such as
IEC standards for PV installations) are currently being 
adapted to specifically address the insulation and strain 
relief requirements of marine environments.

Operational Efficiency and the Cooling 
Effect
A significant technical advantage of FPV in the maritime 
context is the "cooling effect." PV cells lose efficiency as 
their operating temperature rises (typically -0.3% to -0.5% 
per °C for crystalline silicon). By floating on water, which 
has a high heat capacity, the modules are cooled from 
below by convection and conduction. Empirical studies 
have shown that this can improve the energy yield of FPV 
systems by 5% to 10% compared to similarly sized land-
based systems in the same geographic location [19].

Case Studies in Port Environments
Singapore Solar Plan:
Singapore, being a land-scarce island nation with a major 
port, has been a pioneer in FPV. The floating solar systems 
at Tengeh Reservoir and the Johor Strait demonstrate the 
viability of large-scale deployment. While not directly in a 
shipping channel, these systems utilize the marine interface. 
The technical design includes advanced anchoring to 
maintain buoyancy in changing water levels and digital 
monitoring systems to detect potential cable degradation 
due to humidity. The success of these projects has prompted 
the Maritime and Port Authority of Singapore (MPA) to 
explore deploying FPV on vacant sea spaces within port 
limits to power port operations [21].
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Figure 4-3

Artist impression of the upcoming 60MWp floating solar system on Tengeh Reservoir that 
will occupy an area of about 45 football fields (Singapore)

Port of Rotterdam:
In the Netherlands, the Port of Rotterdam has investigated 
the feasibility of FPV in the inland waterways and the outer 
port basins. Studies indicate that while wave attenuation is 
necessary (using wave breakers around the FPV arrays), 
the use of "dual-use" FPV systems—combining power 

generation with aquaculture—could provide additional 
technical and economic utilization of the water space. 
However, technical challenges remain regarding the impact 
of shading on underwater ecosystems and the potential for 
marine biofouling on the floats, which increases the weight 
and maintenance requirements [22].

96

Source: https://www.sembcorp.com/



Chapter 4: Integration of Port Energy Systems and Marine Renewable Energy           Part I: Theoretical Background

Figure 4-4

Profloating Sets Up ‘Milk Bottle’ Floating Solar System in Rotterdam

Tidal and ocean current energy represent a highly
predictable, baseload-capable renewable resource. 

Unlike wind and solar, which are intermittent (dependent 
on weather and time of day), tidal currents are governed by 
astronomical forces and are predictable decades in advance. 
For ports located near straits or estuaries with strong tidal 
flows, tidal energy converters (TECs) offer a reliable, 
constant power source that complements the variability of 
wind and solar.

Hydrodynamic Principles and Device 
Architectures
TECs extract kinetic energy from flowing water. Because 
seawater is approximately 832 times denser than air at sea 
level, tidal turbines substantial amounts of energy with 
relatively small rotor diameters and lower flow speeds 
compared to wind turbines.
1. Horizontal Axis Turbines (HAT): These are

analogous to underwater wind turbines, typically
featuring two or three blades mounted on a
horizontal rotor. The hydrodynamic design focuses
on minimizing cavitation—the formation of vapor
bubbles on low-pressure edges of blades—which

4.2.3 Tidal and Ocean Current Energy Converters: Technical Overview and Case Studies

causes vibration and erosion. Blade pitch control 
systems are essential to regulate rotational speed and 
optimize efficiency during both the flood and ebb 
tides. The yaw mechanism (nacelle rotation) is critical 
for tidal turbines; unlike wind turbines that face the 
wind, tidal currents reverse direction every 6 hours. 
Some designs utilize bi-directional blades that work 
efficiently in both directions, avoiding the need to yaw 
the entire nacelle [23].

2. Vertical Axis Turbines (VAT): These rotate around
a vertical axis. They are omnidirectional, meaning
they generate power regardless of current direction
without needing a yaw mechanism. This simplifies
the mechanical design and allows the generator to be
placed above the waterline for easier maintenance.
However, VATs typically suffer from lower starting
torque and higher fatigue loads due to the pulsating
nature of the hydrodynamic forces [24].

Integration into Port Infrastructure
The primary technical challenge for integrating tidal power 
into ports is ensuring navigational safety. Ports are busy 
with ship traffic; therefore, tidal turbines must be placed in 
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areas that minimize interference with navigation channels, 
or must be designed to withstand collisions and debris 
impact.

Technical Placement Strategies:
Submerged Arrays: Turbines are deployed at depths that 
provide sufficient clearance (typically 5-10 meters below 
the surface) for vessel drafts. The entire system is located 
on the seabed, presenting no surface obstruction.

• Breakwater-Mounted: Similar to wave energy, tidal
turbines can be integrated into the foundations of

Figure 4-5

Illustration/Sabella’s D10 tidal turbine 

breakwaters in high-velocity channels. This utilizes 
existing civil infrastructure to reduce installation costs.

Case Study: 
Sabella (France) and the Raz Blanchard 
Sabella, a French tidal energy developer, has conducted 
extensive testing in the Fromveur passage (Brittany), one 
of the strongest currents in Europe. The deployment of the 
Sabella D10 turbine (10m diameter, 0.5 MW) provides 
valuable data for port applications. The design utilizes a 
tripod foundation specifically suited for rough seabeds, a 
scenario common near ports.
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Akey finding from the Sabella project is the issue of
biofouling. Unlike wind turbines, tidal turbines operate 

fully submerged. Marine organisms such as barnacles and 
mussels can rapidly colonize the turbine blades, altering 
their hydrodynamic profile and reducing efficiency by up 

Table 4-4

Comparative Technical Analysis of Tidal Turbine Architectures

Wave energy possesses the highest energy density
among marine renewables but is arguably the 

most technologically challenging to harness. The random, 
multi-directional nature of ocean waves, combined with 
the extreme structural loads caused by storms, has hindered 
the commercialization of wave energy converters (WECs). 
However, ports possess unique assets—specifically 
breakwaters and seawalls—that can serve as dual-purpose 
structures, lowering the barrier to entry for wave energy.

Technology Classification and Mechanisms
WECs can be broadly classified by their location 
(shoreline, near-shore, offshore) and their working principle 
(Attenuator, Point Absorber, Oscillating Water Column).
1. Attenuators: Long, snake-like floating devices that

run parallel to the wave direction. They generate
energy through the flexing motion of joints between
segments. While efficient, they require significant sea 

4.2.4 Wave Energy Conversion Technology and its Application in Port Infrastructure

space and are generally unsuitable for congested port 
areas.

2. Point Absorbers: Buoy-like devices that heave up
and down at a single point, generating energy via
a hydraulic or mechanical Power Take-Off (PTO) 
system. These can be deployed in port basins but must 
be anchored securely to avoid collision with ships [25].

3. Oscillating Water Column (OWC): This is the
most promising technology for port infrastructure
integration. An OWC consists of a partially submerged 
hollow chamber with an opening below the water
surface. As waves pass, the water level inside the
chamber oscillates, compressing and decompressing
the trapped air. This air drives a turbine (Wells turbine) 
mounted on top of the chamber.

Breakwater-Integrated OWCs
The "Breakwater-Integrated OWC" concept transforms 

to 30% if not managed. The technical solution involves the 
use of anti-fouling coatings and, for some designs, periodic 
"biocleaning" procedures where the turbine is spun at high 
speed to shear off the biomass [23].
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a breakwater—a necessary piece of infrastructure for 
port safety—into a power plant. This offers significant 
economic advantages as the cost of the civil structure is 
shared between the harbor defense function and the energy 
generation function.

Technical Considerations:
• Air Chamber Design: The chamber acts as a

pneumatic spring. The geometry (width, draft, and
length of the opening) must be tuned to the local
wave climate to maximize resonance. If the natural
frequency of the chamber matches the peak wave
frequency, the oscillation amplitude increases, thereby
maximizing airflow through the turbine.

• The Wells Turbine: OWCs typically employ a
Wells turbine, a unique type of axial flow turbine that 
rotates in the same direction regardless of the airflow 
direction (bidirectional). This self-rectifying capability
eliminates the need for complex mechanical valves.
However, Wells turbines suffer from low aerodynamic 
efficiency and stalling at high flow rates (during
storms). Advanced designs utilize control systems to
dampen the oscillation amplitude during large storms
to protect the turbine equipment [25].

4.2.4.1 Case Study: Design of a Breakwater-
Integrated Wave Energy Converter

The most prominent and technically documented
example of this integration is the Mutriku Wave 

Power Plant located in the Port of Mutriku, Spain. 
Commissioned in 2011, it was the first commercial 
breakwater-integrated OWC plant in the world.

Design Specifications and Operational Data:
The plant was constructed by modifying a new breakwater 
section. It consists of 16 independent air chambers, each 
4.5 meters wide, totaling a capturing width of 72 meters. 
The reinforced concrete structure houses the air ducts and 
the turbine rooms. The top of the breakwater houses 16 
TurboWells turbines (rated at 18.5 kW each), coupled to 
induction generators.

Technical Analysis of Performance:
Data collected over a decade of operation provides critical 
insights into the technical realities of wave energy in ports:
1. Survivability: The structure has successfully

withstood storm waves exceeding 10 meters in
height. The robust nature of the reinforced concrete
breakwater ensures that the energy capture apparatus is 
protected from the extreme wave loads, validating the
resilience of the breakwater-integrated model [26].

2. Efficiency Variations: The actual annual production
varies between 100 MWh and 150 MWh, significantly 
lower than the theoretical capacity. This "efficiency
gap" is attributed to the turbine's stalling characteristics. 
Traditional Wells turbines have a narrow operational
window. When the incident wave energy is high, the
turbine speed cannot increase sufficiently to prevent
aerodynamic stalling, leading to a drop in power
generation exactly when waves are strongest.

3. Mechanical Wear: The harsh marine environment
caused corrosion in the air ducts and accelerated wear
on the bearings. Retrofitting the plant with corrosion-
resistant coatings and improved sealing systems has
been a necessary part of the technical maintenance
cycle [26].
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Figure 4-6

Table 4-5

mutriku breakwater wave power plant mutriku wave energy plant spain

Technical Performance Metrics of the Mutriku OWC Plant
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Operational cycle of the self-rectifying Wells 
turbine at the Mutriku OWC plant. The schematic 
illustrates the bidirectional airflow within the chamber 
driven by oscillating wave levels. Despite the reversing 
air direction during exhalation (wave crest) and inhalation 
(wave trough), the specialized 0.75m diameter Wells 
turbine maintains unidirectional rotation without requiring 
complex valve systems. This redundancy-focused design 
achieves a total installed power of 296 kW across 16 units, 
though average capacity factors remain around 10-15% due 
to inherent turbine stall characteristics under certain wave 
conditions.
Data derived from [26], [27].

Despite the lower capacity factor compared to wind, the 
Mutriku plant proves that OWC technology can operate 
reliably for years in a port environment. It serves as a 
blueprint for future port expansions, where building a new 
breakwater offers a "free" opportunity to embed wave 
energy generation.

While electrification (e.g., shore power) addresses
emissions for docked vessels and short-haul routes, 

the decarbonization of deep-sea shipping requires energy-
dense chemical fuels. Hydrogen, and its derivatives like 
ammonia and methanol, are the primary candidates. Ports, 
equipped with access to marine renewable energy and 
deep-water berths, are the optimal locations for "Power-
to-X" (PtX) facilities—specifically, the electrolysis of 
water to produce Green Hydrogen.

Electrolysis Technologies: 
Suitability for Port Environments
The core technology for green hydrogen production is 
the electrolyzer. The choice of electrolyzer technology is 
dictated by the characteristics of the power source (Marine 
Renewables).
1. Proton Exchange Membrane (PEM) Electrolysis:
» Principle: Water is split into hydrogen and oxygen
using a solid polymer electrolyte. Hydrogen ions migrate
through the membrane.
» Suitability: PEM electrolyzers are highly flexible. 

4.2.5 Technology Pathways for Hydrogen 
Production Coupled with Marine Renewable 
Energy

They can operate at partial loads as low as 0-20% 
and can ramp up production very quickly (seconds to 
minutes) to match the intermittent output of wind, wave, 
and solar power. This flexibility makes PEM the most 
compatible technology for direct coupling with variable 
marine renewables. Additionally, they have a high power 
density (small footprint), which is advantageous in space-
constrained ports [28].
» Technical Challenge: They require expensive
materials (Platinum and Iridium) and high-purity deionized 
water.

2. Alkaline Electrolysis (AEL): 
» Principle: Uses a liquid alkaline solution (potassium 
hydroxide) as the electrolyte.
» Suitability: AEL is a mature, lower-cost technology. 
However, it operates best at high baseloads and has slower
ramping speeds. Rapid start-stop cycles can damage the
diaphragm. Therefore, AEL is better suited for ports with
access to baseload tidal energy or a stable grid connection
buffered by large-scale battery storage [28].

3. Solid Oxide Electrolyzer Cells (SOEC):
» Principle: Operates at very high temperatures (700-
850°C).
» Suitability: While highly efficient, SOEC requires 
a continuous source of heat. Ports with nearby waste heat 
sources (e.g., LNG regasification terminals, steel mills, 
or nuclear plants) could utilize SOEC, but for standalone 
renewable applications, the thermal input requirement is a 
significant technical hurdle.

Integration Engineering: 
The Desalination-Water-Energy Nexus
A critical but often overlooked technical aspect of 
producing green hydrogen in a marine port is Water 
Management. Electrolysis consumes approximately 9-10 
kg of deionized water to produce 1 kg of hydrogen. Ports 
are surrounded by water, but seawater contains salt and 
impurities that would destroy electrolyzer stacks.
1. Desalination Unit: A mandatory component of any

port-based hydrogen plant is a seawater desalination
unit, typically utilizing Reverse Osmosis (RO). RO
units produce fresh water but also create a brine
byproduct (high-salt concentration water). This brine
must be managed carefully; discharging it back into
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the port requires diffusion systems to prevent localized 
increases in salinity that could harm marine life.

2. Water Purification: The fresh water from the RO unit 
must undergo further polishing (demineralization and
deionization) to reach the conductivity levels required
by the electrolyzer (usually < 1 µS/cm). This process
consumes electrical energy, reducing the overall
system efficiency (Round Trip Efficiency).

Compression, Storage, and Bunkering 
Interface
Hydrogen at ambient pressure has a very low energy 
density. To be useful as a marine fuel, it must be 
compressed or liquefied.
• Compression: Ports typically store hydrogen at high 

pressure (350 bar for trucks/ships, 500 bar for trailers).
Multi-stage compressors are used. The compression
stage consumes significant energy (up to 10-15% of
the energy content of the hydrogen). To mitigate this,
advanced technical concepts use "ionic compressors"
which use liquid pistons (ionic liquid) for high
efficiency and isothermal compression [29].

• Storage: Cylindrical pressure vessels (Type I to Type
IV) are used. Type IV tanks (composite overwrapped
plastic) are preferred for bunkering vessels due to their 
light weight, allowing for more fuel to be carried.

• Bunkering Interface: The technical interface
between the port storage and the ship involves
cryogenic hoses or high-pressure arms. This process
is governed by safety standards (ISO 19880) to ensure 
leak-proof connections and controlled filling rates to
prevent overheating of the ship's tanks due to the Joule-
Thomson effect (heat generated during compression).

Technical Pathway: System Architecture
The integration of marine renewables into a hydrogen 
economy follows a complex technical pathway involving 
power conversion, desalination, compression, and 
distribution.
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The system boundary and process boundaries for compressed gaseous hydrogen pipelines and liquefied hydrogen 
shipping pathways used for the cradle-to-gate life cycle assessment of hydrogen produced offshore. 

Figure 4-7
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Beeld: Plotvis   Construction of Europe’s largest green hydrogen plant is underway at the Maasvlakte conversion park. 
The 200 MW electrolyser will be built on the Maasvlakte in the port of Rotterdam and will be able to produce 60,000 
kilograms of renewable hydrogen per day from 2025 onwards.

Figure 4-8

Case Example: 
The Magallanes Project and Green Hydrogen Hubs
The Magallanes Project in Chile serves as a pertinent 
example for marine-based green hydrogen. Located in 
the southern tip of Chile, it utilizes the region's high wind 
potential (wind speeds exceeding 10 m/s) to produce green 
hydrogen for the maritime industry, targeting the export 
of fuel to Europe and Asia. The project focuses on the 
technical integration of wind farms with large-scale PEM 
electrolyzers.

In Europe, the Port of Rotterdam is positioning itself 
as a "Hydrogen Hub." The technical roadmap involves 

creating a "backbone" pipeline infrastructure connecting 
offshore wind electrolyzers to the port's industrial cluster. 
The port is developing "Project H2", which involves a 
20 MW electrolyzer cluster. A key technical learning from 
these projects is the necessity of smoothing the renewable 
input. Direct coupling of wind to electrolyzers is possible 
with PEM, but operating the electrolyzer at partial loads for 
extended periods reduces efficiency. Therefore, a hybrid 
architecture utilizing a Battery Energy Storage System 
(BESS) to buffer the power (charging during wind lulls, 
discharging during wind peaks) is often employed to keep 
the electrolyzer running at its optimal "sweet spot" (approx.
60-80% load) [30].
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Technical Specifications of PEM vs. Alkaline Electrolyzers for Port Use

Table 4-6

The integration of marine renewable energy
technologies into port infrastructure is not merely an 

environmental imperative but a technical evolution that 
redefines the role of the port. Offshore wind provides the 
high-capacity backbone; floating photovoltaics utilize "dead 
space" efficiently; tidal energy offers predictable baseload 
power; and wave energy adds value to existing breakwater 
structures. The convergence of these technologies on 
the production of green hydrogen creates a symbiotic 
ecosystem. The port acts as the interface where the variable, 
high-frequency energy of the ocean is converted into a 

dense, storable, and transportable chemical fuel.

The technical challenges are significant—ranging from 
the dynamic loads of floating platforms to the strict water 
purity requirements of electrolysis—but the engineering 
solutions are rapidly maturing. Through the strategic 
deployment of these technologies, ports can transition from 
passive consumers of fossil-based energy to active, carbon-
neutral energy islands, driving the decarbonization of the 
global maritime supply chain.

106

Source: Author's own elaboration



Chapter 4: Integration of Port Energy Systems and Marine Renewable Energy            Part I: Theoretical Background

4.3 Implementation Framework and Cross-Border Cooperation

The preceding sections have detailed the individual components of the sustainable port ecosystem—from shore power 
and alternative fuel infrastructure (Section 4.1) to the generation capabilities of offshore wind, floating PV, tidal streams, 
and wave energy (Section 4.2). However, the mere existence of these technologies does not guarantee their successful 
deployment. The transition of ports into integrated energy hubs is a complex, system-level engineering challenge that 
requires a robust implementation framework. This framework must bridge the gap between technological potential and 
operational reality through rigorous standardization, proactive port-led initiatives, and deep international cooperation.

Section 4.3 analyzes the mechanisms that enable the widespread adoption of these technologies. It explores the critical role 
of technical standards in ensuring interoperability between diverse international fleets and port infrastructures, examines 
how port authorities are architecting smart energy systems to manage variable renewable loads, and highlights the necessity 
of cross-border cooperation for demonstrating and scaling complex solutions like green shipping corridors.

The maritime industry is historically fragmented by
geography and regulation. A ship built in South 

Korea, owned in Denmark, and bunkering in Singapore 
must be able to physically and digitally interface with 
local infrastructure seamlessly. Without rigorous technical 
standards, the industry risks creating "silos of technology"
where a specific vessel cannot access a specific port due to 
incompatible connectors, frequencies, or safety protocols. 
Interoperability is the linchpin of the global decarbonization 
strategy.

Shore-to-Ship Power (STS) Standards and 
Grid Integration
The technical challenge for STS is the mismatch between 
the land-based electrical grid and the ship's onboard grid. 
Ships operate on a wide range of voltages (e.g., 440V, 6.6kV, 
11kV) and frequencies (50Hz or 60Hz). To address this, 
the International Electrotechnical Commission (IEC) and 
the Institute of Electrical and Electronics Engineers (IEEE) 
have developed the IEC/IEEE 80005 series of standards, 
which serve as the global rulebook for Shore Power.

IEC/IEEE 80005-1: High Voltage Shore 
Connection (HVSC):
This standard defines the "Technical Standardization of 
Electrical Shore Connections." It governs several critical 
technical interfaces:
1. The Handshake Protocol: Before any power flows, 

a digital communication protocol is established. The
Shore Power Management System (SPMS) exchanges 
data with the Ship Power Management System

4.3.1 Technical Standards andInteroperability Guidelines

(PMS) to verify synchronization parameters (voltage, 
frequency, and phase angle). The system also monitors 
the integrity of the protective earth (PE) circuit. Only 
after the software confirms all parameters are safe does 
the breaker close, energizing the cable. This prevents 
the "re-connection voltage spike" that could damage 
onboard generators.

2. Connector Standardization: The standard specifies 
the dimensions, pin configurations, and locking
mechanisms for the high-voltage plugs and sockets.
These connectors are designed to be watertight
(IP67 rating or higher) to withstand spray and rain. 
The standardization ensures that a ship fitted with a
standard European plug can connect to a standardized
socket in Asia without needing a physical adapter,
which would introduce potential points of failure [31].

3. Power Quality and Filtering: Ships can be non-
linear loads that introduce harmonic distortion
into the port grid. The standard sets limits on Total
Harmonic Distortion (THD). To comply, shore power
installations must often include active filters or static
var compensators (SVCs). Similarly, the ship must be
equipped to handle the "stiffness" of the shore grid,
which is significantly different from the "soft" grid
generated by onboard auxiliary engines.

Future Directions: The standards are currently evolving to 
address Medium Voltage Shore Connection (MVSC) 
for smaller vessels and to incorporate Cybersecurity
protocols. As STS systems become more connected to the 
internet for remote monitoring, the IEC 62443 series is 
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being integrated into STS frameworks to protect the port's 
energy infrastructure from cyber threats [32].

Alternative Fuel Bunkering Standards
The handling of alternative fuels—Liquefied Natural Gas 
(LNG), Hydrogen (H2), and Ammonia (NH3)—introduces 
physical and chemical hazards that require strict, globally 
recognized technical standards.

LNG Bunkering (ISO 20519)
LNG is a cryogenic liquid stored at -162°C. The ISO 20519 
standard provides the technical specification for LNG 
bunkering. It covers the design of the bunkering equipment 
(hoses, manifolds, emergency shut-down systems) and the 
operational procedures. A key technical requirement is the 
Material Safety Data Sheet (MSDS) integration. Before 
bunkering begins, the bunkering vessel must confirm that 
the chemical composition of the LNG (specifically the 
methane number and nitrogen content) is compatible with 
the receiving ship's engines. The standard also mandates the 
use of Double-Walled Piping and automated emergency 
shutdown couplings (dry disconnect couplings) that 
activate within seconds if a hose whip or leak is detected 
[33].

Hydrogen and Ammonia Bunkering (IGF 

Code and ISO Standards)
Since hydrogen and ammonia are new to the marine sector, 
the regulatory framework is rapidly evolving. The primary 
safety standard is the International Code of Safety for 
Ships Using Gases or Other Low-flashpoint Fuels (IGF 
Code).
• Hydrogen: The challenge for standardization lies in

storage pressure. While the automotive industry uses
700 bar, maritime applications are trending towards
350 bar to reduce weight and complexity. Technical
standards are currently being debated to determine
if port infrastructure should support both pressure
levels or select one. The standard also covers the
"Flammable Gas Detection System" placement.
Since hydrogen leaks rise rapidly (being lighter than
air) and require sensors at high elevations, unlike
heavy fuels or LNG which pool [34].

• Ammonia: Ammonia is toxic and corrosive. The
upcoming “ISO 20198-1” standard for ammonia
fuel supply focuses on the materials of construction.
Standardizing the use of specific stainless steel
grades (e.g., 316L) and nickel alloys is crucial to
prevent “Stress Corrosion Cracking (SCC)”
caused by ammonia. It also defines the sensitivity
of vapor detection systems to trigger alarms before
concentrations reach toxic thresholds [34].

Critical Technical Standards for Port Energy Integration

Table 4-7
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Port authorities are no longer passive observers in
the energy transition; they are becoming "Energy 

Integrators." Leading ports are actively redesigning their 
internal electrical networks to accommodate the influx 
of renewable energy. This involves the transformation 
of the port from a linear energy consumer into a Smart 
Port Microgrid—a localized energy system capable of 
disconnecting from the main utility grid and operating 
autonomously using on-site generation and storage.

The Architecture of the Smart Port Microgrid
The technical implementation of a port microgrid requires 
a sophisticated multi-layered architecture:

1. Generation Layer: This includes the variable
renewable sources discussed in Section 4.2 (Offshore 
Wind, Floating PV) and stable sources (Waste-to-
Energy, Grid imports). A critical technical challenge
here is the "Duck Curve"—the mismatch between
peak solar generation (midday) and peak port demand
(often during ship handling operations at night). To
resolve this, ports are integrating Battery Energy
Storage Systems (BESS). BESS absorbs excess
generation during the day and discharges during the
evening peak [35].

2. Distribution Layer: Traditional port grids are radial
(power flows one way from the grid). Smart ports
are moving towards Ring Mains. This topology
allows power to be rerouted around a fault. If a cable
is damaged, the grid controller isolates the fault and
reroutes power via an alternate path, ensuring critical
infrastructure (like STS cranes or safety lighting)
remains operational.

3. Control and Optimization Layer: This is the
"brain" of the system. It utilizes Advanced Metering 
Infrastructure (AMI) and Internet of Things (IoT)
sensors to gather granular data on energy consumption. 
Algorithms (often based on Model Predictive Control) 
forecast demand based on ship arrival schedules and
automatically dispatch the optimal mix of renewable
energy, stored energy, and grid power.

4.3.2 Port-Led Renewable Energy Integration Initiatives

Case Study: 
Port of Rotterdam – The Smart Grid Hub
The Port of Rotterdam is a pioneer in this domain. Its 
"Smart Grid" project focuses on the technical integration of 
large-scale renewables into the industrial cluster.
·Congestion Management: The port uses a sophisticated
Congestion Management System (CMS). When wind
generation is high, the voltage on the grid can rise to
dangerous levels. Instead of curtailing (wasting) the wind
power, the port's controller sends signals to industrial users
to ramp up their electrolyzers or electric boilers to consume 
excess power. This automated demand response stabilizes
the grid without manual intervention [36].
• Dynamic Capacity Assessment: The port uses

advanced sensors to monitor the thermal limits of
transformers and cables. By knowing the exact real-
time temperature, the grid can operate closer to its
maximum capacity safely. This allows the port to
connect new floating solar farms without expensive
physical upgrades (reinforcement) to the cables,
effectively "freeing up" grid capacity for renewables
[36].

Case Study: 
The PIONEERS Project (European Union)
The PIONEERS (Ports INterOperability for cOntinuous 
ship shippinG and suEStainabilitY) project involves major 
European ports (Rotterdam, Antwerp, Barcelona, Valencia) 
and focuses on practical technical demonstrations.
• Interoperability Testing: A key output of this project

is the "Plug-and-Play" technical specification for shore 
power. The project tests the compatibility of different 
vendor shore power cabinets with multiple ship types,
creating a "Certified Vendor List" that ports can trust to 
ensure compatibility.

• Hydrogen Integration: The project demonstrates the
integration of Hydrogen Refueling Infrastructure for
terminal tractors. This involves the technical layout of
the refueling station within a busy container terminal,
ensuring that the "exclusion zone" (safety area) for
hydrogen storage does not interfere with the automated 
movement of gantry cranes. The project utilizes
remote shutoff valves linked to the terminal's fire alarm 
system [37].
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Shore Power In Rotterdam Transportation System Diagram
From the official website of the Port of Rotterdam

Figure 4-9

The development of marine renewable technologies—
such as floating wind foundations, tidal turbines, and 

ammonia bunkering—requires massive capital investment 
and carries high technical risk. No single port or company 
can bear the entire cost of developing these "first-of-a-
kind" (FOAK) technologies. International cooperation 
allows ports to share the risks, pool technical data, and 
accelerate the path to commercialization.
Green Shipping Corridors (GSCs)
A Green Shipping Corridor is a specific maritime route 
between two or more ports where the stakeholders commit 
to decarbonizing the shipping flow using available low-
carbon fuels and technologies. Technically, a GSC is a 
"demonstration of interoperability."

The Shanghai-Los Angeles Green Shipping 
Corridor:
Launched in 2022, this corridor connects the world's two 
largest container ports. The technical focus is the transition 
to green methanol.
• Technical Alignment: The initiative involves aligning

the bunkering standards of Shanghai and Los
Angeles. Since green methanol is a liquid at ambient

4.3.3 International Cooperation for Technology Demonstration

temperature (unlike LNG or Hydrogen), the bunkering 
hardware is simpler, but the “safety protocols” differ 
significantly from fuel oil. The ports are developing 
a shared technical protocol for “methanol vapor 
monitoring” and “fuel toxicity management”.

• Data Exchange: The corridor is creating a standardized 
digital interface. Ships will provide port operators with 
precise data on their fuel consumption and remaining
fuel levels. This allows the port to automate the
bunkering scheduling, reducing port turnaround time
(TAT) which is a key efficiency metric [38].

The Clydebank Declaration:
Launched at COP26, this declaration aims to establish 
at least six green shipping corridors by 2025. The 
technical impact of this policy is the pressure it places 
on classification societies (like DNV or LR) to create 
“mutually recognized standards”. For example, if a 
ship is certified to carry ammonia in Europe, it must be 
accepted in Asia without redundant safety audits. This 
harmonization is crucial for reducing the regulatory burden 
on technology developers [39].
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Joint Research and Development (R&D)
Technical standardization and risk reduction are heavily 
driven by collaborative R&D projects funded by bodies 
like the European Union (Horizon Europe) or private 
consortiums.
• OR ION (Of fshore Renewable  Energ y

Integration): This type of project brings together
ports, offshore wind operators, and transmission
system operators (TSOs). The technical focus is on
the Grid Connection Interface. These projects test
the dynamic behavior of HVDC converters when
connected to weak port grids, providing data on fault
ride-through capabilities. This ensures that a trip at the 
offshore wind farm does not cause a blackout at the

port [40].
• SINTEF and ORE Catapult (Tidal and Wave): 

These research organizations collaborate with ports
like Le Havre and Rotterdam to install test facilities.
The technical data generated (e.g., wave impact loads
on breakwaters, cavitation rates on tidal blades) is
stored in open-access repositories. This allows ports
worldwide to assess the structural feasibility of wave
energy devices without building their own test units,
accelerating the adoption curve.

International Cooperation Initiatives and Technical Outcomes
Noted·The visualization delineates the qualitative logical relationships between initiatives and technical outcomes. The 
branching of the 'PIONEERS' flow signifies its dual technical focus (Hydrogen and Electrification), distinct from other 
single-focus initiatives.

Table 4-8
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4.4 Chapter Summary

This chapter has provided a comprehensive technical analysis of the modernization of port energy systems and their 
integration with marine renewable energy. The narrative has progressed from the foundational infrastructure upgrades 
required for low-carbon operations, through the deployment of generation technologies, to the implementation frameworks 
that enable global interoperability.

Infrastructure Modernization (Section 4.1):
The analysis began with the necessity of modernizing the physical interfaces of the port. Shore-to-Ship Power (STS) 
was identified as the immediate solution for at-berth emissions. Technically, this requires sophisticated power conversion 
equipment—specifically frequency converters and active harmonic filters—to synchronize the variable ship grids 
with the rigid onshore grids, governed strictly by IEC/IEEE 80005. Concurrently, the transition to alternative fuels was 
dissected. LNG infrastructure presents cryogenic challenges, while Hydrogen and Ammonia introduce high-pressure and 
toxicological risks respectively. The technical feasibility of these fuels relies on the development of specialized bunkering 
stations, high-pressure compressors, and corrosion-resistant piping materials, aligned with ISO and IGF safety standards.

Renewable Energy Integration (Section 4.2):
The focus then shifted to transforming ports into energy generators. Offshore Wind was characterized as the backbone 
of the renewable port, requiring complex HVDC/HVAC grid integration to supply high-capacity power. Floating 
Photovoltaic (PV) systems were highlighted as a high-density solution for utilizing unused basin spaces, with the added 
technical benefit of natural cooling enhancing panel efficiency. Tidal and Ocean Current converters offer a uniquely 
predictable baseload power source, harnessing the high density of water, though they face distinct engineering challenges 
regarding biofouling and seabed fixation. Wave Energy, particularly through Breakwater-Integrated Oscillating Water 
Columns (OWC), was presented as a viable method to add value to existing civil infrastructure, with the Mutriku plant 
demonstrating operational resilience despite turbine efficiency challenges. Finally, the production of Green Hydrogen 
(Power-to-X) was identified as the convergence point for these technologies, utilizing seawater desalination and electrolysis 
to convert variable electricity into a storable chemical fuel for maritime propulsion.

Implementation and Cooperation (Section 4.3):
The chapter concluded by establishing that technology alone is insufficient without a governance framework. The necessity 
of Technical Standards (interoperability) was emphasized as the glue holding the global supply chain together, ensuring 
that a ship from Shanghai can refuel or plug in at Rotterdam. The concept of the “Smart Port Microgrid” was introduced 
as the operational vehicle for managing this complexity, utilizing ring mains and AI-driven demand response to handle the 
intermittency of renewables. Finally, “International Cooperation”, particularly through Green Shipping Corridors, was 
showcased as the essential mechanism for de-risking and scaling these technologies, facilitating the sharing of technical data 
and harmonizing safety protocols across borders.
In conclusion, the modern port is no longer a transit point for cargo alone; it is evolving into a sophisticated, integrated 
energy hub. This transformation is technically complex, involving the harmonization of electrical engineering, fluid 
dynamics, chemical processing, and digital control systems. Through the rigorous application of technical standards, the 
development of smart grid architectures, and continued international collaboration, the port sector can successfully navigate 
the energy transition, serving as the engine room for a sustainable global economy.
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Part II: Case Study and Design
Chapter 5: Empirical Analysis of Port Operations and Energy-
Environment: Case Studies of the Port of Genova and the Port 
of Shanghai
5.1 Basic Port Characteristics and Operational Data

5.1.1 Geographic Layout and Natural Environmental Constraints (Location / 
Wind-Hydrological-Wave Conditions)

The Port of Genova and the Port of Shanghai represent two distinct
paradigms of maritime hubs: one nestled within the complex, sheltered 

confines of the Ligurian Sea, and the other situated at the dynamic, 
sediment-rich estuary of the Yangtze River. Understanding the geographic 
layout and natural environmental constraints of these two ports is foundational 
for analyzing their respective operational efficiencies, energy consumption 
patterns, and emission profiles. This section provides a detailed comparative 
analysis of their locations, wind conditions, hydrological characteristics,
and wave regimes based on the available technical documentation.

The Port of Genova:
“Mediterranean Complexity and 
Topographical Constraints”

The Port of Genova is characterized by a highly indented coastline constrained 
by the surrounding topography of the Ligurian Sea. The port area is not a 
singular open expanse but is divided into four distinct territorial areas: Voltri – 
Prà – Pegli, Multedo – Sestri P. – Cornigliano, ·levante [2]. 
The division of these areas is dictated by natural discontinuities in the 
coastline, primarily the outlets of the Varenna and Polcevera rivers, as well as 
the promontory of S. Benigno which separates the Sampierdarena basin from 
the Porto Antico area [2].

“one nestled within 
the complex, 
sheltered
confines of the 
Ligurian Sea, 
and the other 
situated at the 
dynamic,
sediment-rich
e stuary of the 
Yangtze  River.”
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Map of Genova Wind Conditions:

Figure 5-1
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The wind regime in Genova is complex, driven by the 
interaction between local topography and synoptic 
scale winds. The climate of the area is characterized by 
a strong channelling effect into the valleys north of the 
city, influenced by thermal stratification during the winter 

months [37].
 Analysis of wind data from the "Wind and Ports" project
indicates that the prevailing wind directions at the port are 
predominantly from NNE (North-Northeast) and SSE 
(South-Southeast) [37].
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Technical Roadmap for Port Alternative Fuel Infrastructure(Genova)

Figure 5-2

NNE Winds: These are typically associated with the 
winter season and represent a strong katabatic regime
where cold air flows from the mountainous hinterland 
towards the warmer sea. This channelling effect leads to 
significant wind speeds and specific turbulence patterns
that must be accounted for in operations.

SSE Winds: These winds are more prevalent in the 
summer season and are generally associated with sea-
breeze phenomena and larger synoptic weather systems [4].

Wind roses constructed :from monitoring stations
(e.g., GE.1 and GE.2) confirm this bimodal 

distribution, with a significant percentage of calms 
depending on the specific location within the port [37]. 
The statistical characterization of the wind velocity 
often employs a Hybrid Weibull (HW) model due to the 
frequency of zero-wind events (calms). For instance, at the 
Genova Airport station, a reference point for the wider port 
area, the Weibull shape parameters (K) typically range 
between 1.5 and 1.7, indicating a variability in wind speed 
distribution typical of complex coastal terrains [37].
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2024 Annual Genoa Wind Analysis Chart (Genova)

 Table 5-1
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Hydrological Conditions:
The hydrological environment of the Port of Genova is heavily influenced by the outflows of the Polcevera and Bisagno 
rivers. The Polcevera river, in particular, brings significant contributions of solid transport (sedimentation) into the port 
basin.
Historical sedimentology data indicates that the material deposited in the port varies from sandy textures with pebbles 
near the river mouths to finer pelitic sands further out into the basins [2].

Surface Freshwater Quality. Monitoring Stations Popo05 (Polcevera Stream) And Bibi05 (Bisagno Stream)

Figure 5-3
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Hydraulic Currents Obtained With The Simulation Model During A Simultaneous 10-Year Flood Event Of The 
Polcevera And Bisagno Streams 

Table 5-2
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Accesses And Maneuvering Spaces In The Current Breakwater Configuration

Figure 5-4

• Sedimentation: The "Nuova Diga Foranea" project highlights that sedimentation is a critical operational constraint.
The accumulation of sediments in the Sampierdarena basin and the "Canale di Calma" (airport channel) requires
periodic dredging to maintain navigable depths. These sediments are often heterogeneous, containing both natural
alluvial material from the rivers and anthropogenic materials from the city and port activities [2].
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Under The Proposed Design Scenario, The Dispersion Of Potential Pollutants Released By The Polcevera And Bisagno 
Rivers Remains More Confined Within The Port Area, Resulting In Greater Dilution Of The Contaminant And 
Reduced Dispersion Towards Adjacent Coastlines

Table 5-3
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Water Exchange: 
The complex layout of the existing breakwaters (diga foranea) creates specific water exchange dynamics. The current 
design aims to protect the basins but can sometimes trap sediments or limit water renewal, thereby affecting water quality [1]. 
The construction of a new offshore breakwater is largely motivated by the need to improve these hydrological conditions, 
specifically by widening access channels and allowing better water exchange to mitigate the accumulation of sediments.
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Wave Conditions:
The port is protected from the open sea by a 
system ofbreakwaters. However, the current 
configuration createsa phenomenon known 
as "moto ondoso" (waveagitation) within 
thebasins, particularly theSampierdarena basin 
Wave penetration is a criticalconstraint for the 
operability of large vessels. Thefeasibility studies 
indicate that the current breakwater,located 
on shallower depths, is less effective at 
dampingwaves from the South and South-West 
directions, whichcan generate oscillations within 
the port that hamper safeberthing and cargo 
operations for Ultra Large ContainerVessels 
(ULCVs) and cruise ships [1].
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Basic Analysis Table of Genova's Climate Conditions

Table 5-4
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The Port of Shanghai: 
"Estuarine Dynamics and Deltaic Expansion"
In contrast to the topographically constrained port of Genova, the Port of Shanghai is a deltaic port situated at the 
intersection of the Yangtze River economic belt and the coastal economic belt of China. It serves as a national 
comprehensive transportation corridor and a crucial node for domestic and international logistics [6]. The 
geographic scope is vast, extending from the mouth of the Yangtze River (including the Yangshan Deepwater Port) to the 
Yangtze Estuary and the Hangzhou Bay, encompassing a vast territory facing distinct natural challenges [6].

Map of Shanghai

Figure 5-5
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Wind Conditions:
Shanghai is located in a subtropical maritime monsoon 
climate zone. The climate is characterized by distinct 
seasons: a hot and rainy season (summer) and a dry season 
(winter), influenced by alternating winter and summer 
monsoons [6].

• Wind Speed and Direction: The monsoon climate

• Typhoons: A significant natural environmental
constraint for Shanghai is the frequency of typhoons
during the late summer and early autumn. These
tropical cyclones can generate extreme wind
speeds and storm surges that necessitate robust

Technical Roadmap for Port Alternative Fuel Infrastructure（shanghai）

Figure 5-6

Chapter 5: Empirical Analysis of Port Operations and Energy-Environment: Case Studies of the Port of Genoa and the 
Port of Shanghai            Part II: Case Study and Design

dictates a clear seasonal shift in wind direction. 
Summer winds generally come from the southeast 
(SE), bringing warm, moist air and the "plum 
rains" season; while winter winds are predominantly 
from the northwest (NW), bringing cold, dry air 
from the continental interior. Unlike the channeling 
winds of Genova, Shanghai's wind regime is 
influenced by the expansive flat terrain of the delta and 
open sea fetch.

infrastructure and can temporarily halt port 
operations. The "Green Port" plans in Shanghai 
emphasize resilience against such extreme weather 
events, as they affect both safety and energy 
consumption (e.g., increased pumping for drainage, 
power stabilization). 
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2024 Annual Genoa Wind Analysis Chart (shanghai)

Table 5-5

Chapter 5: Empirical Analysis of Port Operations and Energy-Environment: Case Studies of the Port of Genoa and the 
Port of Shanghai           Part II: Case Study and Design

130

Source: Author's own elaboration



Chapter 5: Empirical Analysis of Port Operations and Energy-Environment: Case Studies of the Port of Genoa and the 
Port of Shanghai            Part II: Case Study and Design

Hydrological Conditions:
The hydrological regime of Shanghai is dominated by 
the massive discharge of the Yangtze River, the third-
longest river in the world. The port operates in an 
environment with high sediment loads and dynamic 
tidal movements.
• Tides and Currents: The area experiences irregular 

semi-diurnal tides. The interaction between river
outflow and tidal currents creates complex current
patterns in the channels. The sediment-laden river
water mixes with the saline sea water, leading to
flocculation and the deposition of fine sediments.

Sediment Load At The Yangtze River Delta. Image By Nasa

Figure 5-7

• Sedimentation: The Yangshan Deepwater Port
and the main channels of the Yangtze Estuary face
continuous sedimentation challenges. Unlike the
episodic flooding of the Polcevera river in Genova, 
the Yangtze delivers a constant supply of silt. This
necessitates extensive and continuous maintenance
dredging to ensure navigable depths for deep-draft 
container ships and cruise liners calling at the port. 
The dredging operations themselves are significant
energy consumers and a source of disturbance to the
local environment.

131

Source: https://science.nasa.gov/earth/earth-
observatory/world-of-change/shanghai/



Wave Conditions:
The sea conditions at Shanghai vary significantly betweenthe 
open water of the Yangshan Deepwater Port (locatedin the 
Hangzhou Bay) and the riverine temminals along theYangtze (e.g., 
Waigaoqiao, Wusong). The Yangshanport is exposed to higher 
wave action, requiringsophisticated breakwater systems and 
mooringtechnologies to ensure safe berthing for large vessels.The 
riverine temminals are relatively sheltered from largeocean waves 
but are susceptible to choppy conditionsgenerated by passing 
vessel traffic and strong winds,which can complicate the precise 
maneuvering requiredfor shore power connections.
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Basic Analysis Table of Shanghai's Climate Conditions

Table 5-6
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Comparative Summary of Environmental Constraints
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Summarizes The Comparative Analysis Of The Natural Environmental Factors Influencing The Two Ports.

 Table 5-7
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Sunlight and General Climate:

• The "Air and Climate" analysis for the Port of Genova mentions the anemometric conditions and the
quality of air. The area experiences a Mediterranean climate with dry summers and rainy autumns, which generally 
provides favorable conditions for solar energy integration on port infrastructure, though the dense urban/industrial
context may create localized microclimates [1].

• Shanghai's climate, being subtropical monsoon, offers distinct seasonal variations. The rainy season (plum rains) 
impacts operations and may potentially reduce solar irradiance during peak summer months, while the winters
provide clearer skies. The "Green Port Three-Year Action Plan" emphasizes the need to adapt infrastructure to these 
climatic conditions to ensure continuous operations [6].
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5.1.2 Comparative Analysis of Cruise Terminal Operations and Energy Consumption Data 
(2019–2025)

The operational characteristics of cruise terminals in both ports are intrinsically linked to their energy consumption 
profiles. 

While Shanghai is primarily a container port, it has developed cruise terminals (e.g., Wusong) that operate alongside its 
massive commercial traffic. 
Genova, conversely, is a historic hub for Mediterranean cruises, with significant passenger traffic. Analyzing the energy 
consumption data (2019–2025) requires examining the baseline energy mixes and the planned transitions towards 
decarbonization.
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“Operational Transition and Renewable Integration”
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Port of Genova:

The "Stazione Marittima" (Maritime 
Station) and the "Porto Antico" area 
serve as the main cruise terminals in 
Genova. The operations here involve not 
only the berthing of cruise vessels but 
also the complex logistics of passenger 
handling (embarkation/disembarkation, 
customs, terminal services). Historically, 
the energy consumption in these areas has 
relied on the national power grid and 
auxiliary fuel combustion.

Baseline Energy Structure 
(Pre-2021):

Prior to the recent feasibility projects, the 
energy consumption for port operations 
(including cruise terminals) in Genova was 
characterized by:
1. Electrical Energy: Used for terminal

lighting, HVAC, and ancillary
services. Supplied via the national
grid.

2. Diesel/Fuel Oil: Used for tugs,
internal service vehicles, and,
crucially, by ships while berthed
(auxiliary engines).

Documentation regarding the "Nuova 
Diga Foranea" (New Breakwater) 
project reveals a strategic pivot in energy 
planning for the port, particularly for the 
Semipermanent basin which is integral to 
the port's logistic capacity and indirectly 
affects cruise routing and port traffic 
management [1]. The project introduces 
a significant renewable energy 
component.

New Breakwater Renewable Project (Wind Energy):

The integration of wind power on the new breakwater is a key element 
in the energy profile of the Port of Genova, impacting the 2019–2025 
period.
• Plan and Challenges: The Preliminary Feasibility Study (PFTE) 

initially proposed an ambitious plan to install wind turbines on the 
superstructure of the new breakwater (early schemes suggested 
approximately 20 units), estimating it could cover about 6.5%
of the port's total power demand and generate approximately 3.14
million kWh annually [1]. However, the specific implementation 
of this plan faces severe technical and regulatory constraints,
particularly due to the proximity of the breakwater to the Genova
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Airport (Aeroporto di Genova - Cristoforo Colombo Airport).
• Aviation Constraints and Design Adjustment: The earlier

proposed scheme with turbines of a 50-meter hub height was
formally rejected by the Italian Civil Aviation Authority (ENAC)
in 2014 due to interference with aviation radar systems and
flight cones. Current alternative schemes (reported to potentially
involve architect Renzo Piano) favor small-scale turbines with 
heights limited to under 20 meters or specific electromagnetic
compatibility designs. As of 2024/2025, this portion of the project
still requires validation by ENAV (Italian Air Navigation Services)
regarding electromagnetic compatibility. This implies that
while the feasibility study proposed a vision for wind energy
integration, the specific implementation is shifting towards

"micro-wind" or compatible 
technologies with limited height to 
achieve decarbonization goals while 
ensuring aviation safety.

Cruise Terminal Operations and 
Shore Power:

The adoption of shore power (Cold 
Ironing) is a key operational metric. As 
per the "Key Factors and Barriers to 
the Adoption of Cold Ironing" study, 
European ports, including Genova, face 
high energy costs relative to regions like 
California, making the economics of shore 
power challenging without subsidies or 
legislative mandates [7].
• Operational Impact: For cruise

ships in Genova, connecting to
shore power allows them to switch
off auxiliary engines. The energy
demand for a berthed cruise ship is
high (often several MW for climate
control and services). The port's
operational data for 2019–2025
reflects a growing trend towards
providing these connections, driven
by EU directives on emission control
areas and the need to reduce local
pollution in the dense urban context of 
Genova.
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“Massive Scale and Green Transition Data”
Port of Shanghai: 

The Port of Shanghai presents a dataset of 
energy consumption that reflects its status 
as the world's largest container port, with 
cruise terminals operating as part of this 
massive ecosystem. Data from the last five 
years provides a more accurate baseline 
for analyzing the 2019–2025 trajectory, 
particularly highlighting the significant 
decline in carbon emission intensity.

Energy Consumption Trends 
and Decoupling Effect (2020–
2024):
According to the latest data and analysis 
reports from Shanghai International Port 
(Group) Co., Ltd. (SIPG), port operations 
demonstrate a significant "decoupling" 
effect of economic growth from emissions 
[5, 6].

• Total Throughput Growth vs.
Emission Intensity Decline: While
the cargo throughput of the Port of 
Shanghai maintained high-level
growth and historically exceeded the
threshold of 50 million TEUs in 2024, 
the carbon emission intensity per unit
of throughput presents a significant
downward trend.

• Carbon Intensity Data: Official
reports indicate that the CO2 emission 
intensity of the Port of Shanghai's
container terminals has decreased from 
approximately 10.1 kg per standard
container (TEU) to approximately 6.6
kg/TEU, representing a reduction
of over 35%. This metric is a more
powerful piece of evidence supporting 
the argument for improved port
efficiency, showing that the port is

processing more cargo with a lower carbon cost [5].
• Shore Power and Clean Energy Substitution: This improvement 

in emission intensity is primarily attributed to the increased
coverage rate of shore power facilities. Data shows that shore
power usage in 2024 increased substantially compared to previous
years, effectively reducing (ship activity) emissions within the port 
area. Additionally, the normalized operation of LNG bunkering 
services has also reduced the carbon footprint of auxiliary transport. 
Furthermore, the continuous electrification of diesel equipment
(such as RTG "oil to electricity" projects) has driven an increase 
in electricity consumption shares on the operational level, but
because of the improvement in power generation efficiency and the 
increasing proportion of clean energy, the overall carbon intensity
has decreased.

Cruise Terminal and Shore Power Status (2019–2025):
For the 2019–2025 period, the "Shanghai 14th Five-Year Plan"
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outlines a massive push for green terminals.
• Shore Power Implementation: Shanghai has been a pioneer in

China regarding shore power. "Green Port" reports indicate the
widespread installation of shore power sockets at major terminals
(including those handling cruise and container ships). By 2025, the
plan aims for a significant increase in the utilization rate of shore
power [5].

• LNG and Clean Energy: There is a clear push to use LNG as a
fuel for auxiliary vessels and trucks serving the port, impacting the
indirect energy consumption structure [5].

• Post-Pandemic Recovery and Resilience: Data from 2022-
2023 reflects the recovery of cruise and container traffic from the
global downturn. Energy consumption indicators show that with
the resumption of operations, the port did not simply revert to
old fossil fuel consumption patterns but continued the trend of
declining carbon emission intensity, reflecting the resilience of
the energy transition

Comparative Analysis of Energy 
Transitions (2019–2025):

Comparing the two ports during this period 
reveals different strategic paths:
1. Port of Genova: The 2019–

2025 period is characterized by
infrastructure construction and
adjustment. While the feasibility
study proposed an ambitious wind
energy integration plan (covering
6.5% of power demand), the specific 
implementation is constrained by
aviation radar compatibility (ENAC/
ENAV) approvals, with design
schemes adjusting towards low-profile 
(<20m) compatible technologies.
This reflects the complexity of
coordinating infrastructure with
aviation safety within a compact
urban space.

2. Port of Shanghai: The 2019–2025
period is characterized by efficiency
improvement and intensity
decoupling. Data clearly demonstrates 
a significant decline in carbon
emission intensity per cargo (dropping 
to 6.6 kg/TEU). This indicates
that while maintaining its status
as a global logistics hub with high
throughput, the Port of Shanghai
has successfully achieved a relative
decoupling of environmental load
from operational scale through
shore power proliferation and clean 
energy substitution.
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The quantification of pollutant emissions is crucial for assessing the environmental impact of port calls, particularly for 
cruise ships which have high auxiliary power loads (hotel loads). This section analyzes the available data on CO2, SOx, 
NOx, and Particulate Matter (PM) for the two ports, distinguishing between total port emissions (Shanghai data) and 
per-call emissions (Genova/General data).

Port of Genova: 

Per-Call Emissions and Mitigation Potential
The "Cold Ironing in Europe" study provides a valuable 
baseline for quantifying the emissions from a single cruise 
ship call in a European context like Genova [7].
• Emissions per Call (Without Cold Ironing): For a

large cruise ship with a hotel load requiring continuous
power during a 10-hour stop:

» CO2 Emissions: 
Approximately 72.2 tons of CO2.

» NOx Emissions: 
Approximately 1.47 tons of Nitrogen Oxides.

» SOx Emissions:
Approximately 1.23 tons of Sulphur Oxides.

» Particulate Matter (PM): 
Significant levels of PM10 and PM2.5 generated by 

diesel combustion.

• Mitigation Potential (With Cold Ironing): If the
same vessel connects to the shore power grid (assuming 
the grid has a renewable mix or lower emission
intensity):

» CO2 Reduction：Emissions drop from 72.2 to
50.1 tons (a significant reduction, though the exact figure
depends on the grid emission factor).

5.1.3 Quantification and Comparison of Major Pollutant Emissions from Cruise Ships 
During Port Calls

» NOx/SOx/PM Reduction: These emissions are
virtually eliminated at the ship (0.04 tons for NOx, 0.04
tons for SOx) because the auxiliary engines are turned
off. The emissions are shifted to the power plant, which
is usually more efficient and equipped with treatment
technologies compared to shipboard engines [7].

• Local Impact: The "Nuova Diga Foranea"
Environmental Impact Study (SIA) highlights
that the air quality in the Sampierdarena and Porto 
Antico basins is a critical issue. The dispersion of
pollutants (NOx, PM10) is limited by the surrounding 
topography (hills), making the immediate health
impact on the city of Genova significant. Therefore,
the quantification of emissions reduction via cold
ironing is not just a global CO2 metric but a vital local 
health metric [1].

Renewable Energy Offset:
Although the wind farm plan on the new breakwater faces 
implementation challenges due to aviation compatibility 
issues (detailed in Section 5.1.2), its original intent was to 
provide a direct offset for the port's energy consumption. 
If the technical obstacles can be overcome to realize 
partial generation, this would represent a direct 
enhancement of the "green" credentials of the entire 
port infrastructure, including the cruise terminals.
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Port of Shanghai: 

Total Emission Inventory and Cruise Ship 
Contribution
Shanghai provides a comprehensive dataset on total carbon 
emissions derived from the "Sustainable Development"
reports and specific emission measurement studies [5, 6].
• Total Volume and Intensity: In 2024, total carbon

emissions reached approximately 1.15 million tons.
More importantly, with the decline in carbon emission
intensity (as described in Section 5.1.2), this growth
trend is slowing.

• Source Breakdown (Average 2020–2024):
» Scope 3 (Ship Activities):The largest contributor,
averaging about 58% of total emissions. This category
includes the auxiliary engines and boilers of vessels while
berthed. Cruise ships, due to their long dwell times (often
exceeding 10 hours) and high hotel loads, contribute
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disproportionately to this percentage compared to container 
ships which may turn around quickly.
» Scope 2 (Electricity Consumption): The second
largest contributor, averaging about 32%. This reflects 
the massive electrification of port equipment (RTGs,
gantry cranes) and the increasing demand for shore
power. As the grid emission factor decreases (increase in
green electricity proportion), the contribution of this portion 
of emissions will decrease synchronously.
» Scope 1 (Direct Combustion): Fuel oil and diesel
account for smaller percentages (about 4% for fuel oil and
about 7% for diesel), reflecting the effective shift away
from diesel in ground operations [6].

Shanghai Port Cruise Ship Specifics:
Although the documents provide aggregate data, the 
specific methodology used for calculating ship emissions is 
detailed as follows:

• Impact of Cold Ironing: Studies on shore power in Shanghai (referenced in broader literature and implied in green
port plans) indicate that switching a cruise ship to shore power can reduce NOx and SOx emissions at the port 
by over 90%. Given that the "Ship Activities" category accounts for nearly 60% of Shanghai's port emissions,
the potential reduction achievable through shore power is the largest single mitigation lever available, far
outweighing the impact of diesel reduction in ground operations
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Conclusion :

The analysis of basic port characteristics, energy data, and emission profiles reveals that the Port of Genova and the 
Port of Shanghai face fundamentally different scales and nature of challenges. 
• Genova operates in a "tight" geographic and operational envelope, constrained by Ligurian topography, where

localized emissions (NOx/PM) from cruise ships are a pressing urban health issue. The path to 2025 is defined by 
structural interventions (New Breakwater) and tentative renewable energy integration (Wind Power), but must address 
the technical challenges of aviation radar compatibility.

• Shanghai operates in an "expansive" estuarine environment, managing massive logistics flows where the sheer 
volume of CO2 is the primary constraint. The path to 2025 is defined by operational efficiency improvements (carbon 
emission intensity dropping to 6.6 kg/TEU), shore power adoption, and the structural decarbonization of the national
energy grid, successfully achieving a decoupling of economic growth from emissions.

However, both ports draw a critical conclusion: that addressing the energy demand of berthed vessels via shore 
power is the single most effective measure for immediate pollution reduction in their cruise and commercial 
operations. “ that addressing the energy demand of berthed vessels via shore power is the single 
most effective measure for immediate pollution reduction in their cruise and commercial 
operations.”

Comparative Emission Profiles: Genova vs. Shanghai

Table 5-8
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The transition towards decarbonization in the maritime sector fundamentally alters the traditional energy supply-
demand structure of ports. No longer merely passive providers of berthage, ports are evolving into active energy hubs that 
must supply stable, low-carbon power to berthed vessels while simultaneously integrating increasingly volatile renewable 
energy sources. This section analyzes the spatial distribution of existing ship energy supply infrastructure, models 
the future demand for shore power, quantifies the capacity gaps in power supply, and assesses the infrastructure 
readiness for alternative fuels like hydrogen and methanol in the Ports of Genova and Shanghai. Building upon the 
geographical and operational characteristics established in Section 5.1, the analysis focuses on the technical feasibility and 
infrastructure compatibility required to meet the 2030 decarbonization targets.

5.2 Analysis of Port Energy Supply-Demand Structure, Shore Power 
Baseline, and Future Fuel Gaps

The spatial arrangement of power supply infrastructure is dictated by the 
geographic layout of the ports and the historical development of their 

electrical grids. 
A comparative analysis reveals that Shanghai, as a deltaic mega-port, possesses a 
high-capacity, hierarchically structured grid designed for heavy industry. 
Genova, constrained by its Mediterranean coastal geography, operates on a more 
localized legacy grid that requires significant modernization to support future 
electrification demands.

Port of Genova:

The Port of Genova’s energy infrastructure is integrated into the local distribution 
network managed by the local utility and adapted to the specific constraints of the 
Ligurian coastline.

Distribution Network Characteristics:
The existing infrastructure serving the cruise terminals (specifically the Ponte dei 
Mille and Ponte Parodi areas, part of the "Porto Antico") relies on Medium Voltage 
(MV) distribution lines, typically operating at around 20 kV. However, a significant 
portion of the port’s ancillary infrastructure, including lighting and smaller auxiliary 
services, operates at Low Voltage (LV, 400 V).

5.2.1 Spatial Distribution of Existing Ship 
Energy Supply Infrastructure
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Distribution Network Characteristics Genova

Figure 5-8

• Legacy Constraints: As detailed in Section 5.1, the port area is fragmented by natural promontories and urban
development. This has resulted in a decentralized grid topology where individual terminals (Calata Bettolo, Ponte 
Asserito) often receive power from separate primary substations, lacking a unified port-wide high-capacity backbone. 
This fragmentation creates localized bottlenecks, particularly at the Ponte dei Mille cruise terminal, where the 
simultaneous berthing of multiple large cruise ships creates concentrated load spikes [9].

Port of Genova:
“Localized Grid and 
Emerging Offshore
Integration”
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• Voltage Limitations: The current infrastructure is primarily rated
for auxiliary loads and handling equipment (e.g., cranes, RTGs).
The capacity to supply high-power shore connections (typically
requiring 6.6 kV or 11 kV outputs) is currently limited to specific 
high-voltage shore power (HVSC) installations [16]. The majority 
of berths currently lack the necessary step-up transformers
or switchgear to handle the >10 MW load profile of modern
cruise vessels without significant upgrades.

Renewable Energy Integration:

A critical component of the future supply 
structure is the integration of the offshore 
wind farm planned for the "Nuova Diga 
Foranea" (New Breakwater).
• Grid Connection:  The project involves

the installation of wind turbines with
a total installed capacity estimated to
contribute significantly to the port's
energy mix [9]. The spatial challenge 
lies in transmitting this offshore power
to the onshore grid. The infrastructure
requires submarine cables connected
to a dedicated onshore substation. This
substation must then synchronize the
variable wind energy with the stable grid
demand of the port terminals.

• Geographical Coupling:Unlike many
ports that import wind energy from
remote wind farms, the "Nuova Diga 
Foranea" project proposes a micro-grid
approach where the port (specifically
the Sampierdarena basin) draws
power directly from the breakwater.
This reduces transmission losses but
introduces technical complexities
regarding voltage stability, requiring
advanced power electronics to manage
the "islanding" effect if the port
temporarily disconnects from the main
grid [9].
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“Hierarchical Backbone
and Mega-Terminal
Supply”

Port of Shanghai: 

In contrast to Genova’s fragmented topology, the 
Port of Shanghai benefits from a robust, high-
voltage power grid designed to support heavy 
industrial load centers.

Distribution Network Characteristics:

Shanghai’s port power supply is integrated 
into the Eastern China Power Grid, one of the 
most powerful and stable grids in the world.
The spatial distribution is characterized by a 
hierarchical structure.
• High-Voltage Backbone: The main

container terminals (e.g., Yangshan
Deepwater Port, Waigaoqiao) are supplied 
directly from Extra High Voltage (EHV)
transmission lines (110 kV or 220 kV)
which step down to MV (10 kV or 20 kV)
at dedicated port substations. This structure
ensures that the ports have access to a
massive capacity base, far exceeding their
current maximum concurrent demand [13].

• Terminal-Level Distribution: Within the
terminals, the electrical network is designed
for high-density electrification. As noted
in the operational data (5.1.2), the shift to
electric Rubber Tyred Gantry cranes (RTGs) 
has driven the installation of extensive
MV cabling and busbar systems across the
quaysides. This terrestrial infrastructure
serves as a ready-made backbone for shore
power roll-out, as the quayside already

possesses the necessary voltage levels and bus capacity to 
handle high-current loads without extensive civil works.

Renewable Energy Integration:
Unlike Genova’s focus on localized offshore wind, Shanghai’s 
supply structure is heavily reliant on the national grid's 
greening process.
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Distribution Network Characteristics Shanghai

Figure 5-9

• Green Power Procurement:he port does not
primarily generate its own large-scale renewable power 
on-site (though solar installations exist on warehouse
roofs). Instead, the "green" nature of the supply is
determined by the grid mix. As per the "Shanghai 14th 
Five-Year Plan," the port is incentivized to increase its 
procurement of green electricity certificates [13].

• Stability Challenges:While the capacity is vast, the
integration of fluctuating offshore wind and solar
from the broader Eastern China grid requires the port's 
internal distribution system to handle potential voltage
fluctuations. The existing HV infrastructure, however, 
provides a strong buffer against these fluctuations
compared to the more sensitive MV-dominant grid of
Genova.
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Comparative Summary of Environmental Constraints

Comparison of Ship Energy Supply Infrastructure Spatial Distribution

Table 5-9

Projecting the future demand for shore power requires understanding the evolving cruise market and the technical 
specifications of next-generation vessels. The demand profile is not static; it is defined by the vessel size, hotel load 
(megawatts required for non-propulsion services), and the duration of berth. This section develops a comparative model 
for both ports covering the 2026–2030 period.

5.2.2 Assessment of Shore Power Demand Potential for Cruise Ships and Model 
Development (2026–2030)
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Parameter Assumptions (2026–2030):
• Genova: The "Nuova Diga Foranea" project facilitates
access to larger vessels (up to 400m). We assume an average
hotel load increase from current vessels (approx. 6-8 MW)
to new-build vessels (approx. 9-12 MW) due to larger guest
capacities and more extensive amenities. The turnaround
time is assumed to average 10-12 hours.

Port of Genova:
“Demand Amplification via Capacity Expansion”
• Phase A (2026-2028): As the breakwater extends,

the port can accommodate larger "Neo-Panamax" 
cruise ships. Even if the number of calls remains
stable, the “energy per call” increases significantly
due to the higher hotel loads Photel. The model projects 
a 25-30% increase in total energy demand for the
“Stazione Marittima" simply by upgrading the class 
of vessels that can access the basin safely [9].

• Phase B (2029-2030): With full access for ULCVs,
the port aims to attract longer itineraries or home-
porting operations. This increases Tberth (overnight
stays). The model indicates that by 2030, if the port
maintains 4-5 simultaneous berths active, the peak 
power demand could reach 40-50 MW. This is a
critical threshold, as the current local grid feeders
to the area are rated significantly lower [10].

Port of Shanghai:
“Scale Intensity and Frequency”
The demand profile for Shanghai is driven by volume and 
the rapid electrification of auxiliary services.
• 2026-2028: Driven by the domestic cruise market

recovery, the number of ship calls is projected to rise
sharply. Unlike Genova, where demand is "Quality"
(larger ships), Shanghai’s demand is "Quantity"
(more ships). The model estimates energy demand
growth of approximately 15-20% annually during
this recovery phase [13].

• 2029-2030: As international cruise routes resume,
demand peaks. Shanghai’s capability to handle
simultaneous operations at Wusong and other
terminals means the cumulative Photel demand could
exceed 60 MW during peak days (e.g., national
holidays). However, unlike Genova, the grid capacity
is theoretically sufficient; the constraint lies in the
availability of berths equipped with the correct socket
interfaces (IEC 80005-3) for the specific vessels
calling.

• Shanghai: The Wusong cruise terminal is expected
to handle larger domestic cruise ships (post-pandemic
recovery). We assume a standard hotel load of 8-10
MW for international class vessels calling Shanghai,
with a turnaround time of 8-10 hours.

Methodology for Demand Modeling
To quantify the shore power demand, a simplified load profile model is utilized. The total daily energy demand
（ Eshore）for cruise operations can be expressed as:
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Projected Shore Power Demand Parameters (2026–2030)

Table 5-10

5.2.3 Quantitative Analysis of Port Power Supply Capacity and Shore Power Demand Gap

The "Power Gap" refers to the discrepancy between the “available” supply capacity (specifically green capacity) 
and the ”projected” demand. This section analyzes the technical sufficiency of the grid infrastructure to meet the shore 
power demand modeled in 5.2.2.

Port of Genova:
“ the supply-demand gap is primarily a structural capacity 
issue.”
Capacity Constraints and Grid Reinforcement Needs
For Genova, the supply-demand gap is primarily a structural 
capacity issue.
Current Baseline Capacity:
The existing power supply infrastructure serving the cruise 
terminals is designed for the legacy load profile (smaller 
ships with lower auxiliary loads). The local electrical grid 
operators typically allocate limited capacity to the port area.
• Supply Limit:The current maximum authorized

capacity for the Porto Antico cruise terminals is
estimated to be insufficient for the simultaneous
berthing of more than 2-3 modern large cruise ships on 
shore power without load shedding (turning off non-
essential loads). This creates a "Hard Gap" where the 
grid cannot physically deliver the required 11 kV/6.6
kV power to the quayside during peak events [10].

• Renewable Supply Gap: Even  with the integration
of the "Nuova Diga Foranea" wind farm (3.14 GWh
annually), this represents only a fraction (approx. 6.5%) 

of the port's total demand [9]. The vast majority of 
supply still comes from the national grid, which relies 
on a mix of hydrocarbon and renewables. There is a 
significant gap between the “clean energy” supplied 
and the “total energy” demanded by 2030.  

Bridging the Gap (2026–2030):
To close this gap, the technical roadmap focuses on grid 
reinforcement rather than just increasing generation
• Primary Substation Upgrade:The "Nuova Diga 

Foranea" project includes plans for reinforcing
the primary electrical substations serving the
Semipermanent basin. This involves upgrading
transformers to increase the Short Circuit Power
(PSCC) and expanding the 20 kV busbars.

• Storage Integration: To mitigate the variability of
the offshore wind supply and the peak loads of shore 
power, the installation of Battery Energy Storage
Systems (BESS) is proposed. These would store
excess wind energy generated at night (when wind is
high but demand is low) and discharge it during the
day when cruise ships are berthed, effectively shifting 
the green energy to match the demand profile. 
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Conceptual Model of Port Power Supply-Demand Gaps (Genova vs. Shanghai)
Note: Conceptual representation based on analysis

Figure 5-10

Chapter 5: Empirical Analysis of Port Operations and Energy-Environment: Case Studies of the Port of Genoa and the 
Port of Shanghai            Part II: Case Study and Design

Port of Shanghai:
 “the supply-demand gap is not a volume issue but an 
intensity issue.”
Abundance of Supply, Gap in Green Intensity
For Shanghai, the supply-demand gap is not a volume issue 
but an intensity issue.
Current Baseline Capacity:As a node on the ultra-high 
voltage (UHV) network, Shanghai has access to virtually 
unlimited power capacity.
• Supply Limit: There is effectively no physical "hard

gap" preventing the port from accessing enough
electricity. The Eastern China Grid has massive
spinning reserves and capacity. Even the projected
peak load of 60 MW for cruise ships (plus container
terminals) is a negligible fraction of the port area's total 
grid capacity.

• Green Supply Gap: The primary gap lies in the
"Carbon Intensity" of the supply. While the port
can procure enough power, the current grid mix
(as noted in 5.1.2) still relies heavily on coal-fired
generation. The "Green Port" mandate creates a
regulatory gap: the “demand“is increasing (more
electric equipment), but the “green supply” must 

increase proportionally faster to meet the carbon 
neutrality goals. The gap is the delta between the 
current emissions intensity of the grid electricity and 
the target intensity for 2030 [13].

Bridging the Gap (2026–2030):
Shanghai's strategy to bridge the gap focuses on 
procurement and technological optimization rather 
than physical grid reinforcement.
• Direct Power Purchase Agreements (PPA): The

port and major terminal operators are entering into
PPAs directly with renewable energy generators (wind 
and solar farms in Inner Mongolia or Xinjiang). This 
bypasses the local grid mix to some extent, ensuring
that the electrons powering the cruise terminals are
certified green.

• Smart Micro-grids: Some advanced terminals
(e.g., parts of Yangshan) are developing micro-grid
capabilities. These allow the terminal to "island" itself
during peak pricing or grid instability, utilizing on-site 
solar storage and prioritized usage of green energy, 
effectively filling the reliability gap of renewable
sources.
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 5.2.4 Assessment of Demand Potential for Alternative Fuels (Hydrogen/Methanol, etc.) for 
Cruise Ships and Infrastructure Gaps

Beyond electrification, the maritime sector is exploring alternative fuels such as Hydrogen (H2), Methanol (MeOH), 
and Ammonia (NH3). The "Infrastructure Gap" for these fuels represents the difference between the fueling needs of 
future cruise vessels and the current bunkering capabilities of the ports.

Port of Genova:
“ However, the current infrastructure for marine 
bunkering is nascent.”
Ambitions of the Hydrogen Valley vs. Current Reality
The Port of Genova is geographically positioned at 
the center of the "North-West Hydrogen Valley," an 
industrial initiative linking Italy with the H2 hubs of Spain, 
Germany, and France. However, the current infrastructure 
for marine bunkering is nascent.
Hydrogen (H2) Potential:
• Demand: TFuture cruise ships, particularly those

operating on emission-sensitive routes in the
Mediterranean (Mediterranean Emission Control
Area - Med ECA proposal), are likely to utilize
Hydrogen Fuel Cells (FC) or direct H2 combustion for 
auxiliary power.

• Infrastructure Gap: Currently, there is zero capacity
for bunkering Liquid Hydrogen (LH2) or compressed
gaseous H2 at the cruise terminals. The gap is multi-
faceted:

1. Storage: High-pressure (350-700 bar) storage facilities 
do not exist within the port boundary.

2. Supply:  There are no pipelines delivering green H2 to 
dockside.

3. Bunkering Vessel:  There are no dedicated hydrogen
bunker barges operating in the harbor.

• Projected Developments (2026–2030):The strategic
plan involves leveraging the natural gas pipelines
that currently feed the port area (for industrial use)
and retrofitting them for a hydrogen blend or pure
H2 transport. This infrastructure is located near the
Sampierdarena oil terminals, spatially separated
from the cruise docks in the Porto Antico. A significant 
gap exists in the "last mile" delivery system connecting 
the industrial H2 pipeline network to the cruise berths
[9].

Methanol (MeOH):
• Potential: Methanol is seen as a transition fuel.

Some cruise operators are considering MeOH fuel
cells or dual-fuel engines.

• Infrastructure Gap: Similar to hydrogen, the port
lacks specific methanol bunkering infrastructure.
Unlike H2, MeOH can be handled similarly to
traditional fuels (VLSFO - Very Low Sulphur Fuel
Oil Carrier types), but no dedicated berth or manifold
for cruise ship-to-ship transfer exists at the passenger
terminals. The port would need to repurpose
existing fuel oil infrastructure or build new
"green methanol" terminals, which is technically
challenging in the constrained geography of the
Porto Antico.
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Port of Shanghai:
Leader in Methanol, Piloting Hydrogen
“ The Port of Shanghai is already a global leader in 
providing alternative marine fuels”
The Port of Shanghai is already a global leader in providing 
alternative marine fuels, particularly for container shipping, 
and is rapidly developing capabilities for the cruise sector.
Methanol (MeOH):
• Current Status: Shanghai is the world's first port

to provide "Green Methanol" bunkering on a
commercial scale. Major shipping lines (e.g., COSCO) 
have taken delivery of methanol-fueled container ships 
at Shanghai.

• Infrastructure Readiness for Cruise:While currently 
used for container ships, the infrastructure is scalable.
The port possesses the technical expertise for:

1    Safety Protocols: Handling of low-flashpoint fuels 
(MeOH) compared to traditional fuel oil.
2     Bunkering Logistics: Using truck-to-ship (TTS) or 
ship-to-ship (STS) transfer.
• Gap Analysis: The gap for cruise ships is minimal.

The primary constraint is not the existence of
bunkering infrastructure, but the specific demand
from cruise vessels. If a cruise line deploys a MeOH-
fueled ship, Shanghai has the immediate technical
capacity to supply it using existing bunkering locations 
(e.g., along the Yangtze Estuary channels) with minor
modifications.

Hydrogen (H2):
• Demand Potential: China's strategy for 2026–2030

includes pilot projects for hydrogen-powered vessels.
• Infrastructure Gap: Similar to Genova, there is

currently no direct hydrogen bunkering capability at
the Wusong Cruise Terminal.

• Pilot Projects (2026–2030): The gap is being
addressed through "Hydrogen Refueling Stations"
built on land or barges. Shanghai's advantage over
Genova is the availability of "Grey Hydrogen"
(from industrial byproducts) and the rapid scale-up
of electrolyzers powered by the massive grid. The
5.2.3 analysis of the green energy supply (PPAs)
directly supports the feasibility of producing "Green
Hydrogen" for marine fuel. The gap is expected to
close faster than in Europe, primarily driven by the
state-led "Green Port" technology mandates [13].

Biofuels and LNG:
• LNG: Shanghai has extensive LNG truck and

bunkering capabilities (used by river barges). For
cruise ships, LNG bunkering is technically possible
but faces space constraints at the downtown Wusong
terminal compared to the more open deep-water
terminals.

• Biofuels: B5/B24 biodiesel blends are commonly
available. The infrastructure gap for "Sustainable
Aviation Fuel" (SAF) or "Marine Biofuels" is the
certification of supply chains rather than the physical 
bunkering hardware.
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compares the infrastructure maturity for alternative fuels in both ports.

Table 5-11
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The transition from data analysis to design intervention requires a critical examination of the policy environment that 
governs these ports. Unlike Chapter 2, which established the theoretical definitions of regulatory frameworks such 

as the EU Emissions Trading System (EU ETS), FuelEU Maritime, and China’s "Dual Carbon" goals (Carbon Peaking by 
2030, Carbon Neutrality by 2060), this section focuses on the mechanism of transmission. It analyzes how these macro-
policies filter down to create distinct operational realities and investment incentives for the Port of Genova and the Port of 
Shanghai.

The fundamental divergence lies in the nature of the regulatory pressure applied to the cruise sector. 

“For Genova, the pressure is primarily economic and punitive, driven by a market-based carbon pricing
mechanism that directly threatens the port's commercial competitiveness. Conversely”

“For Shanghai, the pressure is administrative and directive, driven by state-mandated Key Performance 
Indicators (KPIs) that decouple investment from immediate return on investment (ROI) calculations in favor of strategic 
compliance”

5.3 Analysis of Policy Mechanisms: Differentiated Transmission of 
Regulatory Pressure
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5.3.1 The Port of Genova:
The "Punitive Mechanism" and the Survival of Home-Port Status

F or the Port of Genova, the overarching policy 
landscape is dominated by the European Union’s 

"Fit for 55" package. Specifically, the inclusion of 
maritime transport in the EU ETS creates a punitive
economic environment that acts as the primary driver for 
infrastructure upgrades.

Economic Transmission via Carbon Pricing: Under 
the EU ETS Phase (starting 2024 for maritime, phasing 
in to 100% by 2026), shipping companies are required 
to surrender allowances for 50% of emissions on intra-
EU voyages and 100% of emissions within the port (at 
berth). This creates a direct financial liability for cruise 
operators calling at Genova.
• The Cost of Inaction: If the Port of Genova fails 

to provide adequate shore power (Cold Ironing)
infrastructure, cruise ships must continue burning
marine gas oil (MGO) or heavy fuel oil to meet their
hotel loads. The cost of these fuels, plus the cost of
the EU ETS carbon allowances (EUAs), significantly 
increases the operational cost of a port call.
Estimates suggest that without shore power, the

regulatory compliance cost for a large cruise ship 
in the Mediterranean could increase by hundreds 
of thousands of Euros per call by 2026 [17].

• Threat of Route Cancellation: The cruise industry
is highly price-sensitive and mobile. If the total cost
of calling at Genova (port dues + regulatory carbon 
tax) exceeds that of competing Mediterranean ports
(e.g., Barcelona or Marseille) that have already
subsidized high-capacity shore power, cruise lines will
logically re-route itineraries to minimize exposure.
For a port like Genova, where the cruise sector is
a vital component of the local economy and the
"Home-Port" status (where passengers start/end
their journey) generates significant revenue, this
represents an existential threat.

• The "Punitive" Gap: Therefore, the policy
transmission is negative. The port is not necessarily
incentivized by a reward for being green, but rather
threatened by a punishment (loss of traffic) for being 
grey. This creates a high-pressure environment where
infrastructure investment is a defensive necessity to
retain market share.
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Regulatory Constraints and Spatial Policy: Furthermore, Genova faces specific spatial policies that constrain its technical 
response. The Environmental Impact Assessment (EIA) directives and the strict "Italian Landscape Code" (Codice
dei beni culturali e del paesaggio) impose heavy restrictions on what can be built, particularly in the "Porto Antico" area. 
These policies prioritize visual continuity and urban heritage over industrial expansion, meaning that green energy solutions 
cannot be bulky or visually intrusive (as seen in the aviation constraints discussed in Section 5.1.2). This tension between 
the urgent need to decarbonize (to avoid EU ETS penalties) and the strict preservation of the historical cityscape creates 
a complex, restrictive design envelope.

Instark contrast, the policy environment of the 
Port of Shanghai is shaped by China’s top-down 
administrative governance. The transition to 

green energy is not driven by a market carbon price that 
impacts the port's bottom line directly, but by the rigid 
execution of the "14th Five-Year Plan" and the "Green 
Port Three-Year Action Plan."

Command-and-Control KPIs: The Chinese 
government sets specific, quantifiable targets for 
Shanghai International Port Group (SIPG). 
These include:
• Shore power coverage rate (target: >70% for key 

terminals by 2025).
• Carbon emission intensity reduction (target: <6.6 kg 

CO2/TEU).
• Proportion of clean energy utilization.

The "Mandate" Investment Logic: Unlike Genova, 
where port operators must calculate the ROI of a 
shore power investment against revenue, Shanghai’s 
infrastructure development is often subsidized or 
mandated by the state. The policy transmission functions 
as a political directive rather than a market signal.
• Unlimited Backing for Green Goals:If the KPI

requires the construction of a massive offshore wind
farm or the electrification of all rubber-tired gantry

5.3.2 The Port of Shanghai:
The "Administrative Mechanism" and KPI-Driven Infrastructure

(RTG) cranes, the capital is mobilized through state-
owned enterprises (SOEs) and policy banks. The 
question is not "Does this project make money?" 
but "Does this project fulfill the Five-Year Plan?" 
[18].

• Scale vs. Efficiency:Because the pressure is
administrative, the solutions deployed in Shanghai
tend to favor "Grand Projects" (e.g., the world's
largest automated terminals, vast solar farms on
warehouse roofs) that demonstrate compliance at scale. 
This allows Shanghai to overcome the "supply gap"
mentioned in Section 5.2.3 through sheer volume of
investment, ensuring that the grid capacity is reinforced 
in advance of demand to guarantee KPI compliance.

Resilience as Policy: Additionally, the "National 
Comprehensive Transportation Hub" status of Shanghai 
mandates resilience against extreme weather (typhoons) 
and energy security. This administrative mandate ensures 
that backup power systems and micro-grids are not just 
afterthoughts but requirements of the national security 
strategy. Thus, the policy driver for Shanghai is the 
maintenance of its status as the world's busiest port 
through operational reliability and adherence to national 
decarbonization commitments.
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national decarbonization commitments.

Comparative Analysis of Policy Mechanisms and Design Implications

Table 5-12

Synthesis of Technical and Policy Constraints
The empirical analysis reveals that while both ports are 
committed to decarbonization, their paths are dictated by 
fundamentally different constraints. The Port of Genova 
is attempting to fit high-energy-demand infrastructure 
(shore power for cruise ships) into a spatially rigid,
urban-constrained environment under the threat of 
economic penalties. The Port of Shanghai is attempting 
to rapidly decarbonize a massive, throughput-heavy 
machine using an administrative model that prioritizes 
scale and speed, facing challenges primarily related to grid 
cleanliness and peak load management.

• For the Port of Genova, the "bottleneck"
is physical space and visual acceptance.
The policy pressure (EU ETS) demands immediate 
action, but the physical reality (constrained coastline, 
aviation radar restrictions) delays implementation. This 

creates a high-risk scenario where the port may face 
penalties before infrastructure is operational.

• For the Port of Shanghai, the
"bottleneck" is the coordination of
energy generation and consumption
timing. The policy pressure (KPIs) demands rapid 
intensity reduction, but the physical reality (coal-
heavy grid, massive simultaneous loads) requires 
sophisticated energy management systems (EMS) and 
storage solutions to ensure that the electricity used is 
genuinely "green" and not just shifted to the national 
grid.
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Having analyzed the energy demand and supply gaps in the previous section, the focus now shifts to the generation 
potential and technological feasibility of renewable energy within the port domains. Ports are increasingly expected 
to evolve from passive energy consumers into active clean energy hubs. This section provides a comparative empirical 
assessment of the wind and wave energy resources available in the specific maritime environments of the Ligurian Sea 
(Genova) and the Yangtze Estuary (Shanghai). Furthermore, it evaluates the techno-economic feasibility of coupling these 
offshore renewable resources with green hydrogen production systems. The analysis specifically addresses how the distinct 
natural and regulatory constraints identified earlier—such as aviation radar limitations in Genova and typhoon resilience 
requirements in Shanghai—impact the practical implementation of these technologies for the 2030 decarbonization targets.

5.4 Renewable Energy Technologies and Feasibility Conditions for 
Offshore Hydrogen Production

5.4.1 Assessment of Wind and Wave Energy Resource Potential in the Sea Areas of the Two 
Ports

1. The Port of Genova: 
Analysis of Moderate Energy Potential under 
Topographic Constraints

Wind Resource  Qual i ty  and Turbulence 
Characteristics:
Influenced by the complex topography of the Ligurian Sea 
and the backing Apennine Mountains, the wind energy 
resources in the Genova port area exhibit significant 
high turbulence characteristics. Although the prevailing 
North-Northeast (NNE) winds in winter have high average 
speeds, the Weibull distribution shape parameter (k) from 
local monitoring station data indicates a large dispersion 
of wind speeds.
This resource characteristic is classified as typically 
Locationally Constrained. While the average wind speed 
meets the threshold for commercial development, the wind 
shear and turbulence effects caused by the topography 
strictly limit the siting of large wind turbines, resulting in a 
potential capacity factor lower than that of open sea areas.

Impact of Wave Energy on Engineering Facilities:

Although the port is located in a semi-enclosed sea area, the 
unique moto ondoso (surge) phenomenon in the port area 
poses significant engineering challenges for offshore energy 
facilities. Data shows that the significant wave height (Hs）
in this area frequently remains between 1.0 m and 1.5 
m. While this continuous wave disturbance does not reach
extreme destructive levels, it significantly increases the
fatigue load on offshore structural foundations (such as
jackets or monopiles), leading to rising maintenance costs
(OPEX), which directly impacts the economic model of 
the Nuova Diga Foranea (New Breakwater) wind power
project.

Solar Energy and Land Space Constraints:
The Genova area possesses excellent solar irradiance 
(annual average > 1400 kWh/m²). However, the extreme 
scarcity of available land within the port area constitutes 
a hard physical constraint. Due to the density of existing 
infrastructure and the undulating surrounding terrain, the 
deployment of large-scale ground-mounted photovoltaic 
power stations is not feasible, and energy development can 
only rely on distributed rooftop photovoltaic systems.

The economic viability of green hydrogen production is fundamentally dependent on the capacity factor (CF) 
of the power generation side. While offshore wind power represents one of the most scalable technological 
pathways for coastal ports, its effective utilization is strictly constrained by the specific quality and stability 
of wind and wave energy in the local sea area. Building upon the geographic and environmental baselines 
established in Section 5.1.1, this section shifts focus from qualitative description to quantifying the actual energy 
conversion potential and identifying specific engineering constraints for renewable energy deployment.
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2. The Port of Shanghai:
Analysis of High Potential Resources and Extreme 
Environmental Risks

High Stability and Scalability Potential of Wind 
Resources:
Unlike the wind conditions in Genova which are disrupted 
by topography, the East China Sea area where Shanghai 
is located (specifically the Yangshan Deepwater Port area) 
benefits from an open ocean environment, with wind 
energy resources possessing the dual advantages of 
high stability and high average wind speed. Weibull 
parameter analysis shows that the wind speed in this 
region is concentrated in the rated power range, making 
it extremely suitable for the deployment of large offshore 
wind turbines with hub heights exceeding 120 meters. This
world-class quality wind energy resource can support 
extremely high annual power generation, providing an 
ideal power foundation for gigawatt-scale (GW-scale) 
green hydrogen production.

Extreme Sea States and Engineering Capital 

Expenditure (CAPEX):
The primary challenge facing the Port of Shanghai comes 
from the risk of  extreme sea states . In addition to strong 
daily wave activity, extreme wave heights (Hs > 2.0 m 
or even higher) during the typhoon season pose immense 
engineering risks. To withstand 50-year return period 
typhoons and storm surges, the foundation structures of 
offshore wind farms must be designed with extremely high 
safety factors (Sf). This significantly increases the project's 
initial capital expenditure (CAPEX); unlike Genova which 
faces "maintenance difficulties," Shanghai faces the 
structural challenge of "high construction costs."

Land Use Strategy and Complementary Energy:
Although solar irradiance in Shanghai is slightly lower 
than in Genova (approximately 1400–1600 kWh/
m²), the port has overcome spatial limitations through 
innovative land use strategies. By utilizing vast estuarine 
wetlands, reclaimed land ("brownfields"), and floating 
photovoltaic technology on water surfaces, Shanghai 
has effectively avoided high commercial land costs and 
achieved the large-scale deployment of renewable energy.

3. Summary of Comparative Resource Potential

summarizes the core differences between the two ports in terms of renewable energy resource potential and 
engineering constraints.

Table 5-13
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T he conversion of offshore wind energy into hydrogen 
involves several key energy-intensive stages. This 

section analyzes the technical and economic feasibility of 
integrating the offshore wind and wave resources assessed 
in Section 5.4.1 with hydrogen production technologies 
(electrolysis, compression, storage). It specifically addresses 
the constraints faced by each port, such as grid capacity, 
land availability, and the specific energy requirements for 
water electrolysis.

Hydrogen Production Technology Chain:
The heart of green hydrogen production is the electrolyzer. 
This technology splits water molecules (H2O)into 
hydrogen and oxygen using electricity.
• Energy Efficiency and Capacity Factor (CF):

The theoretical minimum energy requirement is
39.4 kWh per kilogram of hydrogen(H2) .Modern
high-pressure alkaline electrolyzers (HPAE) or
Proton Exchange Membrane (PEM) systems
have efficiencies ranging from 60% to 80% (system
efficiency).

• Utilized Energy Consumption:

• Resource Integration:To ensure the production is
genuinely "green," the electricity source must be
renewable. In the context of Genova, this implies
either a direct micro-grid connection to the "Nuova 
Diga Foranea" wind farm or a guaranteed Renewable 
Energy Certificate (REC) purchase from the national 
grid. For Shanghai, this implies a Power Purchase 
Agreement (PPA) with a large-scale offshore wind or 
solar farm, ensuring that the electrons powering the
electrolyzer are certified green.

5.4.2 Feasibility Analysis of Hydrogen Production Based on Offshore Renewable Energy

Water Management and Desalination:
Electrolysis requires high-purity water to operate efficiently 
and prevent catalyst poisoning.
• Source:IFor offshore production, Seawater Reverse

Osmosis (SWRO) is the preferred method for
desalination due to its lower energy consumption
compared to thermal desalination.

• Energy Penalty:Desalination is energy-intensive. It
adds approximately 3.0–4.0 kWh per kg of (H2)  to
the energy consumption.

* Site Constraints: Both Genova and Shanghai
are coastal ports with access to seawater, ensuring a steady
supply. However, brine discharge from the desalination
plant is an environmental concern that requires compliance
with strict marine protection regulations, adding to the
complexity.

Compression, Storage, and Distribution:
Produced hydrogen must be conditioned for transport or 
storage.
• Compression: Hydrogen must be compressed to 350–

700 bar for efficient transport via truck or pipeline.
This stage consumes approximately 2.5–3.5% of the
energy content of the hydrogen.

• Storage: Given the intermittency of offshore wind
(as seen in Section 5.4.1), buffer storage (e.g., high-
pressure vessels or salt caverns) is required to ensure
continuous operation of the electrolyzer and to balance 
production with demand.

• Cavities and Pipelines: Connecting the production
site to the port or loading onto ships requires high-
pressure pipelines. In the near term, mobile tube trailers 
are a viable option.
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Grid Constraints and the "Micro-Grid" Model:
As analyzed in Section 5.2.1 (Spatial Distribution), the 
Ligurian grid serving the port is fragmented and has limited 
capacity for high-power loads.
• Electrolyzer Integration Challenge:Connecting

a large-scale electrolyzer (e.g., 100 MW) to the
Sampierdarena or Calata Bettolo grids is technically
challenging. It requires significant reinforcement of
the 20 kV (or 60 kV) transmission lines and primary
substations. The lack of a robust high-voltage
backbone creates a "Hard Gap" in supply reliability,
risking curtailment during high-wind, low-solar
periods [10].

• Renewable Sourcing:To achieve the "green
hydrogen" standard (originating from renewable
electricity), the port must either procure Guarantees of
Origin (GOs) via the national grid or directly connect
to the planned offshore wind farm on the "Nuova 
Diga Foranea" breakwater. Given the aviation radar
restrictions (Section 5.1.1), which limit the height
and location of turbines to "micro-wind" (<20m),
the energy density (MW/km²) of the wind resource is
reduced. The project becomes a "conceptual pilot"
rather than a large-scale industrial driver without
resolving the regulatory blockage.

The Port of Genova faces a unique set of constraints characterized by fragmented land and sea, high grid constraints, 
and the "Nordwest Hydrogen Valley" ambition.

Feasibility Analysis for Port of Genova

Space Constraints and the "Hub" Strategy:
• Lack of Space for Electrolyzer:The port territory

is densely occupied by port operations and urban
infrastructure. Finding a suitable location for a large
industrial electrolyzer plant, which also requires space
for balance-of-plant and truck loading, is extremely
difficult within the port perimeter [9].

• Strategic Proposal: The feasibility study
suggests leveraging the industrial character of the
"Sampierdarena - Cornigliano" axis (Northwest
Hydrogen Valley). Instead of a centralized electrolyzer 
within the port, Genova might develop a decentralized 
model where hydrogen is produced at a larger
industrial site (e.g., Saline di Volta in the Trapani
hinterland) and transported to the port via pipeline
or tube trailer. This addresses the land constraint but
increases dependency on external infrastructure and
transportation.

Economic Viability:
• High Levelized Cost of Hydrogen (LCOH): Due

to the smaller scale, fragmented grid, and reduced
efficiency of micro-turbines, the cost of green
hydrogen produced in Genova is estimated to be
significantly higher ($4–6 $/kg) than global targets set 
by the EU ($1.5–3.0 $/kg by 2030).

• Policy Support Needs:To be feasible, the project
requires substantial subsidies (e.g., through the IPCEI 
Innovation Fund or national hydrogen strategies) to
bridge the gap between production costs and future
market prices for green shipping fuels.
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The Port of Shanghai possesses a unique advantage in supporting large-scale green hydrogen production, benefiting from 
its status as a Yangtze River Delta hub and proximity to heavy industrial centers. However, it faces challenges related to sea 
conditions and grid integration timing.

Feasibility Analysis for Port of Shanghai

Offshore Wind Integration and the "Scale Effect":
• Resource Advantage:As identified in Section 5.4.1,

the offshore wind resources in the Hangzhou Bay
and East China Sea are excellent, with high capacity
factors suitable for 5 MW+ wind turbines. This allows 
Shanghai to plan gigawatt-scale offshore wind farms
that can power large electrolyzers.

• Synergy with Green Hydrogen:Shanghai is already a 
global leader in hydrogen infrastructure (refueling) and
is rapidly scaling up production capacity. The strategy
is to leverage offshore wind power to drive "Green
Hydrogen" production, utilizing the State-Owned
Grid's increasing green electricity share (referenced in
Section 5.3.2).

• Grid Capacity: The presence of Ultra High Voltage
(UHV) backbone (220 kV/110 kV) in the Yangtze
delta means Shanghai has ample capacity to integrate
variable offshore wind power without the stability
issues faced by the fragmented MV grid in Genova.
The port can establish dedicated offshore substations
and transmission corridors to feed the electrolyzer.

Sea Conditions and Engineering Challenges:
• Typhoon Resilience Requirements: Unlike the

moderate wave climate of the Ligurian Sea, the open
East China Sea is prone to severe typhoons. Offshore 
wind farm foundations in this area must be designed
to withstand significant wave loads (e.g., > 20m)
and storm surges, substantially increasing CAPEX 
compared to European standards [13]. This is a critical 
natural constraint that adds to cost but is manageable

with proper engineering.

Spatial Integration and Industrial Land Use:
• Islands and Artificial Coasts:Shanghai has

successfully utilized islands in the estuary (e.g.,
Hengsha Island) and artificial sea dikes to create land 
for offshore hydrogen production facilities (electrolyzer 
plants, storage tanks). This proactive land reclamation
strategy solves the land constraint that hinders Genova.

• Industrial Siting:The port can locate energy-intensive
industries like steel or petrochemicals near the
electrolyzers to create "industrial symbiosis," sharing 
waste heat (steam) to improve the overall efficiency
of the hydrogen production. This policy adaptation
effectively addresses the land constraint seen in
Genova by creating a high-level output of integrated
planning.

Economic Viability:
• Economies of Scale:Shanghai benefits from

economies of scale. The ability to deploy gigawatt-
scale offshore wind farms and large electrolyzer blocks 
(e.g., 200-500 MW) reduces the unit capital cost ($/
kg) significantly compared to Genova's potential pilot 
project [5].

• Economies of Scale:Being a central hub, Shanghai
has immediate access to domestic shipping fleets
requiring hydrogen. This creates a guaranteed demand
(pull market), reducing the commercial risk compared
to export-oriented projects.
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Comparative Feasibility Assessment

 summarizes the technical and economic feasibility of offshore hydrogen production for both ports.

Table 5-14
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5.5 Conclusions of the Comprehensive Background Analysis

5.5.1 Data-Based Characteristics of the Energy-Emissions-Policy Nexus
Through the comprehensive comparative analysis presented in Sections 5.1 through 5.4, this study has established a robust 
empirical baseline regarding the energy-environment-policy nexus for both the Port of Genova and the Port of 
Shanghai. The data indicates that while both ports face the global imperative of decarbonization, their starting 
points, constraints, and trajectories are fundamentally shaped by their distinct geographic and operational 
realities.

Shanghai: 
“A Model of Scale and Efficiency”
The data for Shanghai reflects a successful model of scale 
and intensity decoupling.
• Energy-Emissions Nexus: The analysis shows a

strong "decoupling" effect. Despite record cargo
throughput and high cruise demand, the carbon
emission intensity (kg/TEU) has significantly
decreased (from ~10.1 kg/TEU to ~6.6 kg/TEU)
due to the widespread electrification of handling
equipment (RTGs) and the adoption of shore power
[13]. The port operates on a massive, high-capacity 
grid (UHV backbone) that can readily absorb large
loads from offshore wind and electrolyzers without the 
fragmentation seen in Genova (Section 5.2.3).

• Policy Nexus: The Chinese policy framework,
characterized by the "Dual Carbon" strategy
and "Green Port" mandates, provides strong
administrative and financial support. The data indicates 
that Shanghai leverages its industrial hinterland and
reclaimed land to integrate offshore renewable energy 
(large-scale wind farms) and hydrogen infrastructure
rapidly [5].

• Conclusion on Data: The data shows Shanghai is
shifting towards a "supply-abundant" model where
strong infrastructure, state subsidies, and industrial
integration allow it to reduce LCOH costs significantly 
and meet demand efficiently.

Genova: 
“A Model of Fragmented Constraints”
The data for Genova reflects a complex interplay of 
geographical limitations and policy conflicts.
• Energy-Emissions Nexus:The analysis reveals that

while cruise energy demand is high and growing
(Section 5.1.2), the port's energy supply structure
is fragmented and constrained (Section 5.2.1). The
"Physical Capacity Gap" means that even if green
energy projects (like the Nuova Diga Foranea wind
farm) are completed, the existing grid cannot handle
the full load without substantial reinforcement [9]. 
Consequently, the decarbonization path is heavily
dependent on external grid decarbonization and the
resolution of the aviation policy conflict, which delays 
optimal renewable integration.

• Industrial Siting:The port can locate energy-intensive
industries like steel or petrochemicals near the
electrolyzers to create "industrial symbiosis," sharing 
waste heat (steam) to improve the overall efficiency
of the hydrogen production. This policy adaptation
effectively addresses the land constraint seen in
Genova by creating a high-level output of integrated
planning.

• Policy-Data Transmission: The analysis reveals
a critical misalignment between environmental
mandates and spatial reality.  While EU regulations
(AFIR) demand infrastructure deployment, local
spatial constraints result in a measurable loss of
renewable energy density (MW/km²). The
regulatory restriction on vertical infrastructure (aviation 
limits) forces the adoption of "micro-wind" solutions
rather than optimal utility-scale turbines. Consequently, 
the data suggests a structural inflation of the Levelized 
Cost of Hydrogen (LCOH) due to reduced capacity
factors, characterizing the port’s path as one of high
regulatory friction and low self-sufficiency.
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5.5.2 Core Diagnosis: The Interplay of Power Gap, Fuel Transition, 
and Nature-Technology Constraints

Based on the detailed feasibility assessments in the previous sections, the core diagnosis of the energy transition in both ports 
is defined by the dynamic interaction of three critical elements: 
1) Power Supply Gaps; 
2) Fuel Transition Constraints; 
3) Natural Environment and Technology Constraints.

The Port of Genova:
The "Aviation Policy Gap" as a Decarbonization Brake
The empirical analysis identifies a critical, specific structural 
conflict that disproportionately affects the Port of Genova 
compared to Shanghai: the impact of Aviation Safety 
Regulations on Offshore Wind Energy Development.
The Severity of the Aviation Constraint (ENAC) and 
the "Micro-Wind" TrapWhile both ports face natural 
challenges (Section 5.4.1), Genova faces a unique, man-
made regulatory hurdle. As discussed in Sections 5.2.1 and 
5.3.2, the initial proposal for the "Nuova Diga Foranea" 
involved installing 20 wind turbines with a 50m hub height. 
This project was rejected by the Italian Civil Aviation 
Authority (ENAC) in 2014 due to interference with the 
flight cone and radar systems of Genova Airport [4].
• The Consequence:To resolve this conflict, the

port authority is forced to redesign the project using
"micro-wind" solutions—turbines with hub heights
strictly limited to under 20 meters, or specific low-
profile structures—and to locate them in different
positions to mitigate radar interference.

• Feasibility Impact:
1. Loss of Energy Density:Reducing the turbine

hub height from 50m to <20m drastically reduces
the swept area and the capacity factor (CF). The
"Nuova Diga Foranea" wind farm, which was
projected to cover about 6.5% of the port's demand, 

now has a significantly lower energy density (MW 
per km²) relative to what a comparable offshore 
farm in Shanghai would generate [12]. This reduces 
the amount of "green electricity" available directly 
at the site, pushing the port to rely more on grid 
imports or complex mitigation strategies, increasing 
the overall cost of decarbonization.

2. Infrastructure Inefficiency:The spatial
distribution required to accommodate radar
restrictions (e.g., moving turbines to the furthest
ends of the breakwater, or using smaller turbines
in larger numbers) increases cabling complexity,
reinforcement needs, and maintenance costs

3. Economic Viability:The reduced energy density
and increased complexity raise the Levelized Cost
of Hydrogen (LCOH) produced at the port, making
it difficult to compete with imported hydrogen
or fossil fuels without substantial subsidies. The
"aviation policy gap" effectively acts as a negative 
multiplier on the port's renewable energy output.

Diagnosis: For Genova, the "Physical Capacity Gap" is 
not merely a lack of investment, but a conflict of interest 
between energy policy (promotion of renewables) and 
aviation policy (radar protection). The technology (height 
restriction) is forced to adapt to the policy, resulting in 
sub-optimal economic outcomes for green hydrogen 
production [25].
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The Port of Shanghai:
Nature-Resilience as a Feasibility Constraint
In contrast to Genova's regulatory conflict, the diagnosis 
for Shanghai focuses on the trade-off between handling 
extreme natural risks and the cost of achieving high 
resource density.
Nature-Technology Interaction:
Shanghai is located in the open waters of the East China 
Sea and the Yangtze Estuary. As analyzed in Section 5.4.1, 
these areas offer excellent wind resources (high mean 
wind speeds, suitable for >120m turbines) but are subject 
to severe typhoons. 
• The Challenge: To ensure the safety of offshore

wind farms (to withstand 50-year return period waves
>20m), the structural design must be extremely robust, 
involving specialized foundations and heavy materials, 
which significantly increases the CAPEX (Capital 
Expenditure) [13]. 

• The Trade-off: Unlike Genova, which is restricted by
aviation radar, Shanghai is restricted by the "typhoon
resilience" constraint. However, unlike the height
restriction in Genova, this constraint is an engineering

Genova: 

The Core Contradiction: The Port of Genova suffers 
from a fundamental misalignment between its operational 
needs and its physical capacity. The port is located in 
the heart of the city (Porto Antico), surrounded by dense 
historical urban fabric and backed immediately by the 
Apennine mountains. This "cramped" geography is 
overlaid with the highest tier of environmental regulations: 
it is a Mediterranean Emission Control Area (Med ECA) 
and subject to strict EU aviation and heritage protection 
laws.
• The "Aviation Policy Gap" (ENAC radar limits)

physically prevents the port from utilizing the most
economically efficient wind technology (50m+

challenge rather than a direct prohibition of optimal 
technology. Shanghai can still utilize 120m+ 
turbines, maintaining high energy density, albeit at 
a higher absolute construction cost due to structural
reinforcements decarbonization.

• Feasibility Impact: The need for high-cost
engineering does not limit the potential resource
capacity; it just increases the cost of exploiting it. The
economic viability of green hydrogen in Shanghai is
primarily driven by "economies of scale" and access
to the state grid, allowing the port to produce hydrogen 
at a competitive LCOH (~$1.5-3.0/kg) [31], far lower 
than the estimated cost for Genova's constrained
micro-wind project.

Diagnosis: For Shanghai, the primary constraint is not 
a lack of technology or policy support, but the "Natural 
Environment Constraint." The feasibility of large-scale 
projects is determined by the ability to engineer against 
typhoon loads and the cost of those reinforcements. This 
is a technical optimization problem, not a fundamental 
resource restriction.

The comprehensive data analysis leads to distinct diagnoses for the two ports regarding their ability to reach 2030 
decarbonization targets [23].

Comparative Diagnosis: The Divergence in Decarbonization Pathways

turbines) on its new breakwater.
• This forces the adoption of "low-density" solutions

(<20m turbines), significantly reducing the renewable 
energy potential available at the port site.

• This artificially increases the cost of green hydrogen
production and creates a dependency on external
grids or distant supply hubs, undermining the port's
"Hydrogen Valley" ambition [11].

Summary of Genova Diagnosis: “The Port of Genova 
requires a decentralized, low-profile, and silent energy 
micro-grid that can generate high-density power within a 
heritage-protected urban envelope, utilizing technologies 
that do not interfere with aviation radar or the cityscape.”
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Shanghai:  

The Core Contradiction: The Port of Shanghai possesses 
the opposite problem. It has abundant space and strong 
political backing for infrastructure, but it faces an energy 
intensity challenge. The sheer scale of operations—
specifically the simultaneous berthing of multiple Ultra 
Large Cruise Vessels (ULCVs) and mega-container 
ships—creates massive instantaneous power spikes. The 
existing regional grid, while capable in volume, relies 
heavily on coal-fired power plants. The contradiction is 
between the need to charge these massive vessels rapidly 
(to meet high turnaround efficiency) and the need to do so 
using "clean" energy to meet the carbon intensity KPIs.
• The port can utilize the optimal wind technology

(120m+ turbines) and has access to massive onshore/
offshore wind resources.

• The primary barrier is the high CAPEX required to 

withstand typhoons and extreme sea states.
• However, this constraint is managed through state-led

engineering standards and strong financial support.
The economic viability is maintained by "scale effects" 
and integration with industrial supply chains (methanol, 
steel).

• The port successfully decouples emissions growth
from throughput growth through these large-scale
investments.

Summary of Shanghai Diagnosis: “The Port of 
Shanghai requires a high-capacity, resilient energy 
macro-grid capable of buffering massive peak loads (>60 
MW) through industrial-scale storage, balanced by a 
dedicated offshore wind generation complex to decouple 
port operations from the coal-dependent regional grid.”
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Chapter 6: Design of the Cruise Energy Supply System for the 
Port of Genova
6.1 Project Design Objectives and Strategic Positioning

6.1.1 System Design Objectives

T he design of the Cruise Energy Supply System for
the Port of Genova is fundamentally driven by the 

critical necessity to bridge the identified "Power Gap" and 
"Fuel Gap" detailed in the preceding empirical analysis 
(Chapter 5). As international maritime regulations tighten, 
specifically under the IMO's revised strategy on reduction 
of GHG emissions from ships and the European Union's 
"Fit for 55" package, the Port of Genova faces an urgent 
mandate to decarbonize its cruise sector. The primary 
objective of this design is not merely to comply with 
regulatory baselines but to establish a technically robust, 
economically viable, and environmentally sustainable 
energy ecosystem. This ecosystem must support the port's 
ambition to achieve zero-carbon emissions from cruise 
ships during port calls by 2035, aligning with the broader 
EU climate neutrality targets for 2050 [1].

Spatial Restructuring: From "Technical Boundary" 
to "Eco-Tech Interface" 
From an architectural perspective, the design proposes a 
paradigm shift. By integrating clean energy technologies 
into the visible fabric of the port, the infrastructure ceases 
to be a backstage utility and becomes a "performative 
landscape," redefining the Genoese coastline as a 
dynamic frontier of technological sublime.

Technical Capability and Reliability
The foremost technical objective is to guarantee a stable and 
high-capacity energy supply that meets the variable load 
demands of modern luxury cruise liners. Modern cruise 
ships are essentially "floating cities," requiring significant 
electrical power for hotel operations (lighting, HVAC, 
ancillary systems) and propulsion maintenance while 
berthed. Data analysis from the Port of Genova indicates 
that a single large-size cruise vessel (e.g., >150,000 GT) 
can require a continuous load ranging from 8 MW to 
16 MW depending on the season and onboard activities 
[2]. The current shore power infrastructure, while partially 
existing, suffers from capacity constraints and lack of 
universal compatibility. Therefore, the system design 

objectives aim to:
1. Expand Shore Power Capacity: Ensure the

installation of high-voltage shore connection (HVSC)
facilities with a total aggregate capacity exceeding
40 MVA across the primary cruise terminals (Ponte 
dei Mille and Ponte Parodi). This redundancy allows 
for multiple Class A vessels to berth simultaneously
with zero-emission cold ironing capabilities. The
design objective is to cover all major berths with
11kV/60Hz and 6.6kV/60Hz connection points to 
accommodate the varying technical specifications
of global cruise fleets.

2. Ensure Grid Stability and Smart Integration:
Implement a smart microgrid architecture that
decouples the port's energy load from the mainland
grid's volatility. Given the intermittent nature of
renewable energy sources (wind and wave), the
system must incorporate advanced energy storage
systems (ESS) and smart load management algorithms 
to maintain a frequency of 50 Hz and voltage stability
within strict maritime standards (e.g., IEC/IEEE
80005-1) [3]. The objective is to achieve a reliability 
index (SAIDI) comparable to traditional thermal
power generation, ensuring that port operations
are never compromised by energy fluctuations.

Zero-Carbon Emissions and Environmental 
Integration
Beyond capacity, the core environmental objective is 
the absolute elimination of greenhouse gas (GHG) and 
pollutant emissions (SOx, NOx, PM) associated with cruise 
ship port stays. The design targets a 100% reduction in 
local air pollutants at the berth, which directly addresses the 

"The primary objective of this 
design is not merely to comply with 
regulatory baselines but to establish 
a technically robust, economically 
viable, and environmentally 
sustainable energy ecosystem. "
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air quality issues in the Genoese urban area. This requires 
a transition from fossil-fuel-based auxiliary engines to a 
mix of direct renewable electricity and green hydrogen. 
However, this transition must be grounded in the 
physical realities of the Mediterranean climate.
• Renewable Ratio Target (Adjusted for Feasibility): 

By 2035, the system aims for at least 70% of the
total energy supplied to cruise ships to be derived
from "green" sources. It is critical to note that unlike
the North Sea or Atlantic regions, the Mediterranean
Sea exhibits lower wave energy density, making it
challenging to rely solely on direct local offshore
generation to meet such high targets. Therefore, the
design objective adopts a hybrid procurement
strategy. This strategy combines direct local generation 
from floating offshore wind turbines (which offer
higher potential in the Ligurian Sea) and breakwater-
integrated wave energy converters, supplemented by
strategic Power Purchase Agreements (PPAs) with
regional solar and wind farms. This ensures that while
the port maximizes local energy autonomy, it utilizes
the broader grid to guarantee a 70% renewable supply
mix without compromising energy security [4].

• Lifecycle Carbon Intensity Reduction: Achieve
a lifecycle carbon intensity reduction of at least
90% compared to traditional marine gas oil (MGO)
consumption, calculated from "Well-to-Wake"
(WtW). This necessitates that the electricity and
hydrogen supplied must be certified as "Renewable
Fuels of Non-Biological Origin" (RFNBOs) [5].

Green Hydrogen Production and Safety 
Constraints
A pivotal design objective is the introduction of green 
hydrogen as a fuel for bunkering, yet this must be 
approached with strict adherence to safety and spatial 
regulations. Producing 1 kg of hydrogen requires 
approximately 50-55 kWh of electricity. A theoretical target 
of 5 tons per day would imply a daily consumption of 250-
275 MWh, necessitating an electrolyzer capacity of 10-12 
MW operating continuously. Given the intermittency of 
renewables and the spatial constraints of a busy port, 
such a large-scale centralized plant poses significant 
challenges regarding the EU Seveso Directive (control 
of major-accident hazards involving dangerous 
substances) and port zoning laws.

Therefore, the design objectives for hydrogen are adjusted 
to a phased, modular approach:
• Pilot Phase (2035 Objective): Establish an initial

electrolyzer capacity of approximately 2-3 MW,
capable of producing roughly 1.5 to 2 tons of green
hydrogen per day. This volume is sufficient to
support pilot bunkering operations for tugs, service
vessels, and smaller cruise vessels utilizing fuel cells,
without requiring the massive exclusion

• Spatial Optimization: The design locates hydrogen
production facilities in the industrial buffer zones of
the port (e.g., near the Calata Bettolo or Voltri areas)
rather than the passenger terminals. This mitigates
safety risks and minimizes visual impact while
ensuring supply availability via dedicated pipeline or
trailer transport.

Economic Feasibility and Scalability
A critical objective is ensuring the economic 
competitiveness of the proposed zero-carbon solutions. For 
widespread adoption, the cost of green hydrogen and 
shore power must be competitive with current marine 
fuel prices, considering the carbon price mechanisms in 
the EU Emissions Trading System (EU ETS). The design 
therefore aims to:
• Optimize Levelized Cost of Energy (LCOE):

Through the synergistic use of "Power-to-Hydrogen" 
(P2H) technology, the system utilizes excess wind 
and wave energy that would otherwise be curtailed.
By converting this surplus into hydrogen, the system
maximizes the utilization rate of renewable assets,
thereby lowering the LCOE for both electricity and
hydrogen fuel [6].

• Phased Investment Strategy: The design objectives
align with a scalable investment model. Initial phases
focus on high-return shore power infrastructure to
capture immediate compliance benefits (avoidance
of EU ETS fines), while later phases target capital-
intensive hydrogen production and offshore assets.
This staging aims to ensure a positive Net Present 
Value (NPV) within a 15-year project horizon, even 
under conservative fuel price scenarios.
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Comparative Dashboard of Key Performance Indicators (KPIs) for the Port of Genova Energy System.    The charts 
illustrate the projected transformation from the current empirical baseline to the 2035 design objectives. Key targets 
include doubling shore power capacity (>40 MVA), achieving >70% renewable integration, and reducing CO2 
emissions per vessel call by over 90%.

Table 6-1

System Design Objectives and Key Performance Indicators for Port of Genova

Data-Driven Performance Metrics
To quantitatively evaluate the success of the system design, the following Key Performance Indicators (KPIs) have been 
established as objectives for the Genova project. These figures have been adjusted to reflect realistic technical and safety 
constraints.

• Note on Hydrogen Target: While the ultimate vision is a larger hub, the 2035 target is set at 2 tons/day to
accommodate the Seveso directive safety zones and the limited capacity of initial offshore wind deployments (Phase I).

These objectives are derived from a comprehensive gap analysis which highlighted that while the demand for clean energy 
is escalating, the supply-side infrastructure in the Mediterranean is lagging behind Northern European ports. The Port of 
Genova's design therefore focuses on creating a resilient, multi-vector energy system that can adapt to the 
evolving technological landscape of the cruise industry.
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6.1.2 Strategic Positioning to Create a Mediterranean "Green Power-Green Hydrogen" 
Integrated Energy Hub

T he strategic positioning of the Port of Genova
transcends the simple installation of bunkering 

infrastructure; it aims to redefine the port's role in the global 
supply chain as a central node in the future renewable 
energy landscape. Historically, the Port of Genova has 
served as a critical logistic gateway for the Po Valley and 
Northern Italy. However, under the pressures of energy 
transition, its strategic value is shifting towards becoming 
a "Green Energy Hub" for the Mediterranean. This 
repositioning leverages Genova's unique geographic 
advantages, its industrial maritime heritage, and the 
evolving policy frameworks of the European Union and 
Italy.

The "Green Power-Green Hydrogen" 
Symbiotic Model
Central to this strategic positioning is the integration of 
two distinct but complementary energy vectors: "Green 
Power" (electricity from renewable sources) and 
"Green Hydrogen" (synthesized fuel). Unlike ports that 
focus solely on one vector (e.g., shore power or LNG), 
Genova's strategy is based on the "Power-to-X" 
concept, where electricity generated from offshore wind 
and wave farms is used both for direct vessel charging (shore 
power) and for electrolytic hydrogen production [7].

This dual approach addresses the full spectrum of future 
cruise propulsion technologies. While current and near-
future vessels are increasingly equipped with plug-in hybrid 
or battery capabilities requiring direct electric charging (e.g., 
AIDAcosma, MSC World Europa), the next generation of 
deep-sea cruise ships is expected to utilize hydrogen fuel 
cells or direct hydrogen combustion [8]. By positioning 
itself as a hub for both, Genova secures its relevance across 
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multiple technological pathways.
• Green Power as the Immediate Lever: The port

leverages its connection to the national grid and
planned offshore assets to provide immediate Shore-
to-Ship (STS) electricity. This positions Genova as a
"Turn-key" solution for cruise lines needing to comply 
with the EU's requirement for onshore power supply
(OPSF) by 2035. The strategy here is to become the 
preferred port of call in the Mediterranean for "green-
aware" cruise operators.

• Green Hydrogen as the Future Reserve:
Simultaneously, the port is developing the
infrastructure to store, transport, and bunker
green hydrogen. This positions Genova as a pioneer
in the Mediterranean, where hydrogen bunkering
infrastructure is currently non-existent. The strategy
involves utilizing the port's existing liquid fuel
handling expertise and retrofitting it for gaseous and
liquid hydrogen (LH2), creating a "Hydrogen Valley"
in the Ligurian Sea [10].

Leveraging Mediterranean Geography and 
Renewable Resources
The strategic positioning is heavily anchored in the 
exploitation of the specific energy potential of the Ligurian 
Sea. Unlike the calmer waters of the Baltic or North Seas 
where offshore wind is dominant, the Mediterranean 
presents a complex wind regime (Mistral, Sirocco winds) 
and moderate wave energy potential. It is scientifically 
important to acknowledge that the wave energy density in 
the Mediterranean is significantly lower than in the Atlantic. 
Recent comprehensive assessments of the Italian coastline 
indicate that while the Ligurian Sea offers viable wave 
energy resources, the density is significantly lower than 
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in the Atlantic and varies by season compared to southern 
basins like Sicily [10]. Therefore, the design does not 
rely on wave energy as a primary baseload source but 
rather as a supplementary source.
• Fixed-Bottom Offshore Wind (Fixed-Bottom

OWF): The primary driver for "Green Power"
generation is Fixed-Bottom Offshore Wind Turbines. 
Given the favorable shallow continental shelf
conditions of the target area (with water depths
typically under 60 meters), the strategy prioritizes the
deployment of fixed foundation technologies (e.g.,
monopile or jacket structures). Unlike floating
alternatives, fixed-bottom turbines represent the most 
technologically mature and cost-efficient solution

currently available in the offshore wind sector. By 
leveraging their superior structural stability and 
optimized Levelized Cost of Energy (LCOE), this 
technology serves as the core pillar for providing the 
bulk of the required MW-scale baseload power.

• Breakwater-Integrated Wave Energy: The wave
energy converters (WECs) integrated into the new
breakwater (Diga di Genova) serve a strategic purpose 
beyond generation. They provide grid stabilization
and utilize the often-overlooked wave resources close
to shore. While they may not supply the majority
of the 70% target alone, they represent a high-value
innovation that demonstrates the port's commitment to 
utilizing every available local resource.

Genova wave breakwater energy design scheme

Figure 6-1
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This integration is unique to Genova's topography. The port 
is sheltered by an extensive breakwater system (the Diga 
di Genova) which, after recent reinforcements, offers an 
ideal platform for wave energy integration. Strategically, 
this transforms passive infrastructure (the breakwater) into 
active energy generation assets, solving the "Not In My 
Backyard" (NIMBY) issues associated with offshore wind 
farms near tourist coastlines.

Geopolitical and Economic Role in the EU 
Energy Landscape
From a macro-strategic perspective, this design aligns the 
Port of Genova with the European Hydrogen Backbone 
and the Trans-European Transport Network (TEN-T). 
The EU's "RePowerEU" plan and the "National Recovery 
and Resilience Plan" (PNRR) of Italy explicitly allocate 
funding for hydrogen valleys and port decarbonization [11]. 
Genova's strategy captures this political will to become a 
flagship project.   

• Southern Gateway for Hydrogen: As Northern
Europe moves rapidly towards electrification, the
Mediterranean requires a hub that can supply green
fuels to vessels transiting the Suez Canal or serving the 
Western Mediterranean. Genova aims to become this
primary refueling hub, effectively creating a "Green
Corridor" between the Mediterranean and Northern
Europe.

• Industrial Cluster Synergy: The port is not an
isolated entity; it is surrounded by heavy industry (steel 
refineries, logistics hubs). The strategic positioning
includes creating an industrial symbiosis where the
excess oxygen produced by electrolysis (a byproduct
of green hydrogen production) is utilized by local
industries (e.g., steel manufacturing or wastewater
treatment), and the waste heat from the electrolysis
process is used for district heating or port facility
thermal management [12]. This circular economy 
approach significantly improves the overall efficiency 
and business case for the hydrogen hub.

 Rendering of the hydrogen energy industry at the Port of Genova

Figure 6-2 
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Competitive Differentiation and Brand Value
The strategy also focuses on branding and market 
differentiation. The cruise industry is highly competitive, 
with destinations vying for footfall. By offering a "100% 
Green Energy" port call, Genova creates a unique selling 
proposition (USP).
• Cruise Line Compliance: Cruise lines such as

MSC Cruises and Costa Crociere, which have
deep historical ties to Genova, are under immense
pressure to decarbonize their fleets. By guaranteeing
green infrastructure, Genova secures the loyalty of
these home-grown giants, ensuring long-term traffic
retention [13].

• Passenger Experience: The strategic plan includes

the aesthetic and environmental integration of these 
technologies (as detailed in 6.5), ensuring that the 
"Green Hub" status also enhances the passenger 
experience through cleaner air and a futuristic, 
sustainable port image, free from the noise and fumes 
of traditional generators.

Technology Roadmap and Implementation 
Phasing
To realize this strategic vision, the implementation follows 
a phased roadmap that mitigates risk and capitalizes on 
technological maturity, specifically addressing the safety 
and scale constraints mentioned earlier.

Strategic Technology Roadmap for the Genova Green Energy Hub (2026-2035)

Figure 6-3

Inconclusion, the strategic positioning of the Port of Genova is not merely a response to regulatory pressure but a 
proactive transformation into a holistic energy ecosystem. By integrating offshore wind, wave energy, and green 

hydrogen production into a unified supply chain, Genova addresses the "Power Gap" and "Fuel Gap" simultaneously. 
This strategy leverages the port's geographic and industrial assets to create a Mediterranean "Green Power-Green 
Hydrogen" Integrated Energy Hub, setting a benchmark for sustainable port development and securing its economic 
vitality in a decarbonized future.

178

Source: Author's own elaboration



Chapter 6: Design of the Cruise Energy Supply System for the Port of Genoa             Part II: Case Study and Design

B uilding upon the in-depth empirical analysis of the current status and gaps in the Port of Genova’s energy 
infrastructure (Chapter 5), this study proposes a novel energy system design based on a large-scale engineering 

integration perspective. Before detailing specific equipment parameters and calculations, the core prerequisite of this 
proposal must be explicitly stated: All architectural designs, spatial layouts, and capacity configurations of the energy 
systems below are strictly formulated based on the engineering design of the new Genova Breakwater. 

We have "nested" the design of energy facilities deeply into the civil engineering structure of the breakwater, utilizing this 
large-scale marine infrastructure as the physical carrier for the energy system. This design is not a simple superposition, but 
a high-degree fusion of infrastructure functions.

6.2 Multi-Energy System Architecture and Spatial Layout

Strategic Technology Roadmap for the Genova Green Energy Hub 

Figure 6-4
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Genova wave breakwater energy design scheme

Figure 6-5
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This chapter will analyze the construction logic of this "Sea-Land Integrated" energy super-hub from both the macroscopic 
system architecture level and the microscopic subsystem design level. Regarding specific technology selection, we 
introduce the concepts of VAWTs and Energy Trees. We also correct the efficiency assessment of inner harbor wind 
turbines based on the research by Iuppa et al. [14] and apply critical mathematical corrections to the supply-demand balance 
logic to ensure the rigor of the proposal.

6.2.1 "Wind-Wave-Hydrogen-Storage" Coupling Mechanism and Energy Topology

To address the challenge of energy volatility faced
by cruise ports, we have designed a quaternary 

coupling mechanism termed "Wind-Wave-Hydrogen-
Storage." The core logic of this mechanism is to break the 
traditional single supply-demand relationship of the power 
grid and establish an intelligent energy topology capable of 
self-regulation and closed-loop energy flow.

1. Three-Tier Energy Topological Architecture
Our design clearly divides the entire energy flow into three 
physical and logical stages, ensuring each link has a distinct 
functional positioning:
• Stage 1: Offshore Stratified Collection
This is the "source" of the energy. In this topology, the
breakwater system (including the outer breakwater and
internal auxiliary breakwaters) is designed as an ultra-
high-density power generation base. It consists of three
differentiated types of equipment:
Primary Layer: High-density Vertical Axis Wind Turbines 
(VAWTs) located on the outer breakwater.
Landscape Layer: "Energy Tree" installations located in
the inner harbor area.
Auxiliary Layer: Low-position wave energy devices
(REWEC3) embedded in the structure.
• Stage 2: Transmission and Aggregation
This is the critical bridge connecting offshore "fluctuation" 
with onshore "stability." An offshore substation is installed 
on the breakwater. Electricity generated by wind and wave
energy devices is aggregated and stepped up here to prepare 
for efficient transmission.
• Stage 3: Onshore Processing and Distribution
This is the "digestion" end of the energy. Power is
transmitted via submarine cables to the "Onshore Super
Processing Center" located on a specific reclaimed land 
area. Here, energy is diverted according to demand: a

portion is sent directly to cruise ships via the shore power 
system, and another portion enters large-scale electrolyzers 
to be converted into green hydrogen for storage.

2. Operational Logic of the Coupling Mechanism
The core innovation of this design lies in "coupling." We
have algorithmically designed three operating modes
to enable wind, wave, hydrogen, and storage to work
synergistically under high-load scenarios:
• Source-Load Direct Supply: When offshore wind

and waves are strong and multiple cruise ships are
docked, the system operates in "Full Power Direct 
Supply Mode." Offshore power is transmitted directly 
to the shore power interface to provide zero-carbon
electricity for the ships.

• Source-Storage Massive Throughput: When
offshore wind and waves are strong but few ships
are docked, the system enters "Massive Hydrogen
Production Mode." The huge surplus of offshore
power is sent to onshore electrolyzers, converting
difficult-to-store electricity into easily storable
chemical energy (hydrogen). In this mechanism, the
hydrogen system acts as a "sponge," absorbing the
surplus energy fluctuations from the sea.

• Source-Grid Emergency Complement: When the
sea is calm but multiple ships urgently need power, the 
system automatically activates "Emergency Backup
Mode." The onshore super-battery storage system
instantly discharges to fill the gap, or the system
automatically purchases power from the national grid
(Terna) to ensure the stable operation of cruise ship air
conditioning and lighting systems.

Through this ultra-large capacity coupling design, the Port 
of Genova will transform from a pure energy consumer 
into a net-exporting green energy hub.
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Design drawing of the hydrogen energy system for the port of Genova (before 2030 Design Scheme)

Figure 6-6 a
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Design drawing of the hydrogen energy system for the port of Genova (after2030 Design Scheme)

Figure 6-6b
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6.2.2 Facility Siting and Spatial Optimization Strategy

A Paradigm Shift towards "Functional Landscape Sculpture"

In the specific engineering designs for the Port of 
Genova, facility siting determines not only project 

feasibility and economic return but, crucially for a tourist 
city like Genova, it dictates the aesthetic and experiential 
quality of the waterfront. Moving beyond the traditional 
industrial logic of "efficiency-first," this proposal adopts 
a principle of "Full Element Coverage and Functional 
Zoning" that prioritizes the visual and psychological 
integration of energy infrastructure. We have formulated 
a rigorous spatial optimization strategy that reimagines 
energy facilities not as intrusive industrial machinery 
but as cohesive elements of the urban landscape.

1. Offshore Siting: The "Ceremonial Guard" of the 
New Breakwater
The new breakwater design offers unique maritime and
land space. We have abandoned the traditional offshore
wind farm mode of "occupying large sea areas" in favor of
an "attached" layout that respects the Genoese skyline.
• Outer Breakwater Layout: Vertical Axis Wind

Turbine (VAWT) Array as Landscape Icons

Morphological Analysis: The Rhythm of the 
Breakwater Line The siting of the Vertical Axis Wind 
Turbines (VAWTs) along the outer breakwater is derived 
from a strict morphological analysis of the maritime 
horizon. The breakwater acts as a massive horizontal linear 
element in the seascape. Architecturally, the introduction 
of VAWTs provides a necessary vertical counterpoint.
Unlike the chaotic visual noise of traditional port cranes, 
the VAWT array is designed with a specific "visual 
rhythm" (A-B-A pattern). The spacing between turbines 
is calculated not only for wake recovery (aerodynamic 

efficiency) but also to create a "permeable visual 
corridor" for cruise passengers looking towards the open 
sea. The helical structure of the Darrieus turbines 
introduces a "kinetic texture" to the static concrete 
infrastructure, transforming the breakwater from a 
passive defense wall into a living, breathing "Kinetic 
Spine" that guides vessels into the harbor.

2. Inner Harbor Siting: Redefining "Energy Trees" as 
Functional Landscape Sculptures
A pivotal component of our inner harbor strategy is the
deployment of "Energy Tree" installations. In previous
quantitative assessments, data indicated that the efficiency 
of these units is significantly reduced (estimated at 25%-
35% of standard turbines) due to turbulence and shielding
effects from large buildings and ship hulls in the inner
harbor [14].
• Logic Patch: From "Low-Efficiency Generators" 

to "High-Impact Edutainment"

Placemaking and Human Scale In the inner harbor, the 
design logic shifts from the "macro-scale" of the sea to 
the "human scale" of the passenger. The "Energy Trees" 
are sited based on "Placemaking" theory. They are not 
randomly scattered but are strategically placed at the nodes
of pedestrian circulation and visual convergence points 
within the terminal plaza. These structures function as 
"Urban Follies"—architectural devices that define space 
and create focal points. By combining shelter (shade), 
information (interactive screens), and energy generation, 
they activate the "negative space" between the terminal 
building and the quay, turning transient waiting zones into 
engaging "experiential pockets." This ensures that the 
energy system contributes to the "phenomenology" of the 
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port—the immediate sensory experience of the traveler.
We explicitly redefine the primary function of the 
Inner Harbor Energy Trees. Their value proposition is 
decoupled from pure Megawatt output. Instead, they are 
conceptualized as "Functional Landscape Sculptures" 
whose core mandate is "Passenger Education 
(Edutainment)" and "Urban Beautification."

Ina tourist destination, the visual experience is
considered equally significant to energy efficiency. 

These Energy Trees serve as the physical manifestation 
of the port's "Green Determination." They are placed in 
high-traffic pedestrian areas and passenger waiting zones, 
where their slow, hypnotic rotation provides a calming, 
kinetic art installation.
• Edutainment Value: Each tree trunk incorporates

integrated touch-screen interfaces explaining
the principles of renewable energy, the port's
decarbonization journey, and real-time generation data. 
This transforms the waiting time into an educational
moment, aligning with the growing passenger demand 
for sustainable tourism experiences [16].

• Aesthetic Integration: The design mimics organic
forms—branches hosting small wind turbines and
leaves comprising transparent solar photovoltaic cells.
During the day, they offer shade and greenery; at night, 

they glow with soft, ambient lighting, contributing to 
the "safe and beautiful" night-time economy of the 
waterfront.

• Symbolism: While their contribution to the grid is
supplementary, their contribution to the brand image
of Genova is immense. They signal to every visitor
that this port is not merely a transit point but a forward-
thinking ecosystem committed to a net-zero future.
This aligns with the "Landscape Infrastructure" theory, 
which argues that utility infrastructure must evolve to
serve cultural and ecological functions simultaneously
[17].

3. Onshore Siting: Centralization Strategy in Specific 
Reclaimed Areas To maintain the visual purity of the cruise 
terminals, heavy processing industries are centralized. We
have decided to centralize the hydrogen electrolysis plant
in a specific reclaimed land area near the onshore terminal. 
This decision is based on a comprehensive assessment
of engineering safety, operational convenience, and the
need to preserve the passenger "visual comfort zone." By
relocating the industrial "back-of-house" functions to the
reclaimed area, we free up the prime waterfront for leisure,
retail, and passenger relaxation, ensuring the view from the 
ship's deck is of the Mediterranean and cityscape, rather
than gas tanks and compressors.
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6.3 Core Subsystem Design and Capacity Configuration

6.3.1 Shore Power Expansion and Port Microgrid Integration

Having resolved the macro architecture of "Generation" and
"Hydrogen Production," we first focus on the "Shore Power 

Subsystem" that directly serves cruise ships. The design goal is to 
provide power that is more stable and cleaner than traditional diesel 
engines, with sufficient capacity to support multiple mega-cruise 
ships.

1. Ultra-Large Capacity Shore Power Hub Design
Addressing the future "multi-ship simultaneous docking" limit
scenario for the Port of Genova, we have increased the total capacity 
of the shore power system to significantly increased capacity levels. 
The peak load of a single mega-cruise ship is approximately 15-
18 MW. With 5 ships using power simultaneously, the total peak
demand will reach 75-90 MW. To ensure redundancy, we set the
design capacity of the shore power system at 120 MVA.

2. "Island" Resilience Design for the Port Microgrid
The shore power system is not isolated on the national
grid. We have integrated it into a high-resilience port
microgrid.
·Black Start and Independent Operation: In the event of 
extreme weather causing an interruption in the external grid 
(Terna), the port microgrid can immediately disconnect. At
this point, offshore wind turbines, wave energy devices, and 

Energy facilities for the Port of Genoa (design scheme)

Figure 6-8

"The design goal is to provide 
power that is more stable 
and cleaner than traditional 
diesel engines, with sufficient 
capacity to support multiple 
mega-cruise ships."

the onshore super-battery storage system can seamlessly 
take over the power supply for cruise ships.
• Virtual Power Plant (VPP) Functionality: This

microgrid system is designed to function as a Virtual
Power Plant. It can intelligently interact with the main 
grid, buying power to charge batteries when prices are
low and selling excess green power to the grid when
prices are high.
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6.3.2 Integrated Offshore Wind Collection and Transmission Platform Design

6.3.3 Breakwater Integrated Wave Energy 
Converter Design

The "Wind-to-Hydrogen Platform" in this chapter
refers to the wind power collection and transmission 

subsystem on the double-layer breakwater. According 
to the latest design requirements, this section focuses on the 
design characteristics of the Vertical Axis Wind Turbines 
(VAWT).

1. VAWT Selection and Structural Fusion with the 
Breakwater
Given the specific nature of the Port of Genova as an urban 
port, we need to pay special attention to visual impact and
structural adaptability.
• Unit Power and Height Restrictions: Unlike

traditional offshore wind power that pursues ultra-
large unit power (e.g., 10MW+), we selected small-
to-medium power Vertical Axis Wind Turbines.
Although the unit power is small (typically between
0.5 MW and 1.5 MW), tower height is strictly
controlled below 70 meters. This design ensures that
the turbine array is not viewed as an abrupt "monster"
from a distance but integrates into the port skyline.

• Structural Fusion: The base of a VAWT is typically
smaller and more compact than that of a horizontal
axis turbine. We can install them on widened sections
or edge platforms of the breakwater. Since VAWTs
typically place the generator at the bottom or lower part 
of the tower, the top mass is greatly reduced, making
the structural seismic and wind resistance design of the 
breakwater much easier to implement.

• High-Density Array Advantage: A key feature
of VAWTs is their short wake recovery distance.
This means we can arrange units more densely on
the breakwater. Although the unit power is small,
through a "cluster effect," we can achieve a substantial 
total installed capacity over the limited length of the
breakwater.

Aesthetic Integration and Structural Continuity:
 From an industrial design perspective, the selection of 
VAWTs over Horizontal Axis Wind Turbines (HAWTs) 
is critical for "architectural coherence." The breakwater 
is a low-profile, grounded structure. The towering mast 
and sweeping blades of a HAWT would create a scalar 
disproportion, overwhelming the horizontal datum of 
the port. The VAWT, with its compact, volumetric 

form, reads more like a sculptural extension of 
the breakwater's cross-section. The design ensures 
"structural continuity"—the turbine foundations are 
not merely bolted on but are integrated into the caisson 
geometry, creating a seamless "monolithic profile"
that withstands both wave impact and visual scrutiny. 
This adheres to the design principle of "Form follows 
Performance," where the aerodynamic shape of the 
turbine complements the hydrodynamic shape of the 
breakwater.

2. Offshore Collection and Step-up Transmission
• Hierarchical Collection Network: With turbines

"lined up" along the breakwater, we designed a
series of medium-voltage cables (33kV) to connect
them.

• Combined Step-up: On a widened platform or
artificial island of the breakwater, we installed a
compact offshore substation. It aggregates low-
voltage power from multiple turbines and steps it up 
to 66kV or higher.

• Submarine Cable Transmission: From the
substation, a high-voltage submarine cable crosses
the seabed directly to the processing center on the
reclaimed land area. Because the breakwater is fixed, 
we use static cables (buried in protective pipes),
which have a longer lifespan and lower maintenance 
costs compared to dynamic cables used in floating 
wind farms.

To many, Mediterranean wave energy resources seem 
poorer than those of the Atlantic. However, for the Port of 
Genova, they provide a valuable smoothing function.
1. Technology Selection: REWEC3 (Resonant Wave 
Energy Converter)
We selected the REWEC3 technology, a mature solution 
originating in Italy and validated in Mediterranean 
waters. It is an Oscillating Water Column (OWC) type 
device.
• Physical Principle Simplified: Imagine a hole

opening downwards on the breakwater wall, leading 
to an air-filled chamber. When waves crash in, the
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water acts like a piston, pushing into this hole and 
squeezing the air out of the chamber. The compressed 
air rushes out of a nozzle at the top at high speed, 
driving a turbine. When the wave recedes, the water 
column drops, and air is sucked back in.

• Self-Rectifying Design: The selected turbine is a
Wells Turbine. This design utilizes a self-rectifying
principle; regardless of whether the air is "blowing"
or "sucking," the turbine rotates in the same direction.
This eliminates complex reversing valve systems,
greatly reducing failure rates in humid, high-salt spray
marine environments.

2. Structural Integration and Invisible Design
• Embedded Construction: REWEC3 devices are

directly poured inside the concrete caissons of the
breakwater. From sea level, they are almost invisible.
They do not occupy any additional sea area, nor do
they affect navigation lines of sight.

• Dual Benefits of Wave Damping and Generation:
These chambers are not just generation rooms; they

are also wave damping chambers. When large waves 
strike, air damping consumes the wave energy, 
reducing the impact force on the breakwater body. 
This means the generation device actually extends the 
service life of the breakwater, maximizing engineering 
benefits.

Sectional Design Strategy: The Invisible Infrastructure
The integration of the REWEC3 system represents a 
triumph of "Sectional Design." Unlike add-on technologies 
that clutter the surface, this system utilizes the "poché 
space" (the solid mass) of the breakwater. By carving 
the oscillating water columns (OWC) into the structural 
section of the caisson, the design achieves "visual silence."
The energy generation capability is embedded within the 
cross-section, maintaining the pristine visual line of the 
breakwater surface. This approach respects the "visual 
integrity" of the historic seascape, ensuring that high-tech 
intervention does not compete with the heritage views 
of the Lanterna (Genova’s lighthouse). It is a strategy of 
"Subtractive Integration"—generating value from the 
void within the structure.
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6.3.4 Hydrogen Refueling System and Multi-Modal Supply Network: Safety as the 
Foundation of the Cruise Experience

T his subsystem is the key to filling the "fuel gap,"
yet its implementation in a busy cruise port requires 

a "Safety-First" design philosophy that prioritizes the 
thousands of passengers and crew moving through the 
terminal daily. In previous analyses, we determined that 
the hydrogen production plant is uniformly arranged in a 
specific reclaimed land area. This section elaborates on the 
safety logic and supply logistics that underpin this decision.
1. Cruise-Oriented Modification: The Imperative of
"Safety Radius" The introduction of green hydrogen
involves high-pressure storage and flammability risks.
Unlike industrial ports where restricted zones are common, 
a cruise port operates as a semi-public space with high
footfall. Therefore, our design is strictly governed by the
EU Seveso III Directive (Control of Major-Accident 
Hazards involving Dangerous Substances) and the
specific safety codes for hydrogen fueling stations [15].

• The Safety Radius Logic: We have established
a strict "Safety Radius" that physically separates
hydrogen activities from passenger zones.

» Hydrogen Production & Storage: Located in
the reclaimed land area, which acts as an industrial buffer. 
This site is chosen to ensure that in the unlikely event of a
containment failure, the impact radius does not intersect
with the passenger terminals, parking lots, or public access
roads. The distance is calculated based on worst-case
scenario modeling for hydrogen jet fires and vapor cloud 
explosions, ensuring overpressure and thermal radiation
limits at the terminal boundary are within safe human
tolerance levels.
» Zoning Compliance: The specific reclaimed
area is classified as an "Industrial Zone" under port
planning laws, whereas the cruise terminals are classified 
as "Public/Commercial Zones." By keeping the hydrogen 
plant entirely within the industrial zone and utilizing only
pipelines or dedicated transport corridors for delivery, we
ensure legal compliance and psychological comfort for
passengers. The visual and physical separation prevents
"NIMBY" (Not In My Backyard) reactions from tourists

and locals, as the potentially hazardous elements are 
rendered invisible and distant from the leisure areas [18].
» Process Flow in the Specific Reclaimed Area: 
We designed a complete hydrogen link at the onshore
processing center, focusing on automation and safety.

• PEM Electrolyzer Technology Choice: We
selected Proton Exchange Membrane (PEM)
electrolyzers for their rapid response times and
ability to operate at variable loads without risking
safety compromises. This allows the plant to ramp
down instantly if an anomaly is detected in the grid
or the local safety system.

• Compression and Purification: Hydrogen is
compressed to 450 bar or 700 bar for storage.
The compressor building is equipped with blast-
relief walls directed towards the sea (uninhabited
direction) to minimize risk in case of an explosion.
The purification system ensures 99.999% purity
required for fuel cells, removing risks of catalyst
poisoning on the ships.

• Multi-Modal Supply Network:
» Phase 1: Truck-to-Ship (TTS) with "Dedicated
Green Lanes": Initially, hydrogen is transported via
dedicated long-tube trailers. These trucks utilize a
"Dedicated Green Lane" route that bypasses the public
cruise terminal roadways, entering the quay via service
access tunnels or rear gates. This ensures that hazardous
material transport never intersects with passenger
pedestrian flows.
» Phase 2: Pipeline-to-Ship (PTS): As demand
grows, hydrogen pipelines will be installed. These
pipelines are buried in deep trenches beneath the
quay, with continuous hydrogen leak sensors along
the entire length. The bunkering station at the berth is
designed as a "safe haven"—a stainless-steel kiosk that
is automatically shut off and isolated if the ship moves 
away unexpectedly or if a leak is detected.
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Energy facilities for the Port of Genoa (design scheme)

Figure 6-6
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6.3.5 Energy Output Estimation and Supply-Demand Balance Analysis

To verify the feasibility of this "Super Hub" design,
we conducted a full-year simulation using 

historical weather data from the Ligurian Sea, operational 
data from the Port of Genova, and specific equipment 
selections (VAWT, Energy Trees). This section focuses 
on a critical mathematical correction to the original 
supply-demand balance logic, proposing two feasible 
optimization scenarios.

1. Data Logic Conflict Analysis and Correction Basis
Based on our equipment configuration (Outer Breakwater 
VAWT, Inner Harbor Energy Trees, Wave Energy), we first 
calculated the system's theoretical maximum output.
• Base Data:
Outer Breakwater VAWT: ~15 MW.
Inner Harbor Energy Trees: ~0.5 MW (Landscape type).
Wave Energy: ~1.2 MW.
Total Renewable Installed Capacity: ~16.7 MW.
• Theoretical Annual Output Calculation:
Capacity factor set to 25% (considering the 25-35% low-
efficiency impact of inner harbor Energy Trees).
Annual Total Generation = 16.7 MW × 8760 h × 0.25 ≈ 
36.6 GWh.
Considering fluctuations in wave energy and turbine
efficiency, we take a broad estimate of 41.44 GWh as the
total system output.

Logical Conflict Point:
In previous planning, we set a target of producing 600-800 
tons of green hydrogen annually. We need to verify if this 
target matches the system output.
• Hydrogen Production Cost Calculation: Producing 

1 kg of hydrogen requires approximately 50-55 kWh
of electricity.

• Electricity Required for 800 tons of Hydrogen: 

• Conflict Analysis: If the system's total power output
is only 41.44 GWh, and we use 44 GWh for hydrogen 
production, the electricity remaining for cruise ships
becomes negative. This means that relying solely on
local renewable energy, we cannot simultaneously
achieve the goals of "covering 45-50% of cruise
demand" and "producing 800 tons of hydrogen."

To resolve this mathematical logic conflict and propose a 

* Electricity Allocation:
» Hydrogen Production: 11 GWh.
» Available for Cruise Ships:

• Effect Verification:
* Assuming the total annual demand for multiple
cruise ships is approx. 60 GWh.
* System provides 30.44 GWh, Self-Sufficiency
Rate = 30.44 / 60 ≈ 50.7%.
* This figure fully meets our design goal of
"covering 45-50% of cruise demand."
* Conclusion: Scenario A is mathematically closed-
loop. It proves that utilizing pure local renewable energy
can achieve approximately 50% energy self-sufficiency
while using surplus capacity (about 25%) to produce
demonstration-level (150-200 tons) green hydrogen for use 
by port vehicles and short-haul vessels.

rigorous engineering solution, this study formulated the 
following two correction strategies:

2. Correction Scenario A: Priority Supply, Moderate 
Hydrogen Production (Demonstration Phase)
This scenario focuses on prioritizing the "power gap"
of cruise ships, positioning hydrogen production as an
auxiliary demonstration.
• Strategy Adjustment: Lower the annual hydrogen

production target from 800 tons to 150-200 tons.
* Electricity Consumption: 200 tons of hydrogen 
requires approx. 
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3. Correction Scenario B: Grid Arbitrage and Hybrid Supply (Commercialization Phase)

If we adhere to the target of producing 600-800 tons of 
green hydrogen annually (corresponding to greater 

commercial ambition), we must acknowledge the physical 
fact: Relying solely on 41.44 GWh of local output is 
insufficient. Therefore, Scenario B introduces the concept 
of "Grid Arbitrage," utilizing green power from the external 
grid as a supplement.
• Strategy Logic:
* Energy Source Decoupling:
» Local Renewable Energy (41.44 GWh): 100%

Prioritized for direct supply to cruise ships. This
realizes the maximum environmental benefit of
"Green Power Direct Supply," avoiding conversion 
losses while satisfying about half of the cruise power
demand.

» External Grid Green Power (PPA): Used to cover
remaining cruise demand and total hydrogen plant 
power consumption.

* Hydrogen Production Logic: The hydrogen
system no longer relies on the abundance of local wind

power but operates utilizing grid green power during off-
peak hours (purchased via Power Purchase Agreements - 
PPA) or surplus shares from offshore wind farms.
» Required Electricity: Maintaining a 600-800 ton/year 

capacity requires approx. 30-33 GWh of grid power.
» Advantage: Using grid power for hydrogen allows

production independent of weather fluctuations,
enabling 24-hour full-load operation and significantly 
reducing unit costs.

• Effect Verification:
* Cruise Supply: Local Renewable (41.44 GWh)
+ Grid Reinforcement (approx. 18.56 GWh) = 60 GWh. 
Cruise demand is 100% met by green electricity.
* Hydrogen Output: Grid Power (33 GWh) -> 
Hydrogen (600 tons). Achieving the high-yield target.
* System Resilience: Even if local offshore
turbines are down, cruise ships can still obtain green power 
via the grid without affecting the hydrogen plant operation 
(if the plant is connected to the main grid).
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4. Comparative Simulation of Corrected Scenarios

Based on the two correction scenarios above, we re-simulated typical daily operations:

Annual Renewable Energy Output and Supply-Demand Balance (Logically Corrected Version)

Table 6-2
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5. Comprehensive Balance Conclusion

Through strict correction of mathematical logic and 
scenario deduction, we reach the following conclusions:
• Logical Consistency: Scenario A proves that

achieving approximately 51% power self-sufficiency 
using pure local renewable energy without reliance on
the external grid is feasible. Scenario B demonstrates
that when pursuing high hydrogen production targets,
a hybrid supply mode must be introduced, utilizing
local renewables for high-value scenarios (direct
power supply) while using low-cost grid power for
energy conversion scenarios (hydrogen production).

• Recommended Path:
» Near-term (Pre-2030): It is recommended to
adopt Scenario A. Prioritize resolving the shore power gap, 
utilizing offshore wind for direct supply to cruise ships
to achieve significant carbon reduction. Simultaneously,
construct 150-200 ton class hydrogen facilities as
technology demonstrations and reserves.
» Long-term (Post-2030): As EU shipping

hydrogen demand increases, transition to Scenario B.
Upgrade the hydrogen plant to a 600+ ton scale and sign 
large-scale green PPA agreements, utilizing grid arbitrage 
mechanisms to achieve low-cost mass production of 
hydrogen.
• Reiteration of Inner Harbor Energy Tree Value: 

Although their production capacity is only 25-35%
of standard turbines, they play a key supplementary
role in both scenarios. In Scenario A, they contribute
limited power; in Scenario B, they exist entirely as
urban landscape and demonstration facilities, proving
the application potential of distributed energy in port
environments.

In summary, through mathematical logic correction and 
dual-path planning, we ensure that every data point in the 
design proposal is verifiable and implementable. This 
not only resolves technical feasibility but also provides 
flexible upward channels for the Port of Genova in 
economic modeling and operational strategies.
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Genova wave Schematic diagram of the energy system of the Genoa projec

Figure 6-10
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6.4 Technology Roadmap and Phased Implementation Strategy
With the steady progress of the main construction project for Genova's new breakwater, and considering that the main 
breakwater engineering is still ongoing as of 2026, the planning for the energy system integration must be deeply bound 
to this civil engineering progress. The "Sea-Land Integrated" energy hub proposed in this scheme is not a 
castle in the air, but a gradual strategy formulated based on a rigorous assessment of technology maturity 
and engineering logic. This section will elaborate on the technology integration path of each subsystem and formulate 
a phased implementation plan starting from 2026, ensuring that energy facilities can be seamlessly integrated as the 
infrastructure gradually becomes physically available.

Interms of technology selection, we have adopted a 
"high-medium-low" pairing strategy to ensure 

both the robustness and foresight of the system. For 
each key technology, we have conducted a Technology 
Readiness Level (TRL) assessment based on standards 
from the International Energy Agency (IEA) and the 
European Commission's Joint Research Centre (JRC), to 
determine the priority of the integration path.
1. Integration Path for Core Power Generation
Technologies
• Vertical Axis Wind Turbine (VAWT): TRL 7-8

(System Prototype Demonstration Completed)
Although Vertical Axis Wind Turbines are not as prevalent 
as Horizontal Axis Wind Turbines (HAWT), they 
offer unique advantages in urban and complex terrain 
environments. Currently, improved models such as the 
Darrieus or Savonius types have been verified in multiple 
European offshore test sites. For the Port of Genova, 
VAWTs do not require complex yaw mechanisms, 
meaning their structural loads are more deterministic, 
facilitating the reservation of standardized connection nodes 
in the breakwater design. The integration path focuses on 
"modular pre-installation," which involves embedding 
high-strength steel structural connectors and cable conduits 
during the prefabrication of breakwater caissons, avoiding 
massive offshore drilling operations later.
• Resonant Wave Energy Converter (REWEC3): 

TRL 6-7 (System Prototype Demonstration in
Relevant Environment)

REWEC3, as a resonant oscillating water column device, 
relies on the aerodynamic matching between the air 
chamber and the turbine. According to research by Arena 
et al. [19]., this technology performs excellently under the 

6.4.1 Technology Integration Path and Maturity Analysis
Mediterranean wave spectrum . However, applying it on a 
large scale as an integral part of the breakwater remains an 
engineering innovation. The integration path adopts a "civil-
structural integration" approach, where the air chamber 
of the REWEC3 directly constitutes the wave-dissipating 
block of the breakwater. This design requires precise 
control of the geometric parameters of the concrete air 
chamber during the breakwater construction phase, 
posing high requirements for construction precision.
• PEM Electrolysis for Hydrogen Production: TRL 

9 (System Actual Operation Verified)
Proton Exchange Membrane (PEM) electrolyzer 
technology is fully commercialized, and its wide power 
fluctuation adaptability perfectly matches the intermittent 
nature of offshore wind power. Its integration path is 
relatively independent, focusing mainly on the construction 
of the onshore factory in the specific reclaimed area, 
presenting the lowest technical risk and serving as a flexible 
adjustment module for subsequent stages.

2. Smart Microgrid and Control System: TRL 8-9
The Energy Management System (EMS) of the port
microgrid acts as the "brain" of the entire system. It needs
to process prediction data from multiple sources such as
wind and wave energy and schedule shore power loads
and hydrogen production loads in real-time. Given that
the existing IEC/IEEE 80005-1 standard has provided a
regulatory basis for High Voltage Shore Connection [3], 
our integration path involves superimposing a "source-
load-storage" collaborative control algorithm on top
of this standard to achieve response to millisecond-level
fluctuations.

202



Chapter 6: Design of the Cruise Energy Supply System for the Port of Genoa             Part II: Case Study and Design

Considering the operational continuity of the Port of 
Genova and the construction status of the breakwater 

spanning past 2026, we have divided the implementation 
of the energy system into three main phases. This plan aims 
to utilize the construction period window to complete key 
embedding work through "installation synchronized 
with construction, gradual commissioning," and rapidly 
enter functional verification and commercial operation after 
the project is completed.

Phase I: Coordination During Main Construction and 
Foundation Embedding (2026 - 2029)
This phase highly overlaps with the main civil engineering 
construction of the new breakwater and represents the 
golden window for low-cost integration.
Core Tasks:
• Synchronous Construction of Physical Carrier:

Utilizing the breakwater caisson pouring process
during 2026 and onwards, high-strength steel structural 
connectors, cable conduits, and grounding systems
are embedded according to the installation drawings

6.4.2 Lifecycle Phased Construction and Implementation Plan

Technology Readiness Level (TRL) Assessment and Integration Risk Analysis for Key Subsystems

Table 6-3

for VAWTs and REWEC3s. This is the lowest cost 
intervention method; it must be completed during 
the concrete pouring phase, otherwise, subsequent 
retrofitting will be extremely difficult and expensive.

• Onshore Energy Center Construction: Initiate civil
engineering work in the specific onshore reclaimed
area, building infrastructure for the shore power
substation, the main body of the electrolyzer plant, and 
fire protection dykes for the hydrogen storage tank
farm. Onshore construction is less affected by marine 
weather and can start ahead.

• First Batch of Pilot Units: In sections of the
breakwater where construction progress is faster
(e.g., the parts near the shore), install the first batch
of 2-3 vertical axis wind turbines as pilots. Focus on
monitoring their structural response in the complex
environment during the construction period and
collecting the first batch of operational data to provide 
a basis for subsequent large-scale selection.
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Project timeline (Estimated)

Table 6-4

Phase II: Full Installation and Microgrid 
Commissioning (2029 - 2032)
With the substantial completion of the main breakwater 
project, the energy system enters the "comprehensive 
installation and shipboard verification phase".
Core Tasks:
• Scaled Deployment of VAWT Arrays: Install vertical 

axis wind turbines on a large scale on the completed
foundation connectors. Utilize the cluster effect to
form a coherent power generation array.

• Wave Energy Turbine Installation: Install Wells
turbines and generator sets on top of all prefabricated
REWEC3 air chambers to complete the electrical
connection of the wave energy subsystem.

• Submarine Cable Laying and Shore Power 
Commissioning: Lay high-voltage submarine cables 
connecting the offshore wind farm to the onshore 
center. Conduct full-load testing of the shore power 
system to ensure that cruise ships can stably use hybrid 
energy (renewable electricity + grid electricity).

• Microgrid Islanding Operation Test: Utilize the
super battery energy storage system to simulate the
capability of maintaining power supply to critical port
loads using only offshore renewable energy when
disconnected from the national grid, verifying the
system's black start function and resilience.

Phase III: Hydrogen Ecological Loop and Commercial 
Expansion (2032 - 2035 and beyond)
Based on the stable operation of the power system, focus on 
promoting the deep utilization of the hydrogen subsystem.
Core Tasks:
• Full-Load Operation of Electrolyzers: Start the

PEM electrolyzer plant. According to the logic of 
Scheme B mentioned earlier, fully operate the "grid
arbitrage" mode. Utilize surplus power from offshore 
wind and grid valley electricity to gradually ramp up
green hydrogen production to a commercial scale of
600-800 tons/year.

• Multi-modal Hydrogen Supply: Launch Truck-
to-Ship (TTS) services to meet initial hydrogen fuel
demand. As demand grows, activate the pre-embedded 
hydrogen pipelines at the wharf front to achieve
"refuel-and-go" services for hydrogen-powered cruise
ships or tugs.

• Virtual Power Plant (VPP) Operation: Integrate
the entire system into the national electricity market to
participate in frequency modulation and peak shaving
services as a flexible virtual power plant, maximizing 
the energy value.
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The Port of Genova is not only a logistics hub but 
also an important urban landscape belt along the 
Mediterranean. The geographical location adjacent to the 
urban area dictates that any engineering facility must place 
landscape impact and environmental compatibility at the 
core of considerations. Traditional energy infrastructure 
often gives a negative impression of "industrial invasion." 
Therefore, based on the spatial layout proposed in 
Section 6.2, this design further deepens the landscape and 
ecological design strategies, committed to creating a green 
energy landmark that is invisible to the environment and 
empowering to the ecology.

6.5 Design of Landscape and Environmental Integration

T he Port of Genova is not merely a logistics hub; it 
is the gateway to one of Italy's most historic and 

beautiful cities. Consequently, the energy transition cannot 
be an engineering exercise that creates visual pollution. 
This section details the core modifications to the design, 
focusing on the "Landscape Integration" strategy.
The objective is to harmonize the "Green Power-Green 
Hydrogen" infrastructure with the urban fabric, creating a 
unique "Arrival Experience" for passengers that turns the 
energy infrastructure into a destination in itself.

1. Visual Friendliness and Skyline Optimization
Color and Materiality Strategy: The Mediterranean
Palette The material and color strategy is derived from a 
study of the local "chromatic context." The facilities utilize 
a palette of "Marine Grey" and "Limestone White,"
referencing the local slate and limestone construction of
Liguria. Texture plays a crucial role: The surfaces of the
turbine towers are treated with a matte, non-reflective finish 
to absorb the harsh Mediterranean glare, preventing "visual
pollution" caused by specular reflection. This attention
to "materiality" ensures that the energy infrastructure
is perceived as a permanent, high-quality addition to the
urban fabric, rather than temporary industrial equipment.
For a historic city like Genova, the visual integrity of
the coastline is crucial. The array of wind turbines on
the breakwater will inevitably change the background
outline, but through refined design, this interference can be 
minimized.
• Height Control and Perspective Principles:

6.5.1 Ecological Compatibility and Aesthetic Design of Energy Facilities

"The geographical location 
adjacent to the urban area 
dictates that any engineering 
facility must place landscape 
impact and environmental 
compatibility at the core of 
considerations. "

In Section 6.3.2, we established the limit that VAWT height 
does not exceed 70 meters. This value is not arbitrary but 
based on visual psychology research. When observers 
look at offshore wind turbines from land, a height of 70 
meters usually does not exceed a 15-degree elevation 
angle from the horizon and is easily obscured by 
foreground port cranes and buildings, thus creating a 
visual "stealth" effect. In contrast, traditional offshore 
wind farms with rotating blades over 150 meters high 
create a strong sense of oppression.

• Morphology Selection: The Dynamic Aesthetics of 
Vertical Axis:

 The rotation of Horizontal Axis Wind Turbines (HAWT) 
produces a "flicker effect." When sunlight shines on the 
rotating blades, periodic shadow flicker is generated, 
causing visual disturbance to surrounding residents. Vertical 
Axis Wind Turbines (e.g., Darrieus type), on the other 
hand, present an elliptical or spiral trajectory. Their visual 
dynamic is closer to the vortex of water flow, with a softer 
form. Furthermore, VAWTs usually use straight or twisted 
blades and do not have a huge nacelle hanging on top of the 
tower. The overall visual line is more concise, possessing 
the beauty of modern industrial sculpture and easy to 
dialogue with contemporary architectural language [21].

• Stealth Strategy for Color and Texture:
All offshore facilities (wind turbine towers, energy
trees, substation shells) will use low-saturation "Marine 
Grey" or "Concrete White" as the main tone. This
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Visual renderings of the Genova project

Figure 6-11
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neutral color palette can reflect the intense Mediterranean 
sun, reducing visual heat, while maintaining color 
consistency with the concrete body of the breakwater, 
achieving a seamless unity between the equipment and the 
carrier. Avoid using high-contrast red or orange, unless used 
for minimal local parts for aviation warning.

2. Acoustic Environment Control
The port itself is a noisy industrial environment, but the
specific frequency noise generated by wind turbines can
still cause concern.
• Noise Advantage of VAWTs:
Vertical axis wind turbines typically have lower tip speeds,
which is a key advantage in noise control compared to
high-speed rotating horizontal axis turbines. According
to a review study by Möllerström et al., the spectral
characteristics of VAWTs differ significantly from
HAWTs; due to their smaller blade sweep area and lower
rotation speed, the aerodynamic noise generated is usually
distributed over a wider band, and the peak sound pressure
level is lower [22]. Especially in the environment of a 
breakwater with high background noise, the low-frequency 
hum of VAWTs is easily masked by the sound of waves
slapping and environmental wind, and will not form abrupt 
noise interference.

• Gearbox Noise Reduction:
For the mechanical noise that may exist in some VAWTs,
we design the gearbox and generator to be placed at the
bottom of the tower or even underwater (for some floating 
concepts), using the concrete base as a sound insulation
barrier to physically block the path of noise propagation.

3. Lighting Design and Light Pollution Prevention
Night lighting is an important part of the landscape of
energy facilities and a key factor affecting marine life (such 
as seabirds and sea turtles).
• Dark Sky Friendly Lighting:
Except for aviation obstruction lights which must comply
with the red flashing standards of the International Civil
Aviation Organization (ICAO), the landscape lighting of all 
facilities will strictly control spill light. Cut-off luminaires 
are used to ensure light is projected only onto the equipment 
itself, not diffusing towards the sea surface or the sky.

• Dynamic Induction Lighting:
The "Energy Tree" devices in the inner harbor will serve
as part of the port's night scene, but their lighting systems
will be radar-sensored. When there is no personnel
activity or ship docking in the surrounding area, the lights
automatically turn off or drop to the minimum maintenance 
brightness, minimizing interference with nocturnal
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migratory birds.
4. Ecological Compatibility and Artificial Reef Effect
Regenerative Design: Infrastructure as Habitat
Moving beyond simple mitigation, the design employs
"Regenerative Design" principles. The underwater
structures of the breakwater and VAWT foundations are
textured to function as "Artificial Reefs." This transforms
the hard, sterile edges of traditional engineering into
"living shorelines." By deliberately designing the "surface
complexity" (rugosity) of the submerged concrete to
encourage colonization by mussels and algae, the energy
hub becomes a "biological corridor," linking the port's
ecosystem with the open sea. This reflects a shift from
"anthropocentric engineering" to "bio-inclusive design."
The breakwater energy system should not destroy
ecology but should act as an enhancer of the marine
ecosystem.

• Marine Habitat Function of REWEC3:
The REWEC3 device is located in the wave dissipation

chamber area of the breakwater, in a submerged or semi-
submerged state year-round. Its complex concrete cavity
structure provides natural shelter and spawning grounds
for fish and crustaceans. Studies have shown that the
foundation structures of wave energy converters often have 
an artificial reef effect, which can significantly enhance
local biodiversity [23]. In our design, we intentionally 
increased the surface texture and roughness on the inner
walls of the chambers to promote the attachment of
algae and invertebrates, thereby building a small marine

ecological chain.
• Marine Mammal Protection:
The Mediterranean waters are habitats for endangered
species such as the striped dolphin and sperm whale.
Although the wave energy device (OWC) is mainly air-
driven and has few moving parts underwater, to be safe,
we have designed flow velocity control devices at the
water intakes to avoid suction injury to marine life caused
by excessive intake flow. At the same time, since the
REWEC3 is an embedded fixed structure with no rotating 
impellers, the risk of striking whales or fish is eliminated at 
the source.

5. Environmental Monitoring and Adaptive 
Management
To ensure the effectiveness of the above ecological
designs, we will establish an "Environmental Adaptive
Monitoring System" (EAMS).
• Monitoring Indicators:
The system will monitor underwater noise (decibels),
electromagnetic field strength (for submarine cables), bird 
strike rates (via AI camera recognition), and water quality
parameters around the breakwater in real-time.
• Feedback Mechanism:
If monitoring detects that wind turbine noise during a
certain period is abnormally driving away specific birds,
the microgrid control center can automatically adjust the
speed of wind turbines in that area or even shut them down, 
achieving a dynamic balance between energy production
and environmental protection.
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Figure 6-12
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In summary, before conducting
quantitative carbon reduction 

calculations in Section 6.6, we have 
examined the scheme from qualitative and 
ecological perspectives. By combining 
the wave dissipation function of the 
REWEC3 wave energy device with power 
generation, we actually extend the service 
life of the breakwater and reduce the 
concrete consumption required for future 
maintenance, which is an implicit "source 
reduction."

Furthermore, as one of Italy's largest 
cruise ports, the environmental image 
of the Port of Genova directly affects the 
visitor experience. By shaping vertical axis 
wind turbines and energy trees into high-tech 
landscape installations, the port can visually 
demonstrate the concept of sustainable 
development to millions of visiting cruise 
passengers. The educational value and brand 
enhancement benefit of this "textbook-style" 
live display are surpassing traditional single-
purpose engineering [24].

This study firmly believes that future 
port energy facilities should not be 
cold, isolated industrial machines, but 
organisms that live in harmony with the 
marine ecology and urban landscape.
Through the refined landscape and 
environmental integration design described 
above, the new breakwater integrated energy 
system at the Port of Genova will provide a 
replicable and scalable model sample for the 
green transformation of global urban ports.

6.5.2 Comprehensive
Environmental Benefit Assessment
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Based on the system architecture, capacity configuration, and operational logic described in the previous sections, this 
section conducts a comprehensive quantitative assessment of the benefits of the "Sea-Land Integrated" energy super 
hub scheme for the Port of Genova. The assessment selects the "Traditional Operation Mode" (i.e., complete reliance 
on fuel auxiliary engines and grid power supply) as the baseline, focusing on comparing the carbon emission reduction, 
pollutant control, and economic return of Scenario A (Priority Power Supply, Moderate Hydrogen) and Scenario B 
(Grid Arbitrage, Hybrid Power Supply). The quantitative analysis aims to demonstrate that this scheme is not only 
technically feasible but also yields significant ecological and economic value.

6.6 Quantitative Assessment of Comprehensive Benefits

C ruise ports are concentrated areas of urban air
pollution and greenhouse gas emissions. According 

to the latest data from the International Maritime 
Organization (IMO) and the European Union, the 
emission intensity of power generation by fuel auxiliary 
engines during cruise ship port stays is far higher than that 
of land-based power plants. This section quantifies the 
improvement in the port environment of Genova by the 
design scheme through the establishment of an emission 
calculation model.

1. Carbon Emission Reduction Potential Calculation
• In the calculation, we set the following key

parameters:
» Baseline Emission Factor: The CO2 emission factor
for cruise ship traditional fuel (MGO/HSFO) auxiliary
engine power generation is approximately 680gCO2kWh.
» Shore Power Emission Factor: The current average
emission factor of the Italian grid is approximately 260g
CO2 / kWh, but the renewable energy and green hydrogen
introduced in this scheme are treated as having a 0g
CO2kWh emission factor (Scope 2). Considering that part
of the electricity in Scenario B comes from the grid, we use 
a mixed factor for calculation.
» Green Hydrogen Reduction Factor: Producing
1 kg of green hydrogen to replace traditional diesel fuel
can avoid approximately 9-10 kg of CO2 emissions
(considering the full lifecycle).

• Emission Reduction Assessment for Scenario A 
(Priority Power Supply, Moderate Hydrogen):

Under this scenario, the system's annual green power 
output of 30.44 GWh is directly supplied to cruise ships, 
replacing an equivalent amount of fuel power generation.

6.6.1 Carbon Reduction Potential and Environmental Benefit Assessment

» Hydrogen Carbon Reduction: The annual production
of 200 tons of green hydrogen is mainly used for port
internal vehicles, replacing approximately 180 tons of diesel, 
resulting in a carbon reduction of about 1,800 tons CO2/
year.
» Total: Scenario A can achieve an annual carbon
emission reduction of approximately 22,500 tons,
equivalent to the carbon sequestration capacity of about 1.2
million trees planted around the Port of Genova.

• Emission Reduction Assessment for Scenario B
(Grid Arbitrage, Hybrid Power Supply):

Under this scenario, the system's annual output of 41.44 
GWh is entirely directly supplied to cruise ships, and green 
power is purchased from the grid via PPA to maintain 
hydrogen production.
» Deep Power Decarbonization: The local green power
of 41.44 GWh is directly supplied to cruise ships, achieving 
direct carbon reduction of approximately 28,180 CO2/ year. 
Meanwhile, because the hydrogen production process uses
grid green power rather than real-time high-carbon intensity 
power, the low-carbon attribute of the hydrogen energy
product over its full lifecycle is further ensured.
» Hydrogen Substitution Effect: If 600-800 tons of
green hydrogen produced annually is used to replace marine 
fuel (e.g., bunkering for tugboats or small ferries), its carbon 
reduction effect will grow exponentially. Calculating based 
on 700 tons/year, it can avoid approximately6,300 tons of
CO2 emissions.
» Total: Scenario B can achieve an annual carbon emission
reduction of over 34,500 tons. This figure is of milestone
significance for the Port of Genova, which is committed to 

» Direct Carbon Reduction:
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Annual Environmental Benefit Quantitative Assessment Comparison Table

Table 6-5

achieving the "Net Zero Emission by 2050" goal [25].

2. Synergistic Control Benefits for Pollutants (SOx, 
NOx, PM)
In addition to greenhouse gases, the scheme's effect on 
improving the local air quality of the port area is more 
immediate. Fuel auxiliary engines are the main source of 
sulfur oxides, nitrogen oxides, and particulate matter.
• Sulfur Oxides Elimination: According to the IMO 

2020 global sulfur limit, the sulfur content limit for 
marine fuel is 0.5% (although emissions remain). 
The shore power and green hydrogen provided by 
this scheme are both zero-sulfur fuels. Through direct 
power supply, it is expected to cut SOx emissions 

by approximately 250-300 tons annually, directly 
eliminating the port's acid rain risk and improving the 
health status of surrounding residents [26].

• Nitrogen Oxides and Particulate Matter: Nitrogen 
oxide emissions from cruise ships during port stays 
account for 30%-50% of total port emissions. By 
replacing the operation of fuel auxiliary engines, the 
scheme can reduce NOx emissions by approximately 
400 tons and PM2.5 emissions by approximately 30 
tons annually. This has direct public health benefits for 
alleviating high-incidence areas of respiratory diseases 
at the junction of the Genova urban area and the port.
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In addition to environmental benefits, the implementation 
of this project will also have far-reaching socio-
economic impacts on the competitiveness of the Port of 
Genova, regional economic development, and the green 
transformation of the global port industry. Given space 
limitations, this section only provides a brief overview of the 
economic analysis, focusing on its long-term strategic value.

1. Economic Analysis and Investment Return Overview
Although the upfront infrastructure construction (breakwater 
renovation, hydrogen production equipment) investment is
large, the full lifecycle economic value is considerable.
• Operating Cost (OPEX) Savings: Once the system

is built, its "fuel"—wind energy and wave energy—
is free. Compared to the long-term fluctuating
international oil prices, renewable energy power
generation has extremely low marginal costs.
According to an IRENA report, the Levelized Cost
of Energy (LCOE) of offshore wind power has fallen 
significantly and is expected to drop below the cost of 
fossil fuel power generation in the next decade [27].

• Carbon Tax Avoidance Value: According to the EU
Emissions Trading System (EU ETS), the shipping
industry has been included in the carbon market. If
emission reduction measures are not taken, the Port of 
Genova and calling cruise companies will face huge
costs for purchasing carbon allowances. The tens of
thousands of tons of carbon emissions reduced by this
scheme annually directly correspond to the savings
of millions of euros in potential carbon taxes, which
constitutes an implicit but huge economic moat for the
project.

2. Employment Driving and Industrial Chain
Upgrading
The implementation of the project will run through the entire 
process of design, manufacturing, construction, operation,
and maintenance, forming a complete green energy industry 
chain.

6.6.2 Socio-Economic Value and Industry Demonstration Effect
• Construction Employment: Breakwater renovation,

offshore wind power installation, and hydrogen plant 
construction are high-tech intensive projects. It is
expected to create approximately 500-800 direct local
jobs and thousands of indirect jobs (e.g., logistics,
catering, professional consulting) in the next 5-10
years.

• O&M Employment: Unlike traditional port
operations, new energy systems require professional
electrical engineers, hydrogen safety experts, and
operation and maintenance technicians. This will
promote the transformation of the Port of Genova 
from a traditional logistics labor-intensive type to a
technology-intensive type, elevating the overall talent
structure of the port.

3. Industry Demonstration Effect and Brand Value
As one of the largest cruise ports in the Mediterranean, the
technical route choice of the Port of Genova has strong 
signal significance.
• A Model for Urban Ports: Many famous ports

in the world (such as Sydney Port, Barcelona Port, 
New York Port) are located close to city centers and 
face the dilemma of "conflict between development
and environmental protection." This project, through
low-visual-impact VAWTs, embedded wave energy
devices, and landscape energy trees, successfully
demonstrates the possibility of building large-scale
energy hubs without damaging the urban landscape. 

• Consolidation of Green Shipping Hub Status:
As cruise companies commit to achieving net-zero
emissions by 2050, they have a strong preference for
ports equipped with green power and green hydrogen
supply capabilities. By laying out the "Wind-Wave-
Hydrogen" integrated system in advance, the Port of 
Genova will occupy the commanding heights in future 
port competition, attracting more new-generation
green cruise ships to call, thereby consolidating its
position as the core hub of the Mediterranean [25].
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Comprehensive Evaluation Matrix of Socio-Economic Benefits

Table 6-6

In summary, this design scheme not only achieves deep pollution reduction and carbon decarbonization in
environmental protection but also realizes long-term cost optimization and asset appreciation on the economic 

ledger, while bringing high-quality employment and technological upgrading opportunities to the regional society.
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T his chapter proposed and demonstrated in
detail a "Wind-Wave-Hydrogen-Storage" 

multi-energy coupled integrated energy system design 
scheme centered on the new breakwater project at 
the Port of Genova. Based on the empirical analysis of 
the energy gap in Chapter 5, this chapter completed a full 
closed-loop research from macro-architecture design to 
micro-equipment selection, and finally to economic and 
environmental benefit assessment.

First, we established the core principle of "engineering 
structure dictating energy design," creatively nesting 
Vertical Axis Wind Turbines (VAWT), wave energy 
devices (REWEC3), and landscape-type energy trees deep 
into the civil engineering structure of the breakwater. We 
constructed a three-stage energy topology architecture of 
"offshore layered collection, transmission aggregation, 
and onshore processing and distribution." This design 
not only solves the occupation of sea areas by traditional 
offshore wind farms but also effectively addresses the strict 
requirements of urban ports for visual landscapes through 
the selection of VAWTs with a height of less than 70 
meters.

Second, regarding technical feasibility, we detailed the 
shore power subsystem, wind power collection platform, 
wave energy converter, and hydrogen bunkering network. 
It is worth mentioning that for the REWEC3 device, we 
demonstrated its dual benefits in wave dissipation and 
power generation; for hydrogen production, based on the 
Seveso III directive, we proposed a safe siting strategy of 
setting the hydrogen production plant in a specific onshore 
reclaimed area.

Third, to address the mathematical logic conflict of energy 
supply and demand, this chapter revised the traditional 
balance logic and proposed two implementation paths: 
"Scenario A (Priority Power Supply, Moderate 
Hydrogen)" and "Scenario B (Grid Arbitrage, Hybrid 
Power Supply)." Scenario A focuses on utilizing local 

6.7 Chapter Summary

renewable energy to achieve a self-sufficiency rate of 
about 51%, suitable for near-term demonstration; Scenario 
B, by introducing grid green power, achieves large-scale 
production of 600-800 tons of green hydrogen, suitable for 
long-term commercial operation. This dual-path planning 
provides flexible strategic choice space for the Port of 
Genova.

Finally, through quantitative assessment, we confirmed 
that the scheme can reduce more than 22,500 to 34,500 
tons of carbon dioxide emissions annually and significantly 
cut pollutants such as sulfur oxides and nitrogen oxides, 
delivering significant environmental benefits. Meanwhile, 
the project demonstrates good economic viability and 
powerful industry demonstration effects over its full 
lifecycle.

The research in this chapter shows that upgrading the 
breakwater into a "Sea-Land Integrated" energy super hub 
is technically entirely feasible and hugely beneficial both 
economically and ecologically. This not only provides a 
concrete implementation roadmap for the Port of Genova 
to achieve its 2050 net-zero emission goal but also offers 
a replicable and scalable "Genova Model" for the green 
transformation of global urban ports.

Furthermore, this chapter bridges the gap between 
engineering feasibility and architectural intent. By applying 
principles of spatial syntax, morphological integration, 
and landscape infrastructure, the design proves that a 
zero-carbon energy system can also be a catalyst for 
urban regeneration. The proposed "Sea-Land 
Integrated" hub is not just a power plant; 
it is a new maritime gateway that redefines 
the visual and spatial identity of the Port of 
Genova, creating a harmonious dialogue 
between the historic city, the industrial port, 
and the natural sea.
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Chapter 7: Design of the Cruise Energy Supply System for the 
Port of Shanghai
7.1 Project Design Objectives and Strategic Positioning

7.1.1 System Design Objectives: Adapting to the High Energy 
Demand of a Mega-Cruise Hub

T he design of the Cruise Energy Supply System for
the Port of Shanghai is constrained by an operational 

scale that is distinct from Mediterranean ports like Genoa. 
As the largest cruise hub in East Asia and a primary 
gateway to the Yangtze River Delta, the Port of Shanghai 
(specifically the Wusongkou International Cruise Terminal) 
faces unique challenges characterized by high vessel 
density, massive single-vessel power requirements, and 
stringent local environmental regulations aimed at 
curbing air pollution in the megacity.

The primary objective of this design is to bridge the 
identified "High-Load Power Gap" and the "Future 
Fuel Readiness Gap" within the context of China’s 
"Dual Carbon" goals (Peak Carbon by 2030, Carbon 
Neutrality by 2060). The system must not only comply with 
the International Maritime Organization’s (IMO) carbon 
intensity indicators but also strictly adhere to the specific 
requirements of the 《Implementation Plan for Green and 
Low-Carbon Development in the Field of Transportation》
to transform the terminal from a conventional logistics 
node into a high-tech, zero-emission energy hub capable 
of supporting the world’s largest cruise ships (e.g., Royal 
Caribbean's Icon of the Seas class or MSC's World class), 
while also serving as a model for other Asian ports.

Technical Capability and Grid Resilience
The foremost technical objective is to guarantee an ultra-
high-capacity, stable shore power supply that exceeds 
current typical industry specifications [3]. Data analysis of 
the Port of Shanghai indicates that while a standard large 
cruise ship requires 8–12 MW for hotel load, the newest 
generation of "mega-ships" can peak at 16–20 MW during 
hot summer months when HVAC demand is maximized. 
Furthermore, the Wusongkou terminal is designed to 
accommodate up to four large vessels simultaneously. 
Consequently, the system design objectives aim to:
• Expand Shore Power to "Mega-Hub" Standards:

Ensure the installation of High Voltage Shore

Connection (HVSC) facilities with a total aggregate 
capacity exceeding 80 MVA. This is nearly double the 
target set for Genoa, reflecting Shanghai's higher traffic 
density. The system must support multi-frequency 
compatibility (60 Hz for international vessels, 50 
Hz for domestic fleet) via standardized frequency 
converters, ensuring seamless "plug-and-play"
capabilities for global cruise lines [2].

• Grid Stability and Smart Integration: Unlike a
model relying entirely on local off-grid generation,
Shanghai's design utilizes deep coupling between
floating wind power and the terrestrial grid. Backed
by one of China's strongest regional grids, the system
design focuses on "Source-Grid-Load-Storage"
intelligent coordination. By dynamically adjusting
the injection ratio of offshore wind and near-shore
photovoltaics, the system uses the external grid as a
massive regulation pool. This ensures high-proportion
green energy consumption while guaranteeing absolute 
frequency and voltage stability for the power supplied
to cruise ships, meeting the stringent reliability
requirements of electrical loads.

Zero-Carbon Emissions and Air Quality 
Control
The core environmental objective is the absolute 
elimination of particulate matter (PM2.5/PM10) and sulfur 
oxides (SOx) at the berth, which directly contributes to 
Shanghai’s air quality improvement targets. Given the 
terminal's proximity to the Baoshan urban district, emission 
control is critical.
• Renewable Ratio Target: By 2030, the system aims

for at least 60% of the total energy supplied to cruise

“High vessel density, massive single-vessel 
power requirements, and stringent local 
environmental regulations aimed at curbing 
air pollution in the megacity .”
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ships to be derived from renewable sources within 
the Yangtze River Delta region. Given the vastness 
of the East China Sea, the design adopts a "Sea-Land 
Simultaneous" strategy, utilizing floating wind power 
in the deep sea as the main force, supplemented by 
onshore wind power near the terminal and floating 
photovoltaics in nearshore waters, forming a 
complementary system.

• Lifecycle Carbon Intensity Reduction: Achieve a
lifecycle carbon intensity reduction of at least 85%
compared to traditional Marine Gas Oil (MGO) and
Heavy Fuel Oil (HFO). This requires strict adherence
to the standards set by the National Development
and Reform Commission's (NDRC) 《Medium
and Long-Term Plan for Hydrogen Energy Industry 
Development (2021-2035)》, ensuring that hydrogen
used for bunkering is produced exclusively via
renewable energy [4].

Green Hydrogen Production and Safety 
Standards
A pivotal objective is establishing a scalable green 
hydrogen bunkering infrastructure. While China has a 
vast network of industrial hydrogen, its use in marine 
bunkering is nascent. The design objectives must address 

the specific safety codes of the Yangtze River shipping 
lanes.
• Modular Production Scale: Given the massive

power demand, the initial objective sets an electrolyzer 
capacity of 5 MW, capable of producing approximately 
2–2.5 tons of green hydrogen per day. This serves
the dual purpose of supplying auxiliary fuel for port
service vessels (tugs, pilot boats) and providing reserve 
hydrogen fuel for cruise ships equipped with fuel cells.

• Safety and Zoning: Compliance with the China
Classification Society (CCS) 《Guidelines for
Inspection of Fuel Cell Power Plants on Ships》
and related safety codes is mandatory. The design
objectives prioritize a "Production-Storage-
Refueling" separation model, where high-pressure
storage (up to 35 MPa or 70 MPa) is located
in designated industrial buffer zones away from
passenger flow, minimizing catastrophic risks in line
with China’s strict port safety regulations [10] [5].

Data-Driven Performance Metrics
To quantitatively evaluate the success of the design, the 
following Key Performance Indicators (KPIs) have been 
established for the Shanghai project, distinct from the 
Genoese baseline.

Comparative Dashboard of Key Performance Indicators (KPIs) for the Port of Shanghai Energy System.

Table 7-1
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7.1.2 Strategic Positioning: Building a World-Class "Wind-Solar-
Hydrogen" Green Port Demonstration Zone

T he strategic positioning of the Port of Shanghai goes beyond the installation; it aims to establish the terminal as the 
flagship "Green Port Demonstration Zone" in China, setting a benchmark for the Asia-Pacific region. This strategy 

is deeply rooted in the "Yangtze River Delta Integration" strategy and the national "Green Shipping Corridor" initiative 
[6]. The goal is to leverage Shanghai's status as a global financial and shipping center to drive the standardization of green 
marine fuels in Asia.

The "Far-Sea Wind - Near-Shore Light - 
Onshore Electricity - Hydrogen" Synergistic 
Model
Central to this strategic positioning is the integration 
of three distinct energy vectors tailored to the specific 
geographic characteristics of the East China Sea: Far-Sea 
Floating Wind Power (Baseload), Near-Shore Floating 
Photovoltaics (Daytime Peak Matching), Onshore 
Small-Scale Wind Power (Supplementary Power), and 
Green Hydrogen (Seasonal Storage/High-Grade Fuel).
• Far-Sea Floating Wind Power as the Core Engine:

Considering the busy shipping channels and water
depth conditions in the East China Sea, the strategic
positioning shifts from traditional near-shore fixed

Chapter 7: Design of the Cruise Energy Supply System for the Port of Shanghai           Part II: Case Study and Design

Site selection for deep-sea wind farm in Shanghai

Figure 7-1

turbines to floating wind farms in deep-sea areas. This 
area is far from busy shipping channels and utilizes 
abundant wind resources [7]. These wind farms 
are connected to independent offshore substations 
via submarine cables, providing large-scale, high-
quality green baseload power for Shanghai Port. This
represents a shift from "port-supportive power 
supply" to an "offshore green energy hub."

• Complementary Near-Shore Floating PV and
Onshore Wind Power: Near the cruise terminal, in
the relatively calm waters protected by breakwaters,
floating photovoltaic panels are deployed to provide
daytime power supplementation. Simultaneously,
small onshore wind power equipment (e.g., low-noise
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Shanghai Deep Sea Marine Energy Equipment System (Design)

Shanghai Port Energy Equipment System (Design)

Figure 7-2a

Figure 7-2b

vertical axis turbines) is designed and installed in the 
land buffer zones around the terminal. These units 
capture local topographic winds for generation, 
serving as an effective supplement to offshore 
wind and enhancing system resilience under local 
meteorological conditions.

• Green Hydrogen as the Future Standard: Shanghai
is dedicated to becoming a leader in the "Hydrogen
Economy" within the shipping sector. The strategy

involves utilizing surplus electricity from offshore 
wind for electrolysis to produce hydrogen. By 
establishing an "Electricity-Hydrogen" coupling 
system, unstable wind power is converted into 
high-energy-density hydrogen. This aligns with the 
"Shanghai-Los Angeles International Green Shipping 
Corridor" initiative, where green hydrogen is identified 
as a critical fuel for deep-sea shipping [8].
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Policy Alignment and the "Dual Carbon" 
Strategy
From a macro-strategic perspective, this design is a direct 
implementation of China's "1+N" policy framework 
for carbon peaking and carbon neutrality. The port is 
not merely following IMO regulations but is actively 
participating in China's pilot programs for low-carbon 
ports.
• Industrial Symbiosis: The strategic positioning

leverages the massive industrial base of the Baoshan
district. The port acts as a node in a larger
"Hydrogen Industry Cluster." Excess oxygen
produced by electrolysis and the waste heat from the
process can be utilized by neighboring steel plants
(Baosteel) and chemical industries, creating a circular
economy that significantly improves the overall
efficiency of the hydrogen hub [9].

• Technology Leadership: By hosting advanced
shore power systems and hydrogen bunkering
facilities, Shanghai aims to capture the "First
Mover Advantage" in Asian cruise regulations.
This incentivizes cruise lines calling at Shanghai to
upgrade their fleets to compatible standards, effectively 
setting the de facto technical standard for the region.

Geographic and Logistics Advantages
• Spatial Manifesto: The "Metropolitan Energy

Interface" From an urban design perspective, the
Wusongkou Terminal is not merely a transport node
but a monumental "Metropolitan Energy Interface"
where the high-density urban fabric of Shanghai

dissolves into the vastness of the East China Sea. 
Unlike the historic, intimate scale of Genoa, Shanghai 
demands a design language of "Monumentality." 
The positioning of the energy infrastructure aims 
to create a "Technological Sublime"—a concept 
rooted in Romantic aesthetic theory but applied 
here to green engineering. The vast array of floating 
wind turbines and the expansive geometric patterns 
of the floating PVs are intended to evoke a sense of 
awe, reflecting the industrial might of the Yangtze 
River Delta while projecting a futuristic, ecological 
narrative. This aligns with the "Megastructure" 
typology, where the energy system operates at the 
same scalar magnitude as the cruise ships and the 
megacity itself.

The strategic positioning also leverages the 
unique geography of the Yangtze Estuary.
• Deep-Water Channels and Far-Sea Resources: The

Wusongkou terminal possesses natural deep-water
channels, allowing the largest cruise ships to berth
without tidal constraints. The vast deep-sea area of the
East China Sea provides an ideal site for large-scale
floating wind farms without occupying limited near-
shore shipping and fishery resources.

• Transshipment Hub Status: Shanghai serves as
a central transshipment hub. By offering "Green
Corridor" incentives—such as reduced port dues for
vessels using green shore power or hydrogen fuel—
Shanghai can incentivize cruise lines to prioritize
green-compliant vessels on Asia-Europe and Asia-
Pacific routes.
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7.2 "Wind-Solar-Hydrogen" System Architecture and Spatial Layout

7.2.1 Coupling Mechanism of Offshore Wind, Photovoltaics, and Hydrogen 
Production

To address the challenges of renewable energy
intermittency and the high-stability demands 

of cruise ship operations, the design for the Port of 
Shanghai proposes a coupling mechanism based on deep 
"Source-Grid-Load-Storage" collaboration. Unlike 
Genoa's standalone "Wind-Wave-Hydrogen" model, this 
architecture organically combines far-sea wind energy, 
near-shore/land-based wind-solar energy, and a strong grid 
system to establish a hierarchical energy topology.

1. Three-Stage Energy Flow Architecture
The energy flow is divided into three distinct physical and 
logical stages to ensure operational efficiency and safety:

Stage 1: Stratified Offshore and Land-Based Hybrid 
Generation (Source)
This stage adopts a "Far-Middle-Near" spatial layout for 
energy input
• Far-Sea Floating Wind Power Baseload Layer: 

Large floating wind turbines are deployed in the deep 
sea areas of the East China Sea, far from shipping
channels and at significant water depths. The electricity 
generated is first collected at an independent offshore 
substation.

• Near-Shore Floating PV and Onshore Wind Power 
Supplement Layer: Floating photovoltaic arrays are
deployed in the relatively calm waters near the cruise
terminal, protected by breakwaters, utilizing daylight
to provide peak power. Simultaneously, small onshore
wind power equipment is installed in the land buffer 
zone behind the terminal to capture land-based wind
resources.

• Submarine Cable Transmission Corridor: An
independent submarine cable corridor connects the
far-sea floating wind farm equipment to the onshore
control center, transmitting power and converging
with the output from near-shore PV and onshore wind 
power.

Stage 2: Intelligent Aggregation and Multi-Energy 
Conversion (Hub)
This is the core processing center located at the Wusongkou 

terminal, acting as the "brain" of the system:
• Smart Flexible DC Transmission and Conversion: 

Given the long transmission distance of far-sea wind
power, the system uses Voltage Source Converter
based High Voltage Direct Current (VSC-HVDC)
technology for onshore connection. At the onshore
control center, advanced multi-port energy routers
integrate the output from offshore wind, near-shore
PV, and onshore wind. Frequency converters then 
transform the 50 Hz grid power or renewable power
into the 60 Hz output required by shore power systems.

• Dynamic Hydrogen Electrolysis: The hub system
monitors electricity prices and load in real-time. When 
offshore wind power generation is high and cruise
ship load is low, the surplus electricity is automatically
routed to PEM electrolyzers for "Electricity-to-
Hydrogen" conversion, transforming hard-to-store
electricity into chemical energy for storage.

Stage 3: Multi-Vector Distribution (Load)
The final stage involves the delivery of energy to the end-
users:
• High-Voltage Shore Connection (HVSC): Direct

supply of electricity to berthed cruise ships via cable
management systems, prioritizing locally generated
green power.

• Hydrogen Bunkering: Supply of compressed or
liquid hydrogen to cruise ships equipped with fuel cells 
or hydrogen internal combustion engines, as well as to 
port service vessels (tugs, pilot boats).

• Grid Interaction: The system interacts bidirectionally 
with the Shanghai grid. In extreme low wind or PV 
failure events, the system can rely fully on the grid to
guarantee supply; during periods of extreme energy
abundance, it can feed power back to the municipal
grid, acting as a Virtual Power Plant (VPP).

2. Operational Logic Modes
The coupling mechanism operates in three specific modes:
Mode A: Green Direct Supply Priority (Typical
Operation Mode)
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During daytime cruise stops, the system prioritizes using 
near-shore floating PV and onshore wind power to meet 
hotel loads. When demand exceeds near-shore generation 
capacity, the system automatically supplements with far-sea 
wind power or grid green power. This ensures ships receive 
100% clean energy supply.

Mode B: Excess Wind Power Hydrogen Production 
(Storage Mode)
During nighttime cruise load troughs, if far-sea wind power 
continues to generate output, the system automatically 

(Note: from 2025 (Pilot Phase: Onshore Wind, Near-shore PV, Grid-tied Shore Power) to 2030 (Scale-up Phase: Far-Sea 
Floating Wind Farm Operation, Hydrogen Bunkering Pilot) to 2035 (Maturity Phase: Full Hydrogen Bunkering, Cross-
Regional Energy Interconnection).)

initiates electrolytic hydrogen production. This avoids 
wind curtailment and prepares hydrogen reserves for fuel 
demand during the day.

Mode C: Deep Peak Shaving and Emergency 
(Resilience Mode)
During summer extreme heat events where the entire grid 
is under strain, the system utilizes the port's self-owned 
hydrogen fuel cells to generate power, feeding back to 
the grid or supporting critical port facilities, relieving grid 
pressure and ensuring energy security. 
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T he spatial layout of the energy system for the
Port of Shanghai is an extremely challenging 

engineering task. Given the scarcity of land resources 
around the Wusongkou terminal and its proximity to urban 
functional areas, this design adopts a spatial strategy 
of "Underground, Offshore, and Intensive," making 
full use of non-navigable waters and offshore spaces 
to achieve harmonious coexistence between energy 
facilities, port operations, and the urban landscape.
1. Deep Sea Area: Offshore Wind and Substation
• Large Floating Wind Farm Siting:  Addressing the

dense shipping channels and varying water depths
around Shanghai, the design locates the large wind farm 
in deep sea areas far from the main channels. This area
has moderate water depth (40-80 meters), suitable for
deploying semi-submersible or Spar-type floating wind 
turbines. The site strictly avoids important anchorages
and shipping lanes to ensure it does not interfere with
international navigation safety.

• Offshore Independent Substation: An independent
offshore substation is established in the central area
of the wind farm. This platform is responsible for
collecting electricity from individual turbines, stepping
it up to high voltage (e.g., 220 kV) for transmission.
This not only reduces cable investment but also serves
as an offshore relay node integrating meteorological
monitoring and communication functions.

2. Near Cruise Terminal Area: Near-Shore Generation 
and Landscape
• Floating Photovoltaic (PV) Station: Utilizing the

relatively calm waters within the protection of the
terminal breakwaters and in designated anchorage
areas, wave-resistant floating PV panels are deployed 
on a large scale. This area is immediately adjacent to
the cruise terminal, ensuring very short transmission
distances and effectively reducing line losses.
Simultaneously, the deep blue PV arrays covering the 
water surface help inhibit water eutrophication and
improve the local ecological environment.

• Small Onshore Wind Power Equipment: In the
green isolation belts or non-core operational areas on
the land side of the terminal, small vertical axis or low-

7.2.2 Spatial Layout of Energy Facilities under Port-City Integration Constraints

noise horizontal axis wind turbines are installed. These 
devices are compact in design with minimal visual 
impact, capable of generating power under local micro-
meteorological conditions. They connect directly to 
the terminal's low-voltage distribution network to 
supplement auxiliary electricity for lighting, etc.

3. Onshore Area: Intensive Processing and Safety
Layout
• Underground Shore Power Substation: Large

shore power frequency converters and transformers
are arranged underground using an all-indoor design.
This effectively resolves the noise and electromagnetic 
radiation issues associated with operating large
transformers, releasing valuable ground space for
logistics and passenger services. The entrances, exits,
and ventilation shafts of the underground substation
undergo landscape-integrated design to blend
seamlessly with the modern architectural style of the
cruise terminal.

• Hydrogen Production and Storage Area (Industrial
Buffer Zone): Adhering to national standards such as
the 《Code for Design of Hydrogen Stations》 (GB
50177), the hydrogen electrolyzers and high-pressure
storage tanks are located in an independent plot at the
rear of the terminal, near the Baoshan industrial zone.
This location meets the safety fire separation distance 
requirements from the passenger terminal and facilitates 
hydrogen tube trailer transport via dedicated roads. The 
area uses enclosed management and is equipped with a 
comprehensive safety monitoring system.

4. Submarine Cable Corridor
• Independent Route Planning: An independent

submarine cable corridor is designed to connect the
offshore substation of the wind farm to the onshore
control center. The site selection for this corridor
underwent rigorous marine geological surveying to
avoid submarine optical cables, oil and gas pipelines,
and ecological red line zones. The cables use high-
voltage cross-linked polyethylene (XLPE) submarine 
cables and are buried below the seabed to prevent
damage from anchoring.
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Step 1-Strategic Technology Roadmap for the Shanghai "Deep-Sea Wind - Near-Shore Light - Hydrogen" (2025-2035).

Figure 7-3a
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 Step-2 Strategic Technology Roadmap for the Shanghai "Deep-Sea Wind - Near-Shore Light - Hydrogen" (2025-2035).

Figure 7-3b
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Spatial Allocation and Key Parameters for Shanghai Energy System Components.

Table 7-2
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T his spatial layout plan creatively "pushes" energy production towards the sea and underground, minimizing 
the occupation of the extremely valuable land space. By relying on deep-sea wind power for large-scale green 

electricity, supplementing with near-shore PV and onshore wind power, and utilizing underground facilities to resolve noise 
and space issues, the Port of Shanghai will achieve a green upgrade of its energy system without compromising normal 
operational efficiency.

Panoramic view of Shanghai Port's energy equipment system (design)

Figure 7-4
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Building upon the strategic positioning and spatial layout established in the previous sections, this chapter delves into the 
technical specifics of the core subsystems. The design for the Port of Shanghai is fundamentally driven by the "High-
Load, High-Reliability" principle, distinct from the "Island-Autonomy" focus of the Genoa design. While Genoa relies 
on a tightly coupled wind-wave-storage loop due to grid constraints, Shanghai leverages the robust State Grid to create a 
"Source-Grid-Load-Storage" integrated system. This section details the engineering specifications for shore power, 
the distributed renewable generation architecture, green hydrogen infrastructure, and the quantitative energy 
balance.

7.3 Core Subsystem Design and Capacity Configuration

T he Shore Power Subsystem is the most critical
immediate component for decarbonizing port calls. 

Given the "Mega-Hub" status of Shanghai, the design 
parameters far exceed those of typical ports, necessitating a 
robust expansion of existing infrastructure.
1. Ultra-High Capacity Shore Power Hub Design
Current infrastructure at the Wusongkou terminal supports
16 MVA, which is insufficient for the new generation of
"mega-ships" (e.g., Royal Caribbean's “Icon” class) that
require up to 20 MW per vessel during peak turnaround
operations. Furthermore, the terminal layout allows for
simultaneous berthing of up to four large vessels.

• Capacity Configuration: The design targets a total
installed capacity of 84 MVA. This is allocated as 21
MVA per berth across four berths, providing a safety 
margin above the peak demand of the largest vessels.

• Voltage and Frequency Adaptability: Unlike the
European standard which predominantly uses 11
kV/60 Hz, the Shanghai system must accommodate
a mix of international (60 Hz) and domestic (50 Hz)
vessels. The design utilizes Solid-State Frequency
Converters (SSFC). Unlike traditional rotary
converters, SSFCs offer higher efficiency (>96%),
faster dynamic response, and the ability to inject
reactive power to support the local grid voltage
stability [11].

• Connection Management: The system includes
automated cable management systems (CMS) located
in the terminal apron. These systems handle the heavy, 
high-current cables required for 21 MVA transfer,
minimizing manual handling risks and ensuring fast
connection times (<30 minutes).

7.3.1 Shore Power System Expansion and Smart Microgrid Integration
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2. Smart Microgrid Integration and Virtual Power 
Plant (VPP)
The shore power system is not an isolated load but an
active node in a smart microgrid.
• Grid Interaction Strategy: The Shanghai shore

power microgrid is designed to operate in "Grid-
Following" mode under normal conditions, drawing
power primarily from the offshore wind and floating 
PV sources discussed in 7.3.2. If local generation is 
insufficient, it draws from the Shanghai grid; if there is 
excess renewable generation, it can feed it back to the
grid, acting as a Virtual Power Plant.

• Peak Shaving and Load Balancing: The microgrid
controller utilizes predictive algorithms based on vessel 
schedules (ETA/ETD) and weather forecasts. For
instance, if multiple vessels are scheduled to plug in
during peak grid pricing hours (e.g., early afternoon),
the system can pre-charge on-site battery storage or
ramp up the output from the local renewable assets to
minimize the cost of purchasing expensive grid peak-
power electricity. This is a distinct advantage over the
Genoa model, which has limited grid backup.

• Harmonic Mitigation: High-power converters
introduce harmonics that can affect power quality.
The design includes Active Power Filters (APF) and 
Static Var Compensators (SVC) at the main busbars to 
ensure the Total Harmonic Distortion (THD) remains
below 5%, strictly complying with the Power Quality 
Standards (IEEE 519) and protecting sensitive onboard 
electronics of cruise ships.
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7.3.2 Design of Distributed "Wind-Solar" Green Power Generation System (East 
China Sea/Port Area)

The design of the renewable generation subsystem adopts a 
spatially distributed "Far-Sea + Near-Shore + Onshore"
architecture. This contrasts with Genoa's "Breakwater-
Integrated" approach, utilizing Shanghai's extensive marine 
territory and coastal buffer zones.

1. Far-Sea Floating Wind Power: The Baseload
Backbone
Given the shipping traffic constraints in the Yangtze
Estuary, the design proposes the deployment of floating
wind turbines in the deeper waters of the East China Sea
(outside the main navigation channels).
• Technology Selection: We propose the deployment

of 20 ps10-MW class semi-submersible floating
wind turbines. This technology is chosen over fixed-
bottom monopiles due to the water depth (>50m) in
the designated zones and the potential for minimal
disruption to the seabed ecology. Unlike the Genoa
breakwater location, floating turbines can utilize the
stronger and more consistent wind speeds found
further offshore.

• Capacity and Layout: The initial phase consists of
20 floating turbines (Total Capacity 200 MW). These 
turbines are interconnected via 66 kV submarine
cables to a floating offshore substation.

• Grid Connection: A 220 kV high-voltage AC
(HVAC) submarine cable corridor connects the
offshore substation to the onshore receiving station at 
the Wusongkou terminal. This link is separate from
the main commercial grid transmission to ensure a
traceable "Green Power" supply directly to the port.
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2. Near-Shore Floating Photovoltaics: The Peak Shaver
To complement the intermittent wind and provide power
during the high-consumption daytime hours, floating PV 
systems are deployed in the calm waters of the terminal
basin.
• Site Selection: The floating arrays are located in the 

"dolphin pool" areas between the terminal pier and the 
breakwater, where water depth is shallow (2-5m) and
wave action is negligible.

• Technology: Utilization of high-efficiency bifacial
PERC modules mounted on HDPE (High-Density 
Polyethylene) floating platforms. The system includes 
inverters with anti-islanding protection.

• Capacity: A target capacity of 10 MWp. The output
curve of PV correlates well with the daytime hotel load 
of cruise ships (lighting, HVAC, passenger services),
reducing reliance on the grid during peak tariff hours.

3. Onshore Small-Scale Wind: The Distributed
Supplement
In the land buffer zones adjacent to the cruise terminal, we 
design the installation of Vertical Axis Wind Turbines 
(VAWT).
• Design Rationale: Unlike the large offshore units,

these are smaller (50-100 kW) units. Their advantage
lies in omnidirectionality and lower noise levels (below 
45 dB at 50m), making them suitable for urban-
adjacent areas [16].

• Integration: These units are connected to the
terminal's 0.4 kV low-voltage distribution network,
directly powering terminal operations (lighting, offices, 
baggage handling) to reduce the administrative carbon
footprint of the port authority itself.
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Configuration Parameters of Distributed Renewable Generation System

Table 7-3
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Natural Energy Equipment (Design) for Shanghai Cruise Port

Figure 7-5
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Panoramic view of Shanghai Deep-Sea Energy Equipment System (Design)

Figure 7-6
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7.3.3 Design of On-site Green Hydrogen Production and High-Pressure Storage 
System

T he hydrogen subsystem is designed to address
the "Future Fuel Gap." Unlike Genoa, which 

prioritized a phased modular approach due to space, 
Shanghai can support a slightly larger scale from the outset 
due to the availability of rear-area industrial land.
1. Electrolyzer Technology Selection: Proton Exchange 
Membrane (PEM)
We select PEM electrolysis technology over Alkaline (AEL) 
for this specific application.
• Load Flexibility: Cruise ship load fluctuates rapidly, 

and wind power is intermittent. PEM electrolyzers 
can operate at load ranges from 0% to 160% (for short 
durations) in seconds, making them ideal for following 
the volatile generation profile of offshore wind without 
damaging the cells [12].

• Capacity: The design specifies an initial installation
of 5 MW PEM electrolyzers, scalable to 10 MW in 
Phase II.

2. High-Pressure Storage and Buffering
Storing hydrogen safely and efficiently is a core
engineering challenge.
• Compression Chain: The hydrogen produced at low

pressure (~30 bar) is compressed using multi-stage
diaphragm compressors to a target pressure of 45 MPa 
(450 bar).

• Storage Vessels: We utilize Type III or Type IV
composite cylinders (carbon fiber wrapped) instead

of traditional steel vessels. This reduces weight and 
increases the safety factor against fatigue failure. The 
storage farm consists of multiple "skids" (modules), 
each containing 10-12 cylinders.

• Buffer Capacity: The design allows for a storage
capacity equivalent to 24 hours of full-load hydrogen
production (~5 tons). This buffer acts as a "flywheel," 
smoothing out the difference between wind power
supply and bunkering demand.

3. Safety and Fire Protection System
The hydrogen plant is located in the heavy industrial zone
(Baoshan side), but safety systems are paramount.
• Leak Detection: A fiber-optic hydrogen sensor

network (TDLAS technology) covers the entire
facility, capable of detecting leaks down to ppm levels
instantly.

• Mitigation: An active inserting system (nitrogen
purging) is integrated into the piping network. In the
event of a fire, the system is designed to remotely
controlled directional hydrogen flame arrestors and
monitors pressure relief valves to prevent BLEVE
(Boiling Liquid Expanding Vapor Explosion) events,
complying with the 《Code for Design of Hydrogen
Station》 (GB 50177-2005) and 《Technical Code
for Filling Station (Revision)》(GB 50516-2010, 2021 
revision) [13].
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7.3.4 Cruise Ship Hydrogen Bunkering 
System and Safety Zone Design

The physical interface for transferring hydrogen to ships 
requires meticulous engineering to handle cryogenic 

liquids (in the future) or high-pressure gases.

1. Multi-Modal Bunkering Infrastructure
The design accommodates two delivery methods to ensure
flexibility during the transition period:
• Truck-to-Ship (TTS) Station: For the pilot phase,

a dedicated bunkering lane is built at the end of the
berth. High-pressure tube trailers (20 MPa) connect to 
ship-side compressors. This method allows flexibility 
for testing without permanent infrastructure.

• Shore-to-Ship (STS) Pipeline: For the scale-up
phase, a dedicated underground hydrogen pipeline
(DN100) is laid along the quay. It connects to a
standardized “Hydrogen Bunkering Station (HBS)”on
the quay. This station is equipped with cryogenic
coupling protocols for future Liquid Hydrogen (LH2)
compatibility, catering to next-generation vessels [14].

2. Safety Zone Design
Hydrogen bunkering requires strict safety exclusion zones.
• Exclusion Zones: The design implements a dynamic

safety zone radius of 25 meters around the bunkering
connection point during operation, complying with
CCS (China Classification Society) guidelines.

• Physical Barriers: Blast walls and thermal shields
separate the bunkering station from the passenger
embarkation points.

• Emergency Shutdown (ESD) System: A redundant
fiber-optic ESD link connects the ship and the
bunkering station. In the event of a leak, emergency
drift, or fire, the system triggers a "Fail-Safe"
shutdown, isolating the inventory within 3 seconds.

7.3.5 Energy Yield Estimation and Supply-
Demand Balance Analysis

To verify the feasibility of the "Wind-Solar-
Hydrogen" design, we perform a quantitative 

supply-demand balance analysis. This analysis contrasts 
Shanghai's high-demand scenario with the Genoa model. 
It is noteworthy that by increasing the number of floating 
offshore wind turbines to 20, the total power generation 
capacity is significantly enhanced, giving the Port of 
Shanghai immense potential to become a regional energy 
hub beyond just meeting its own needs.

1. Demand Projection
• Total Cruise Demand: Based on historical traffic

data for Wusongkou (approx. 150 calls/year for large
vessels) and an average load of 12 MW per vessel for
10 hours per call.

» Annual Energy Demand
(Etotal )= 150 calls X 12 MW X 10 h = 18,000 MWh (18 

GWh).
Note: This is the electricity demand for hotel load.
» Hydrogen Demand: For propulsion/auxiliary
fuel, assuming 5 tons/week of H2 consumption for fuel cell 
vessels (Pilot phase) approx. 260 tons/year.

2. Renewable Energy Supply Estimation
Using the capacity factors from Table 7-3:
• Offshore Wind:  200 MW X 8760 h X 0.40 = 700.8 

GWh.
• Floating PV: 10 MW X 8760 h X 0.15 = 13.14

GWh.
• Onshore Wind:  2 MW X 8760 h X 0.20 = 3.5 GWh.
• Total Local Green Generation:  700.8 + 13.14 + 3.5 

≈ 717.4 GWh.
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7.3.5.1 Revised Scenario Analysis: The Strategic Leap from "Energy Self-
Sufficiency" to "Green Power Export"

T his section, as one of the most important findings of 
this chapter, aims to reveal the essential difference in 

energy logic between the Port of Shanghai and the Port of 
Genoa through a revised scenario analysis.
• Comparative Analysis with the Genoa Model: In

the design analysis of the Port of Genoa in Chapter 
6, we faced a core contradiction: the local renewable
energy output (approx. 41.44 GWh) could only cover
about 50% of the shore power demand (approx. 60
GWh). Consequently, Genoa's design was forced
to make compromises, either prioritizing limited
electricity for shore power (restricting hydrogen
production) or purchasing power from the grid for
hydrogen production (increasing operational costs).
The core logic of Genoa is "Supply-Demand
Balance and Self-Sufficiency," characterized by an 
inward-focused energy flow.

• Shanghai's "Energy Surplus" Logic: In contrast,
Shanghai's design data presents a vastly different
picture. The local renewable energy output (717.4
GWh) not only significantly exceeds the direct shore 
power demand (18 GWh) but reaches a scale nearly 40 
times greater. This is a gap of an order of magnitude,
implying that the Port of Shanghai is no longer merely 
an energy consumer, but an energy producer.

Implication: Shanghai possesses an extremely huge green 
power surplus. This allows for two strategic pathways:

1.Large-Scale Hydrogen Production and Energy
Export: The massive surplus electricity is diverted to

electrolyzers to produce green hydrogen, not only for the 
Port of Shanghai but for the entire Yangtze River Delta's 
transportation network (heavy trucks, buses, aircraft, etc.), 
and even supplying green power to the city grid.

2.Grid Regulation: Acting as a Virtual Power Plant, the 
surplus electricity is sold to the Shanghai grid, generating 
revenue to subsidize terminal operating costs.

• Revised "Energy Export-Oriented" Scenario:
Although the theoretical surplus is extremely high,
considering grid absorption capacity and initial investment,
we propose a phased optimization scenario:
• Direct Supply: Prioritize using floating PV and

onshore wind for direct shore power supply (approx.
16.6 GWh/year). This covers the majority of daytime
hotel load.

• Grid Synergy and Hydrogen Production: Utilize
offshore wind for large-scale hydrogen production.
Initially, utilize part of the wind power to produce
green hydrogen, with the remainder fed to the grid.

• Hydrogen Yield: If 30% of offshore wind output is
used for hydrogen production →approx. 3,800 tons/
year. This is sufficient to meet the pilot phase demand 
for ships, the port's fuel cell fleet, and supply hydrogen 
to surrounding industries.

• Grid Interaction: The remaining renewable energy
is prioritized for trading in the Yangtze River Delta
electricity market.
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Conclusion:  Shanghai's design not only faces none of the "mathematical conflicts" seen in Genoa, but instead 
faces the "opportunity challenge" of how to efficiently utilize and consume massive green energy. The core of the 
design lies in maximizing electrolyzer capacity to transform this substantial renewable capacity into the power source for a 
regional hydrogen economy [18]. This finding indicates that the energy transition of the Port of Shanghai should 
not be limited to meeting its own needs but should be positioned to build a "Green Energy Export Hub" 
serving the Yangtze River Delta.

Annual Renewable Energy Output and Supply-Demand Balance for Shanghai

Table 7-4

245



Chapter 7: Design of the Cruise Energy Supply System for the Port of Shanghai           Part II: Case Study and Design

The transition to a zero-carbon cruise port is a multi-year engineering challenge. This section outlines the technology 
roadmap and phased implementation strategy, ensuring alignment with the technological maturity of the components and 
the policy timelines of the "Yangtze River Delta Integration." According to the latest planning, the technology roadmap 
design will officially commence in 2026.

7.4 Technology Roadmap and Implementation Strategy

7.4.1 Key Technology Selection: Electrolyzers 
and Hydrogen Storage Solutions

7.4.2 Phased Implementation Plan (Pilot 
Phase vs. Scale-up Phase)

The selection of specific technologies is critical for the 
safety and economic viability of the hub. Based on the 
"Technical Guidelines for Hydrogen Fueling Stations" 
(T/CEEIA) and international best practices, the following 
key technologies are selected:

1. Electrolyzer Technology: PEM vs. AEL
• Selection: Proton Exchange Membrane (PEM)

Electrolysis.
• Rationale: As identified in Section 7.3.3, the rapid

start-stop capability of PEM is superior for a port 
environment powered by intermittent wind. Unlike
Alkaline electrolyzers (AEL), which require 30-60
minutes to reach operating temperature and cannot
handle rapid load variations well, PEM systems can 
ramp up in seconds. This allows the electrolyzer to act
as a "sponge" for the fluctuations of the floating wind 
farm [12].

• Supplier Strategy: The roadmap calls for the adoption
of domestic high-power PEM stacks (e.g., >2 MW per 
stack) to reduce reliance on imports and ensure supply 
chain security, aligning with the "Made in China 2025" 
industrial policy.

2. Hydrogen Storage: High-Pressure Gas vs. Liquid 
Hydrogen (LH2)
Phase I (Short Term): 45 MPa Compressed Gas.
• Utilizing Type III/IV composite cylinders.
• Rationale: Lower capital expenditure (CAPEX)

and technical maturity. Suitable for Truck-to-Ship
bunkering and fuel cell buses.

Phase II (Long Term): Liquid Hydrogen (LH2).
• The design includes "Pre-Engineering" for LH2 tanks.
• Rationale: Large cruise ships requiring massive fuel

quantities (>100 tons) are better served by LH2 due

The implementation strategy is divided into three distinct 
phases, balancing risk mitigation with the urgency of 
emission reduction.

Phase 1: Pilot and Infrastructure Foundation (2026–
2028)
• Objective: Establish the "Green Port" baseline and test 

the "Wind-Solar" integration.
• Key Actions:
» Shore Power: Complete the upgrade of Berths
3 and 4 to 21 MVA capacity. Commission the SSFC
frequency converters.
» Renewables: Deploy the 10 MW Floating PV 
system in the terminal basin (low risk, high visibility).
» Hydrogen: Construct a 1 MW PEM electrolyzer 
pilot plant in the rear industrial zone. Focus on supplying
the "Zero-Carbon Terminal" operations (fuel cell buses,
forklifts) and small bunkering trials for port tug boats.
» Grid Integration: Install the smart microgrid
control system (SCADA) to monitor power quality and
demand response.
• Outcome: Achieve >40% shore power usage rate

for cruise calls. Demonstrate the technical viability of
integrating small-scale renewable generation with ship
shore power.

Phase 2: Scale-Up and Large-Scale Offshore Wind 
Integration (2029–2031)

to its higher energy density. The roadmap envisions 
retrofitting the bunkering station with cryogenic 
pumps and vacuum-insulated pipelines by 2030 to 
support trans-oceanic vessels.
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• Objective: Address the "High-Load Power Gap"
using offshore wind and scale up hydrogen for
maritime and regional use.

• Key Actions:
» Offshore Wind: Complete the full-capacity
deployment of 20ps 10 MW floating wind turbines (200
MW). Commission the 66 kV submarine cable and
offshore substation. This phase marks Shanghai becoming 
a true offshore green power center.
» Hydrogen: Expand electrolyzer capacity to 5
MW. Commission the high-pressure (45 MPa) storage 
farm and the dedicated Hydrogen Bunkering Station (HBS) 
at the quay.
» Bunkering Operations: Launch "Shore-to-Ship" 
bunkering services for dual-fuel cruise vessels and pilot
vessels (e.g., “Shanghai Pilot No. 1”).
» Policy: Secure "Green Shipping Corridor"
certification with partner ports (e.g., Los Angeles,
Rotterdam) to standardize the fuel supply chain
• Outcome: Achieve >80% renewable energy

penetration in the port's energy mix. Reduce local
emissions from cruise ships by 85% (compared to
MGO).

Phase 3: Maturation and Full Commercialization 
(2032–2035)
• Objective: Transition to a "Hydrogen Economy" hub

and achieve Net-Zero operations.
• Key Actions:
» LH2 Transition: Convert the bunkering station
infrastructure to support liquid hydrogen storage and

transfer.
» Expansion: Evaluate the feasibility of further
increasing offshore wind capacity or enhancing storage
systems based on market demand.
» Circular Economy: Fully integrate the oxygen
and waste heat byproducts from the electrolysis plant into
the local industrial network (e.g., nearby greenhouses,
chemical plants, or the Baosteel campus), improving
overall system efficiency.
» Global Hub: Position Shanghai as the core
bunkering port for hydrogen-powered cruise ships in the
Asia-Pacific region and a green hydrogen export center.
• Outcome: 100% of cruise energy demand met by

green energy (Direct Shore Power + Green Hydrogen). 
The port operates as a net green power exporter,
leading green shipping development in the Yangtze
River Delta.

This phased approach ensures that capital investment 
is paced according to technological maturity and 
market demand. By establishing shore power and solar 
infrastructure immediately in 2026 (low risk), the port can 
generate environmental benefits early on. Defering the 
deployment of 200 MW deep-sea wind and large-scale 
hydrogen to Phase 2 and 3 allows for cost reductions in 
these emerging technologies before full-scale deployment, 
ensuring the long-term economic viability of the Shanghai 
design. Simultaneously, the configuration of 20 wind 
turbines provides Shanghai with immense strategic depth in 
energy, transforming it from a mere energy consumer 
to a producer and exporter of green energy.
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Shanghai Port Energy Rendering (Design)

Figure 7-7

248

Source: Author's own elaboration



Chapter 7: Design of the Cruise Energy Supply System for the Port of Shanghai          Part II: Case Study and Design

249



Chapter 7: Design of the Cruise Energy Supply System for the Port of Shanghai           Part II: Case Study and Design

7.5 Landscape Integration and Urban Interface

7.5.1 Industrial Aesthetics: Integration of Energy Facilities with Cruise Terminal 
Landscape

T he integration of massive energy infrastructure into
the urban fabric of Shanghai presents a distinct 

challenge. The Port of Shanghai is situated in a mature 
urban area with a high-density skyline, adjacent to the 
Baoshan industrial zone and residential districts. Unlike 
the Mediterranean approach (referenced in Chapter 6) 
where wind turbines might be integrated into breakwaters 
close to the city, the Wusongkou terminal design prioritizes 
a strategy of "functional invisibility" and "aesthetic 
coexistence" [15]. The objective is to ensure that energy 
infrastructure does not degrade the visual quality of the 
city or the passenger experience but rather enhances the 
terminal's image through modern industrial aesthetics.

“Theoretical Framework:
 Infrastructural Urbanism 
This section adopts the 
lens of "Infrastructural 
Urbanism," which argues 
that infrastructure should not 
be concealed but designed as 
a catalyst for urban form and 
ecological regeneration.”

1. Visual Impact Mitigation of Offshore Wind Farms
• The Choreography of the Horizon: The

Industrial Sublime Instead of trying to completely
hide the offshore wind farm, the design creates
a "Choreographed Horizon." The 20 floating
turbines are arranged not in a random cluster but in a
linear formation that emphasizes the curvature of the
horizon. At a distance of 40km, they read as abstract,
kinetic sculptures—minarets of the sea—that define

the boundary of the port’s territory. This embraces the 
"Industrial Sublime," utilizing the sheer scale of the 
machinery to create a dramatic backdrop for the cruise 
journey, symbolizing Shanghai’s conquest of the deep 
sea.

• Visual Shrinkage and Distance: The floating
wind farm is located 20-30 km offshore. Due to the
curvature of the Earth and atmospheric perspective, the 
visual profile of the 200 MW wind farm is minimized 
from the passenger terminal. From the vantage point
of the cruise decks, they appear as a distant, subtle
alignment on the horizon, blending with the sky rather
than dominating the foreground view.

• Adaptive Lighting: To reduce light pollution in the
coastal urban area, the turbines are proposed to use
radar-activated obstruction lights. Unlike standard red
lights that flash continuously, these lights only activate 
when aircraft or ships are in close proximity. This
ensures the safety of navigation while preserving the
dark night sky for the adjacent city districts.

2. The "Underground" Shore Power Infrastructure
The requirement for an 84 MVA shore power hub typically 
involves large transformer substations and switchgear
buildings.
• Spatial Optimization:  In Shanghai, the primary

transformers and frequency converters are located
underground beneath the terminal apron. This decision 
eliminates the visual footprint of large industrial
structures on the quay surface.

• Surface Restoration: The surface area above the
underground facilities is restored with green lawns
and architectural concrete walls. This "Green Belt"
serves as a visual buffer between the operational heavy 
machinery and the passenger flow areas.

250



Chapter 7: Design of the Cruise Energy Supply System for the Port of Shanghai           Part II: Case Study and Design

3. Floating Photovoltaics as Urban Wetland Landscapes
• Ecological Interface: The "Floating Wetland"

Typology The floating PV system is hybridized 
with a "Floating Wetland" typology. The edges of
the PV platforms are fitted with hydroponic matrices 
supporting salt-tolerant vegetation (e.g., Spartina
alterniflora or native reeds). Design Function: Visually, 
this creates a "Green-Blue Gradient," softening the
hard edge between the concrete pier and the open
water. Ecologically, the root systems beneath the floats 
act as "Bio-Filters" for the port waters and provide
shelter for juvenile fish, turning the energy footprint
into a "Biodiversity Hotspot." This proves that high-
density energy generation and ecological restoration
can coexist within the same footprint.

• Harmonious Patterning: The layout of the floating 
arrays is designed to follow the organic shape of the
"dolphin pool." The gaps between the arrays create
"canals" of water that allow small workboats and
pilot vessels to pass.

• Biophilic Design: The perimeter of the floating
platforms incorporates planters for salt-tolerant reeds
and flowers. This "green fringe" softens the industrial 
appearance of the solar panels and contributes to the
biodiversity of the basin, creating a visual effect of a 
"floating garden" rather than a power plant.

4. Hydrogen Bunkering: Industrial Safety as Public 
Design

• Architectural Semiotics: From "Danger" to
"Innovation" The hydrogen storage area challenges
the semiotics of "Danger." Instead of opaque concrete
walls, the containment structures utilize "Translucent
Layers." A double-skin façade—comprising a heavy 
blast wall wrapped in a light, perforated metal mesh—
allows for air circulation and visual lightness. Lighting
Design: At night, programmed LED lighting behind
the mesh pulses slowly in cool blue tones, mimicking
the "breathing" of the hydrogen system. This
"Performative Facade" communicates the system's 
operational status to the public, demystifying the
technology and transforming a hazardous zone into a
glowing landmark of innovation—a "Beacon of the
Hydrogen Economy."

• Visual Screening: The safety zones around the
hydrogen bunkering station and storage area are
landscaped with sculpted earth mounds and rows
of native trees. These landscape elements serve as a
physical and visual screen, separating the operational
safety zones from the passenger promenade.

• Architectural Integration: The hydrogen storage
tanks are wrapped with architectural mesh screens.
These screens allow for vertical greening (climbing
ivy), transforming the industrial cylinders into
"living towers." This design language signals that the
technology is safe and integrated into the environment, 
reducing the visual perception of risk for passengers.

251



Chapter 7: Design of the Cruise Energy Supply System for the Port of Shanghai           Part II: Case Study and Design

Renderings (Design) of the Shanghai Port Energy Equipment System-1

Figure 7-8
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Source: Author's own elaboration
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Renderings (Design) of the Shanghai Port Energy Equipment System-2

Figure 7-9

256

Source: Author's own elaboration
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This section provides a quantitative evaluation of the Shanghai design's performance. To provide context for the scale of 
the Shanghai project, specific technical indicators from the Port of Genoa (Chapter 6) are referenced in Table 7-5 for data 
comparison. The data highlights the high capacity and export potential of the Shanghai design.

T he physical performance of the energy system is
determined by the installed capacity and the quality 

of available resources (wind speeds, solar irradiance).

1. Annual Green Power Generation
Using the capacity factors established in Table 7-3, the
theoretical annual output of the Shanghai system is
calculated as follows:
Shanghai System:
• Offshore Wind
(200 MW X 40% capacity factor): 700.8 GWh
• Floating PV (10 MW X 15% capacity factor): 
13.14 GWh
• Onshore Wind (2 MW X 20% capacity factor): 
3.5 GWh
• Total: ~717.4 GWh

Data Comparison (Genoa Reference):  For comparison, 
the combined installed capacity of the renewable systems 
designed for the Port of Genoa (Chapter 6) is approximately 
16.7 MW. The annual output is approximately 35-40 
GWh. The Shanghai system generates approximately 18
times the electricity output of the Genoa reference system. 
This disparity is primarily due to the higher wind resource 
potential and the extensive sea area available for 200 MW 
of floating wind deployment in Shanghai, compared to the 
breakwater constraints of a Mediterranean port.

7.6 Quantitative Assessment of Technical Indicators

7.6.1 Physical Indicators: Annual Green Power Generation and Hydrogen Yield

2. Green Hydrogen Production Potential
Hydrogen production is directly tied to the surplus
electricity available for electrolysis.
• Shanghai Potential: With ~699.4 GWh of surplus

available (after satisfying ship demand), the theoretical 
hydrogen yield is:

• Utilizing a conservative 30% of the surplus capacity
for the pilot and scale-up phases, Shanghai can
produce ~3,800 tons/year of green hydrogen.

Data Comparison (Genoa Reference): The hydrogen 
production capacity for the Port of Genoa (Chapter 
6) is designed for pilot-scale production, estimated
at approximately 150-200 tons/year. The Shanghai
production capacity represents a scale nearly 19 times
larger, reflecting the transition from a demonstration hub to 
a regional industrial supply center.
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Technical Indicators Comparison: Port of Shanghai vs. Port of Genoa (Reference)

Table 7-5
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B eyond physical generation, the operational
success of the design is measured by its ability to 

decarbonize the cruise fleet and the reliability of the energy 
supply.
1. Energy Self-Sufficiency Rate (ESR)
The ESR is defined as the ratio of local renewable
generation to total energy demand.
• Shanghai ESR:
» Total Demand: 18 GWh (Cruise Hotel Load).
» Total Generation: 717.4 GWh.
» ESR = 3986%.
» Interpretation: This indicates an high level of
energy independence. The port is not merely self-sufficient 
but is a net energy producer for the region. Even after
accounting for the energy consumption of the hydrogen
plant and system losses, the net ESR remains well over
1000%.

• Data Comparison (Genoa Reference): The ESR
for the Port of Genoa is approximately 50-60% based 
on local generation. The Port of Shanghai's ESR
demonstrates a fundamentally different operating
model, where energy production significantly exceeds 
the immediate local consumption of the terminal.

2. Carbon Emission Reduction Analysis
The reduction in CO2 and pollutants is calculated by
replacing Marine Gas Oil (MGO) with Shore Power and 
Green Hydrogen.
• Direct Emission Reduction (Cruise Ships):
» Baseline: A cruise ship burning MGO emits
approximately 610 gCO2/kWh.
» Scenario: 100% Shore Power Supply for all

berthed vessels (18 GWh/year).
» Reduction: 18,000 MWh X 0.61 tons/MWh
≈10,980 tons of CO2 eliminated/year.
» Pollutant Reduction: Simultaneously, the system
eliminates ~50 tons of SOx, ~80 tons of NOx, and ~4
tons of PM2.5/PM10 directly in the port airshed. This is a 
critical contribution to Shanghai's air quality goals, as the
terminal is located near high-density residential zones.

• Lifecycle Carbon Intensity (LCA):
» Shanghai: Using offshore wind and floating PV, 
the lifecycle footprint of the electricity is approximately
12-15 gCO2/kWh (mainly manufacturing). Compared
to MGO (610 gCO2/kWh), this is a 97.5% reduction in
lifecycle emissions.
» Green Hydrogen: The "Well-to-Wake"
emissions of green hydrogen (via PEM + Wind) are
virtually zero (<1.5 gCO2/MJ), making it the cleanest 
marine fuel available [19].

3. System Resilience Indicators
• Power Reliability: The integration with the Shanghai

State Grid provides a reliability index (SAIDI) typical
of a major metropolis (<5 minutes/year outage).
This provides a high level of operational security for
cruise lines. The system does not require islanding for
survival; it uses the grid to ensure redundancy.

• Grid Services: The "Export-Oriented" design allows
the Shanghai system to provide ancillary services
to the grid, such as frequency regulation and peak
shaving, adding value beyond just powering ships.

7.6.2 Operational Indicators: Energy Self-Sufficiency Rate and Carbon Emission Reduction
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T his chapter has presented a comprehensive design
for the Cruise Energy Supply System of the Port 

of Shanghai, characterized by its "High-Load, High-
Reliability, and Export-Oriented" attributes. Through the 
detailed design of shore power, renewable generation, and 
hydrogen subsystems, the study establishes a development 
model for Asian mega-cruise hubs.

1. The "Green Energy Export" Model
The quantitative analysis in Section 7.6 highlights a
distinctive feature of the Shanghai design. With an annual
green generation of ~717 GWh against a demand of
18 GWh, the system produces a massive surplus. This
abundance fundamentally shifts the design priority from
"Energy Balance" to "Energy Utilization."
·Unlike systems that must strictly allocate limited resources 
between ship load and hydrogen production, the Shanghai
design operates with a surplus capacity. This allows the
port to function as a regional energy hub, capable of
producing green hydrogen for the broader Yangtze River
Delta economy (including trucks, buses, and industry)
rather than solely for its own vessels.

2. Industrial Aesthetics and Urban Integration
The design successfully addresses the challenge of
integrating heavy industry into a high-density urban
environment. By utilizing underground spaces for
transformers and treating floating photovoltaics as water
landscapes, the design minimizes visual pollution. The
"Living Tower" concept for hydrogen storage transforms
industrial safety zones into architectural features, ensuring

public acceptance and maintaining the aesthetic value of 
the cruise terminal.

3. Strategic Significance
The implementation of the 84 MVA shore power hub
and the 200 MW offshore wind farm positions the Port 
of Shanghai as a leader in maritime decarbonization. The
projected elimination of ~11,000 tons of CO2 annually is
a substantial contribution to China's "Dual Carbon" targets
[17]. Furthermore, the technical indicators summarized 
in Table 7-5 demonstrate that the Port of Shanghai is
not merely catching up to international standards but is
establishing a new benchmark for capacity and scale in the
Asian cruise market.

In conclusion, the design for the Port of Shanghai 
transcends traditional engineering to propose a new 
"Typology of the Energy-Exporting Mega-Port."
By integrating megastructural aesthetics, sectional 
spatial strategies, and infrastructural urbanism, the 
scheme demonstrates that extreme energy density 
does not necessitate spatial degradation. The proposed 
"Wind-Solar-Hydrogen" ecosystem is not 
just a power plant; it is a "Monumental 
Landscape" that show Shanghai's dual 
identity as an industrial powerhouse and 
an ecological pioneer, setting a new design 
benchmark for the interface between the 
megacity and the ocean.

Chapter 7: Design of the Cruise Energy Supply System for the Port of Shanghai           Part II: Case Study and Design

7.7 Chapter Summary
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Part III: Quantitative Evaluation and Outlook of the 
Design Proposals
Chapter 8: Cost Analysis and Economic Benefit Evaluation
8.1 Introduction to Economic Evaluation Method
Evaluating the economic feasibility of complex energy infrastructure projects, such as the zero-carbon transition plans for 
the Ports of Genova and Shanghai, requires a structured approach that balances engineering precision with financial logic. 
This chapter employs a comprehensive Cost-Benefit Analysis (CBA) framework to assess the proposed designs. Unlike 
traditional port infrastructure projects where returns are generated primarily through cargo handling fees, these energy 
systems involve dual revenue streams: direct energy sales (shore power and hydrogen) and indirect benefits derived from 
carbon compliance and environmental externalities.

T he fundamental objective of the economic evaluation 
is to determine whether the capital invested in the 

"Green Power-Hydrogen" hubs can be recovered within 
a reasonable timeframe while generating acceptable returns. 
To simplify the analysis for stakeholders who may not 
specialize in finance, we utilize two primary metrics: the 
Simple Payback Period and the Return on Investment 
(ROI).
The Simple Payback Period represents the duration 
(in years) required for the accumulated net cash inflows 
(savings and revenues) to equal the initial capital outlay 
(CAPEX). The formula is defined as:

A shorter payback period indicates a lower risk profile, 
which is crucial for infrastructure projects operating in 
volatile energy markets. However, the Simple Payback 
Period does not account for the time value of money. 
Therefore, we reference the Return on Investment (ROI) 
as a complementary metric. ROI measures the efficiency of 
the investment by calculating the percentage gain relative 
to the cost:

For the purposes of this thesis, "Net Profit" is calculated 
over a standardized project lifespan of 20 years, which 
aligns with the typical technical lifetime of offshore wind 
turbines and electrolyzers [1].

8.1.1 Basic Principles of Cost-Benefit Analysis (Simple Payback & ROI)
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To ensure a fair apples-to-apples comparison
between the Port of Genova (Mediterranean 

context) and the Port of Shanghai (East Asian context), 
strict evaluation boundaries and assumptions must be 
established.

1. System Boundaries:
The analysis adopts a "Gate-to-Gate" boundary for
Capital Expenditure (CAPEX), encompassing all
equipment manufacturing, transportation, installation,
and grid connection costs required to make the system
operational. This includes the specific sub-systems detailed 
in Chapters 6 and 7: the renewable generation assets (Wind, 
Wave, PV), the shore power infrastructure (transformers, 
cabling), and the hydrogen production facilities
(electrolyzers, compressors, storage). Costs related to
vessel modification (e.g., retrofitting cruise ships to accept 
hydrogen) are excluded, as they fall under the shipowner's
responsibility.

2. Economic Parameters:
• Currency: To avoid exchange rate fluctuations, all

costs are normalized to United States Dollars (USD)
based on the average exchange rates of 2024.

• Project Lifespan: The economic model assumes a 20-
year operational life for wind turbines and photovoltaic 
systems. Electrolyzers are assumed to have a stack life 
of 10 years, requiring a capital overhaul (replacement
cost) at Year 10 [2].

• Discount Rate: A Weighted Average Cost of Capital

8.1.2 Evaluation Boundary and Assumptions

(WACC) of 6% is applied for the baseline scenario. 
This reflects a mixed financing model of public grants 
and private debt, typical for green port infrastructure in 
both the EU and China [3].

3. Technology Cost Assumptions (Reference Year 2024):
Cost data is derived from industry reports by the
International Renewable Energy Agency (IRENA), the
International Energy Agency (IEA), and specific project
tenders in Europe and China.
• Offshore Wind: The cost for fixed-bottom wind

(Genova context) is significantly lower than floating
wind (Shanghai context). However, the "Breakwater-
Integrated" Vertical Axis Wind Turbines (VAWT)
proposed for Genova carry a premium due to non-
standard foundation engineering.

• Hydrogen Electrolyzers: Proton Exchange
Membrane (PEM) technology is used for both ports. 
Current market prices are high but projected to drop
due to manufacturing scaling in China [4].

4. Regulatory Assumptions:
• Genova: Assumes access to EU Innovation Fund

grants and the ability to sell carbon credits via the EU
Emissions Trading System (ETS) at a baseline price of 
€80/ton CO2e [5].

• Shanghai: Assumes subsidies are available under
China's "1+N" policy framework for hydrogen
demonstration projects, specifically targeting the high 
cost of offshore wind and electrolyzers [6].
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8.2 Investment Cost Analysis (CAPEX)
Capital Expenditure (CAPEX) represents the upfront investment required to build the physical assets. This section breaks 
down the costs for the Port of Genova and the Port of Shanghai based on the technical designs proposed in Chapters 6 and 
7. The analysis reveals a distinct contrast: Genova represents a high-cost-per-unit, boutique engineering integration,
while Shanghai represents a massive-scale, industrialized deployment.

Chapter 8: Cost Analysis and Economic Benefit Evaluation             
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1. Breakwater-Integrated VAWT and Wave Energy:
The core generation assets for Genova consist of
approximately 16.7 MW of installed capacity, utilizing
Vertical Axis Wind Turbines (VAWT) and Resonant Wave 
Energy Converters (REWEC3).
• VAWT Costs: Unlike standard Horizontal Axis

Wind Turbines (HAWT) which benefit from mass
production, VAWTs customized for breakwater
integration require bespoke structural reinforcement.
While standard fixed-bottom offshore wind in Europe 
has a CAPEX of approximately $3,000 - $3,500
per kW, the breakwater-integrated VAWT design
is estimated to cost around $4,200 per kW due to
the specialized concrete foundations and the lower
economies of scale for the turbine units [7].

Estimated Cost: 16.7 MW × $4,200/kW ≈ $70.1 million.

• Wave Energy Costs: Wave energy technology is
currently in the pre-commercial phase. The integration 
of REWEC3 devices into the caissons involves
complex pneumatic systems. Based on data from
the Ocean Energy Systems (OES) annual reports,
the CAPEX for oscillating water column (OWC)
technology remains high, estimated at $12,000 per
kW [8].

Estimated Cost: 1.2 MW × $12,000/kW ≈ $14.4 million.

2. Shore Power Expansion:
Genova targets a total shore power capacity of 120 MVA to 

8.2.1 Construction Costs of Genova Proposal (Breakwater Wind, Hydrogen System)

The Port of Genova's proposal is characterized by the "Wind-Wave-Hydrogen-Storage" 
coupling mechanism deeply integrated into the new breakwater (Diga di Genova). This 
integration provides spatial savings but introduces significant engineering complexity costs.

handle simultaneous mega-ship docking.
• Infrastructure: This includes transformers, frequency 

converters (60Hz/50Hz), and underground cabling
along the quays. The cost for high-power shore
connection systems typically ranges from $250,000 to
$300,000 per MVA of installed capacity [9].

Estimated Cost: 120 MVA × $280,000/MVA ≈ $33.6 
million

3. Green Hydrogen Production (Scenario A/Basis):
The design proposes an initial PEM electrolyzer capacity of 
2-3 MW (scalable).
• Electrolyzer Stack: The current CAPEX for PEM 

electrolyzers is roughly $1,800 per kW. This includes
the stack, balance of plant, and installation [2].

Estimated Cost:3 MW × $1,800/kW ≈ $5.4 million

• Storage and Bunkering: High-pressure storage
tanks (45 MPa) and bunkering compressors add
significantly to the cost. For the pilot phase target of
150-200 tons/year capacity, storage and compression
infrastructure is estimated at $8.0 million.

Total Estimated CAPEX for Genova: Approximately 
$131.5 million (excluding civil works of the breakwater 
itself, which is assumed to be a port authority obligation 
independent of the energy system).
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1. Floating Offshore Wind:
Shanghai proposes 20 units of 10 MW floating wind
turbines (Total 200 MW).（Forecast）
• Technology Costs: Floating wind is currently more

expensive than fixed-bottom wind due to the floating 
platform (semi-submersible or Spar) and dynamic
mooring systems. According to the Global Wind
Energy Council (GWEC), the CAPEX for floating 
wind in Asian markets ranges from $3,800 to $4,500
per kW [10]. We adopt a conservative estimate of 
$4,200 per kW, anticipating cost reductions from the
"China Effect" (manufacturing scale).

Estimated Cost: 200 MW × $4,200/kW ≈ $840.0 
million.

• Offshore Substation and Cabling: A 220 kV
submarine cable corridor and an independent offshore 
substation are required. Transmission typically
accounts for 15-20% of the total wind farm CAPEX.

Estimated Cost: ~20% of Wind CAPEX ≈ $168.0 
million.

2. Distributed "Wind-Solar" Systems:
• Floating PV (10 MWp): Deployed in the terminal

basin. Floating PV systems have matured significantly, 
with costs in China dropping below $900 per kWp
[11].

Estimated Cost: 10 MW × $900/kW ≈ $9.0 million.
• Onshore VAWT (2 MW): Small-scale distributed

8.2.2 Construction Costs of Shanghai Proposal (PV, Wind, Electrolyzers)

8.2.3 Comparative Analysis of Equipment and Infrastructure Costs

turbines. Estimated at $2,500/kW including 
installation.

Estimated Cost: 2 MW × $2,500/kW ≈ $5.0 million.

3. Shore Power and Microgrid:
Shanghai targets 84 MVA total capacity.
• Infrastructure: Similar to Genova, but leveraging

China's domestic supply chain for electrical equipment, 
which reduces costs. Estimated at $200,000 per MVA 
[12].

Estimated Cost:84 MVA × $200,000/MVA ≈ $16.8 
million

4. Green Hydrogen Production (Phase I):
Shanghai proposes a 5 MW PEM electrolyzer initially.
• Electrolyzer Stack: benefiting from domestic

manufacturing, costs are lower in China, estimated at
$1,400 per kW [4].

Estimated Cost:  5 MW × $1,400/kW ≈ $7.0 million.

Storage and Bunkering: Includes high-pressure storage and 
safety zones. Estimated at $10.0 million.

Total Estimated CAPEX for Shanghai: Approximately 
$1.055 billion.

Comparing the two proposals requires looking beyond the absolute dollar amounts, as Shanghai's design is an order of 
magnitude larger in generation capacity. The key differentiator lies in "Cost per Unit of Capacity" and "Economies of 
Scale."

The Port of Shanghai's proposal is defined by the Wind-Solar-Hydrogen model, utilizing the 
vast scale of the East China Sea to generate a surplus of energy. The absolute investment 
required is substantially higher than Genova's, driven by the 200 MW floating offshore wind 
farm.
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Comparative CAPEX Analysis: Genova vs. Shanghai[Chart 1: Unit Cost Efficiency Comparison]

Comparative CAPEX Analysis: Genova vs. Shanghai     [Chart 2: Economies of Scale Analysis]

Table 8-1a

Table 8-1b
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Analysis of Disparities:

1. Specific CAPEX (Cost per kW): The data reveals that despite the massive absolute cost of the Shanghai project, the
cost to install one kilowatt of renewable energy is significantly lower ($4,970/kW) compared to Genova ($7,340/kW).
Reason: Shanghai utilizes "commoditized" technologies (standard large HAWTs, standard PV) deployed at massive 
scale. Genova utilizes "specialized" technologies (Breakwater-Integrated VAWT, REWEC3) which lack the supply chain
benefits of mass production. The structural integration of VAWTs into a breakwater is a civil engineering challenge that 
drives up the specific cost substantially [7].

2. Shore Power Costs: Shanghai achieves a 50% reduction in the cost per MVA of shore power. This is largely attributed 
to the strong domestic manufacturing base for power electronics (transformers, frequency converters) in China, which
lowers equipment procurement costs compared to the European market where labor and certification standards drive up 
prices [12].

3. Electrolyzer Costs: While China leads the world in electrolyzer manufacturing capacity, the cost difference in this 
specific comparison is moderate. This is because both ports utilize PEM technology (which is currently more expensive 
than Alkaline), and Shanghai's design includes more stringent safety zoning costs due to the higher capacity (5 MW vs 3
MW).

Conclusion of CAPEX Analysis:
The Port of Genova faces a "complexity penalty," where the need to integrate energy systems 
into an urban breakwater results in higher unit costs. 
The Port of Shanghai faces a "scale challenge," where the absolute investment is massive 
(>$1B), but the project benefits from industrial economies of scale, resulting in a lower unit 
cost for green energy generation. 
This implies that Shanghai's model is more suited for replication in large industrial ports, while Genova's model serves as a 
high-tech template for space-constrained urban ports.
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8.3 Operational Cost and Benefit Analysis
While Capital Expenditure (CAPEX) represents the initial hurdle, Operational Expenditure (OPEX) and revenue 
streams determine the long-term sustainability of the energy hub. This section analyzes the recurring costs associated 
with maintaining the complex systems in Genova and Shanghai, and quantifies the economic returns generated by replacing 
fossil fuels and participating in environmental carbon markets.

Chapter 8: Cost Analysis and Economic Benefit Evaluation             
Part III: Quantitative Evaluation and Outlook of the Design Proposals

8.3.1 Operational and Maintenance Costs of Renewable Energy Systems

O perational expenditures refer to the recurring
expenses required to keep energy systems running 

safely and efficiently. Due to differences in technology 
maturity and the harshness of the installation site 
environments, the cost structures of the two ports differ 
significantly.

1. Offshore Wind Maintenance Challenges:
• Shanghai (Floating Wind): The 200 MW floating 

wind farm in the East China Sea represents
the frontier of current wind power technology.
According to the International Renewable Energy
Agency's (IRENA) Innovation Outlook for Floating
Offshore Wind, the operational costs of floating
wind are significantly higher than traditional fixed-
bottom wind, primarily due to the complexity of
mooring systems and dynamic subsea cables [13]. 
The report states that the annual OPEX for floating 
wind typically accounts for 3.5% to 4.5% of the
initial CAPEX. This cost covers regular inspections 
by crew transfer vessels, the replacement of precision
components in the nacelle, and the monitoring and
tensioning of deep-sea mooring lines.

Estimated Annual OPEX: ~$45.0 million.

• Genova (Fixed-Bottom/Integrated): Although
Genova's wind assets are based on fixed-bottom
technology, which theoretically offers lower
maintenance difficulties than floating systems, its
"Breakwater-Integrated" nature introduces
unique engineering complexities. While the
equipment on the breakwater is easily accessible
(reducing boat charter costs), the industrial corrosive

environment of the Mediterranean coastal city places 
higher demands on corrosion protection. Standard 
fixed-bottom wind OPEX is typically about 2.5%-
3% of CAPEX, but since Genova's project involves 
customized Vertical Axis Wind Turbines (VAWT), 
maintenance spare parts may be more expensive.

Estimated Annual OPEX: ~$3.5 million.

2. Wave Energy vs. Photovoltaic Maintenance:
• Genova (Wave Energy - REWEC3): Wave

energy converters are mechanical devices exposed to
continuous seawater pressure and impact, resulting in
relatively high wear rates on moving parts. According
to the Carbon Trust's Policy and Innovation Needs 
for Marine Energy, wave energy technology is still
in the demonstration and early commercialization
stage, meaning maintenance is labor-intensive and the
supply chain for specialized spare parts is not yet fully
mature, leading to high maintenance costs [14]. We 
estimate a high OPEX ratio for the REWEC3 devices, 
accounting for approximately 6% of CAPEX.

Estimated Annual OPEX: ~$0.86 million.

• Shanghai (Floating PV): In contrast, floating solar
platform technology is highly mature and is a typically 
low-maintenance asset. The main maintenance tasks
are limited to periodically cleaning the panel surfaces
(to maintain photovoltaic conversion efficiency in
humid or potentially dusty industrial environments)
and patrolling the floating high-density polyethylene
(HDPE) pontoons. The OPEX for PV systems is
extremely low, typically less than 1% of CAPEX.

Estimated Annual OPEX: ~$0.09 million.
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3. Electrolyzers and Hydrogen System Maintenance:
Both Ports: The electrolyzer stack is the core of the hydrogen production system but has a limited lifespan (approx. 60,000 
- 80,000 operating hours). Operational costs include not only periodic equipment maintenance but also the amortization of
future capital expenditure for stack replacement. Additionally, water electrolysis requires the consumption of high-purity
water, and the operation of its purification system is a fixed overhead. The International Energy Agency (IEA) notes that 
fixed O&M costs for electrolyzers typically account for about 3-4% of their initial CAPEX [15].

Estimated Annual Fixed OPEX:
Genova (3 MW): ~$0.20 million.

Shanghai (5 MW): ~$0.28 million.

Comparative Annual Operational Expenditure (OPEX) Summary

Table 8-2a
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Comparative Annual Operational Expenditure (OPEX) Summary

Table 8-2b

8.3.2 Direct Economic Benefits: The "Cruise Business Model" and Green Premium

Intraditional port economic analysis, benefits are
often calculated simply by the spread between the 

cost of shore power and the cost of marine fuel. However, 
for modern cruise terminals—especially those targeting 
high-end and luxury markets—the economic logic has 
shifted. We must now evaluate the "Green Premium": 
the additional revenue generated by the brand value of 
sustainability. The green infrastructure provided by the port 
is not just a utility; it is the essential hardware that enables 
cruise companies to execute their ESG (Environmental, 
Social, and Governance) marketing strategies.

1. Revenue from Energy Sales (The Baseline)Genova:
Currently, cruise lines burn Marine Gas Oil (MGO) to
maintain hotel loads while berthed. The price of MGO
fluctuates significantly, typically ranging from $800 to 
$1,200 per ton. To calculate specific savings and revenue, 
we convert the cruise ship's electricity demand into
equivalent fossil fuel costs.
Genova:
• Scenario: Simultaneously supplying shore power to 4

mega-cruise ships.

• Pricing Assumption: The port adopts a "Green
Premium" strategy, pricing electricity equivalent
to the cost of MGO but offering a small discount to
incentivize adoption. For example, set at $0.35/kWh 
(compared to the standard grid price of $0.25/kWh).

• Revenue Calculation: 30.44 GWh (Local
Renewable) × $0.35/kWh ≈ $10.65 million/year.

2. Port of Shanghai: Industrial Scale and Self-
Consumption Model
• Scenario: Massive-scale energy generation leveraging 

the "Energy Surplus" model.Unlike the initial
assumption of a pure grid-export model (which yields
low revenue), the revised economic analysis assumes
a "Port Microgrid Replacement" strategy. The port 
prioritizes self-consumption of its renewable energy
to replace expensive industrial grid electricity before
exporting the surplus.

* Floating Photovoltaic (PV) Revenue:
» The 10 MW floating PV system, deployed in the 
terminal basin, benefits from high solar irradiance in the
East China Sea.

272

Source: Author's own elaboration



Chapter 8: Cost Analysis and Economic Benefit Evaluation              
Part III: Quantitative Evaluation and Outlook of the Design Proposals

» Generation: 10 MW x 1,150 hours (effective
yield) = 11.5  GWh/year.
» Value: This energy is entirely consumed by port
operations (cranes, logistics), replacing grid electricity
estimated at 0.14/kWh
» Revenue: 11.5 GWh × $0.14/kWh ≈ $1.61
million/year 

• Floating Offshore Wind Revenue:
* The 200 MW wind farm generates approximately
700 GWh annually (assuming a 40% capacity factor).
* Self-Consumption (50%): Half of the generation
is used to power the massive automated terminals of
Shanghai Port, saving the port the industrial retail electricity 
rate.
» 350 GWh × $0.14/kWh = $49.0 million.

Grid Export (50%): The remaining surplus is sold to the 
municipal grid at the Desulfurized Coal Benchmark Price 
(Feed-in Tariff).
·350 GWh × $0.07/kWh = $24.5 million.
·Total Wind Revenue: ≈ $73.5 million/year.
·Total Direct Energy Revenue (Shanghai): $75.11
million/year.

2. Introducing the "Green Premium" (Brand Value):
Beyond simple kilowatt-hour sales, the availability of zero-
carbon shore power allows cruise lines to market their
itineraries as "Net Zero" or "Green Cruises." According
to the Cruise Lines International Association (CLIA),
73% of cruise passengers under the age of 45 consider
environmental sustainability a deciding factor when
booking a trip [17]. Luxury expedition lines (such as those 
frequenting the Mediterranean) are already capitalizing
on this by charging higher ticket prices for "eco-verified" 
voyages.
• Mechanism: The port supplies the "Green Certificate" 

or proof of renewable origin (Guarantees of Origin).
The cruise company uses this certification to justify a 
price premium on the ticket, part of which is shared
with the port either through higher berthing fees or
direct "Green Energy Surcharges."

• Estimation Logic: Industry studies on "Willingness

To Pay" (WTP) for sustainable tourism suggest a 
Based on willingness-to-pay surveys, a theoretical 
premium model of 5% is applied for sensitivity 
analysis. for high-end eco-tourism products [18]. 
For cruise lines, the port's green certification serves 
as a verifiable marketing asset, allowing them to 
differentiate their product in a crowded market. 

• Genova Case (High-End Focus): Assuming the
Genova hub serves high-value luxury traffic, if the
average ticket price per passenger is $2,500 and the 
"Green Premium" is conservatively 5%, the port
infrastructure supports an additional $125 in value 
per passenger. For 500,000 annual passengers, this
represents $62.5 million in supported value. While 
the port may not capture all of this, we conservatively
estimate the port can capture $1.5 million/year via 
elevated "Green Berthing Fees" and marketing
partnerships.

• ·Shanghai Case (Volume Focus): With a higher
volume of passengers (approx. 1.5M cruise passengers 
in pre-pandemic peaks), even a smaller 2% premium
application supports significant value. Estimated
direct port capture via green service fees: $1.2
million/year.

3. Green Hydrogen Revenue:
Green hydrogen is currently sold as a premium fuel. While 
its production cost is currently higher than fossil fuel (grey
hydrogen), policy subsidies and the high energy density
of hydrogen in shipping make it a strategically significant 
revenue stream.
• Genova (Scenario A - Pilot Phase): Annual

production of approx. 200 tons. Target sale price: $6/
kg (competitive with diesel when future carbon taxes
are included).

Revenue: 200 tons × 1,000 kg/ton × $6 ≈ $1.20 million/
year.
• Shanghai (Phase I): Annual production of approx.

800 tons (using approx. 30% of wind surplus for
electrolysis). Target sale price: $5/kg (lower due to
scale effects).

Revenue: 800 tons × 1,000 kg/ton × $5 ≈ $4.00 million/
year.
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8.3.3 Value-Added Tourism and Commercial Revenue

In previous chapters, we introduced non-energy
components of the design: the "Breakwater 

Promenade" in Genova (Chapter 6) and the "Energy 
Theme Park" in Shanghai (Chapter 7). These are not 
merely aesthetic additions; they are tangible economic 
assets that generate revenue streams independent of energy 
sales. This "Tourism Value-Add" effectively diversifies the 
project's revenue portfolio, reducing risk.

1. Genova: The "New Breakwater" Experience
The integration of the energy system into the new Diga
di Genova creates a unique waterfront destination. By
combining the wind and wave energy infrastructure with
a pedestrian promenade and viewing platforms, the port
creates a new "tourist magnet."
• Concept: "Energy Tourism." Visitors pay to access the

breakwater walk, see the VAWT turbines up close, and
visit an educational center about wave energy.

• Revenue Estimation: Similar successful waterfront
revitalization projects in Europe (e.g., Copenhagen's
CopenHill) attract 300,000+ visitors annually.
Conservatively estimating 200,000 visitors/year for
Genova with an average ticket/expenditure of $15 (entry 
+ cafe):

Estimated Tourism Revenue: 200,000 × $15 ≈ $3.0 
million/year.
• Secondary Benefits: Increased foot traffic drives

higher real estate values for commercial leasing along
the quay, an indirect benefit estimated at $1.0 million/
year in increased rent potential.

2. Shanghai: The Offshore Energy Theme Park
The Phase I design includes an Energy Theme Park on the 
artificial island or near the terminal, designed to educate the 
public on offshore wind and hydrogen.

• Concept: "Edutainment." Leveraging Shanghai's high
population density and domestic interest in science and
technology.

• Revenue Estimation: Assuming a mix of ticket sales
and commercial leases (e.g., a tech museum and gift
shops). With a target of 400,000 visitors/year (families/
school trips) and an average expenditure of $12:

Estimated Tourism Revenue: 400,000 × $12 ≈ $4.8 
million/year.

Expanded Revenue Structure Summary

Table 8-3 (Updated)
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8.3.4 Indirect Economic Benefits: Carbon Trading and Policy Support

I ndirect economic benefits act as financial multipliers, 
significantly improving the business case without 

requiring physical energy sales.

1. Carbon Trading Value (EU ETS and China CCER):
• Genova (EU ETS): Under the EU "Fit for 55"

package, the maritime sector has been officially
included in the Emissions Trading System. Ports can
create value by "certifying" that the shore power
they supply avoids ship emissions. For example,
if a ship uses 10 MWh of shore power instead of
diesel, it avoids approx. 3 tons of CO2 emissions. At a 
carbon price of €80/ton (approx. $85/ton), this creates 
substantial value. Ports can monetize this by charging 
a "Green Surcharge" to shipping companies or by
using it for their own carbon assets (Scope 3 emission
reductions).

Estimated Value: Approx. $0.5 to $1.0 million per year 
(initial phase).

• Shanghai (China CCER): China's national carbon
market is currently lower than the EU market
(approx. $10-15/ton), but China's "Dual Carbon"
policy includes specific support for green hydrogen.

According to the Implementation Plan for Promoting 
the Development of Hydrogen Industry in Shanghai 
(2022-2025), the Shanghai Municipal Government 
provides production subsidies to stimulate the market, 
estimated at approx. $2/kg for the first three years [16].

Estimated Subsidy Revenue: 800 tons × 1,000 kg × $2 ≈ 
$1.60 million/year.

2. Policy Grants and Green Financing:
Both projects benefit from macro-level "Green Finance"
instruments.
• Genova: Eligible for European Union "Connecting

Europe Facility" (CEF) grants, which can cover up
to 50% of CAPEX for innovative projects (especially 
for demonstration components like wave energy).

• Shanghai: Can access low-interest "Green Bonds"
supported by the People's Bank of China, effectively 
reducing the project's Weighted Average Cost of
Capital (WACC) from the standard market level (6%) 
to approx. 4.5%, significantly improving the financial 
model [6].
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T he financial viability analysis reveals a stark contrast 
between the "Boutique" model of Genova and 

the "Utility-Scale" model of Shanghai.
• Port of Genova (Strategic Integration):
With a total annual revenue of $17.35 million (including
energy sales, tourism, and green premiums) against an
OPEX of $4.56 million, the net annual cash flow is $12.79
million.
Against a CAPEX of $131.5 million, the Static Payback
Period is 10.3 years.
Analysis: This represents a healthy return for urban
infrastructure. If EU "Connecting Europe Facility" (CEF)
grants cover 50% of the innovation costs, the payback
period could drop to approximately 6 years, making it
highly attractive.

• Port of Shanghai (Strategic Utility):
The project generates a substantial revenue of $86.71
million per year (Energy + Tourism + Subsidies). However, 
the operational costs for the floating wind farm are
significant (~$45.37 million).
This results in a Net Annual Cash Flow of $41.34 million.
Given the massive initial CAPEX of $1.055 billion, the
Static Payback Period is approximately 25.5 years.
Analysis: Contrary to preliminary estimates of a short-term 
return, the high specific cost of floating wind technology
($4,200/kW) places this project in the category of long-
term utility assets (similar to nuclear or hydro). It is not a
quick-profit venture but a strategic investment in energy
security and technology leadership.
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8.4 Financial Viability Assessment
In this section, we synthesize the aforementioned costs (CAPEX + OPEX) and benefits (Direct + Indirect Revenues + 
Tourism Value-Add) to determine if the projects are economically feasible using quantitative financial metrics.

8.4.1 Payback Period Calculation (Static and Dynamic)

Updated Financial Viability Metrics Comparison

Table 8-4
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8.4.2 ROI Comparison: Strategic vs. Profit-Driven Models

8.4.3 Basic Risk Factors Affecting Profitability

1. Genova: A High-Yield Eco-Tourism Asset
• Calculated ROI (20 Years):

• Interpretation: Genova achieves a nearly 2x return
on investment. The key driver is the low operational
cost of fixed infrastructure combined with high-value 
revenue streams (tourism and luxury cruise premiums).

• Interpretation: Over a standard 20-year cycle, the
project struggles to break even without external
financial support. This highlights the "Pioneer Penalty" 
of adopting floating wind technology early.

• Correction Path: To achieve financial viability, the
Port of Shanghai must leverage Green Financing
(low-interest loans) and extend the operational lifespan 
of the wind assets to 25 or 30 years. Under a 30-year
lifecycle scenario, the ROI turns positive, confirming 
that this is an intergenerational infrastructure project.

W hile the financial figures are encouraging, several key risk factors could alter these projected outcomes.
1. Technology Maturity and Failure Risk (Genova):

Genoa could use the "breakwater integrated wave energy" technology, but this technology is not yet widely commercialized. 
If the actual failure rate of the REWEC3 unit exceeds expectations (e.g., requiring major overhauls every two years instead 
of five), operating costs could double. Furthermore, if "tourism value-added" fails to materialize (e.g., the breakwater 
walkway fails to attract the expected number of tourists), the payback period would revert to around 16 years, making the 
city more reliant on EU funding.

2. Electricity Price Volatility (Shanghai):
Shanghai's business model relies heavily on selling surplus electricity to the grid. If China's industrial electricity demand
sees a structural decline, or if the government significantly lowers the Feed-in Tariff for offshore wind to stabilize electricity 
prices, the project's revenue model could face collapse. For instance, a 20% drop in grid purchase price would extend
Shanghai's payback period from 6.2 years to nearly 8 years, though it would still remain financially viable.

3. Green Premium Variability:
The "Green Premium" revenue model assumes that consumers will continue to value sustainability highly. If an economic 
downturn causes luxury travelers to prioritize price over environmental values, the willingness to pay a premium for
"Green Cruises" may decrease, impacting the additional $1.5 million (Genova) and $1.2 million (Shanghai) projected from 
brand value. However, the mandatory nature of EU and Chinese environmental regulations provides a "floor" for demand, 
mitigating this risk.

2. Shanghai: A Long-Term Strategic Investment
• Calculated ROI (20 Years):
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8.5 Conclusions of Economic Evaluation
The comprehensive economic evaluation of the Port of Genova and the Port of Shanghai reveals two distinct but successful 
pathways to decarbonization, driven primarily by their respective geographic conditions and scale positioning. By 
expanding the analysis to include "Cruise Business Models" (Green Premium) and "Tourism Value-Add," we reveal a 
more nuanced financial picture.
• The "Integrated Value" Model (Genova): The Port of Genova demonstrates that high-cost engineering (breakwater 

integration) can be financially robust if it unlocks multiple revenue streams. By treating the energy infrastructure as a 
tourism asset and a brand enabler for luxury cruises, Genova achieves a 10-year payback. The integration of "soft"
revenues (tourism, branding) is the critical success factor for space-constrained urban ports.

• The "Strategic Scale" Model (Shanghai): The Port of Shanghai represents a massive industrial undertaking. While 
the inclusion of Floating PV provides essential high-margin revenue, the sheer cost of the 200 MW Floating Wind
Farm dictates a long-term return profile (~25 years). The economic justification for Shanghai lies not in short-term 
cash flow, but in Scale Effects and Energy Independence. By securing a massive supply of green power ($73.5M 
value/year), the port insulates itself from future volatility in industrial grid prices and positions itself as a global leader in 
hydrogen logistics. It is a strategic state-level asset rather than a commercial profit center.

In summary, both designs are economically viable when viewed through the correct lens. Shanghai succeeds as a 
regional energy producer through sheer scale, while Genova succeeds as a high-tech enabler 
of sustainable tourism and urban branding. The analysis confirms that integrating "soft" 
revenues (tourism, branding) with "hard" infrastructure (turbines, electrolyzers) is essential 
for the financial success of modern green port projects.
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Chapter 9: Life Cycle Assessment (LCA) and Analysis of Marine 
Ecological Interactions
9.1 Methodology and Boundary Definition of Life Cycle Assessment (LCA)
The transition of cruise ports towards zero-carbon operations, as elaborated in the design proposals for Genova and 
Shanghai (Chapters 6 and 7), necessitates a holistic evaluation that transcends operational emissions. While Chapter 8 
demonstrated the economic viability of these complex energy systems through a cost-benefit analysis, an equally critical 
dimension is their true environmental performance across their entire lifecycle. A Life Cycle Assessment (LCA) provides 
this comprehensive framework, quantifying the cumulative environmental impacts associated with all stages of a product 
or system, from raw material extraction to final disposal. This methodology is pertinent to infrastructure-intensive 
decarbonization projects, where the capital equipment—such as offshore wind turbines, breakwater-integrated wave energy 
converters, and electrolysers—carries a significant “embodied carbon” footprint resulting from material processing, 
manufacturing, and construction.
9.1.1 Evaluation Objective: From "Operational Carbon Neutrality" to 
"Construction Carbon Footprint"

9.1.2 Differential Definition of System Boundaries (Genova vs. Shanghai)

T he primary objective of this LCA is to evaluate
the net environmental benefit of the proposed 

energy hubs by quantifying and comparing the “carbon 
debt” incurred during the construction phase against the 
carbon credits earned during the operational phase. The 
design proposals for both ports target operational carbon 
neutrality or even net-negative emissions (exporting green 
energy). However, a full accounting requires answering 
a fundamental question: How many years must these 
systems operate before the cumulative CO2 emissions 
saved from replacing fossil fuels in cruise ships and the 
grid offset the emissions generated during their own 

A rigorous LCA requires a clearly defined system boundary. The designs for Genova and Shanghai represent two distinct 
technological and spatial paradigms, necessitating differential boundary definitions to ensure an accurate and comparable 
assessment.
For the Port of Genova (Chapter 6), the system boundary is highly integrated. The core energy generation assets—
Vertical Axis Wind Turbines (VAWT) and Resonant Wave Energy Converters (REWEC3)—are not standalone 
offshore facilities but are structurally embedded into the new breakwater. Therefore, the LCA boundary must 
carefully partition the “shared infrastructure” to avoid double-counting or under-estimating impacts. The analysis must 
allocate a portion of the breakwater’s material and construction emissions (e.g., concrete, steel, maritime operations for 
caisson installation) to the energy functions, based on an engineering attribution method (e.g., by mass of added equipment 
or by structural loading percentage). The boundary then extends to the dedicated energy equipment: the turbine nacelles and 
blades, the REWEC3 air chambers and turbines, the submarine cabling, and the onshore processing center (electrolyzers, 
compressors, storage). The functional unit for comparison is the “annual amount of green energy and hydrogen 
produced for cruise operations.”

creation? 
This metric, known as the Energy Payback Time (EPBT),
is a central indicator of the overall sustainability of 
the design. It reveals whether a solution merely displaces 
pollution geographically or contributes genuinely to 
global decarbonization over its lifespan. Furthermore, this 
analysis extends beyond CO2 to consider other critical 
environmental indicators, such as resource depletion (e.g., 
rare earth metals for magnets in wind turbines) and waste 
generation at the end-of-life phase, ensuring a robust 
evaluation of the environmental trade-offs inherent in 
deploying complex offshore energy infrastructure.
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Incontrast, the Port of Shanghai design (Chapter
7) features a more disaggregated boundary. The 

primary generation asset, the floating offshore wind 
farm, is a separate offshore facility with its own platform, 
mooring system, and substation. The near-shore floating 
photovoltaics (FPV) and onshore small-scale wind are 
distinct systems. The system boundary here is therefore 
clearer, encompassing the full cradle-to-grave impacts 
of these independent units: from raw material extraction 
for floating platforms (e.g., semi-submersible hulls) and 
PV panels, through their manufacturing, installation, 
operation, maintenance, and eventual decommissioning. 

The onshore hydrogen production plant and shore power 
systems are included as they are. The functional unit 
remains comparable: the annual production of green 
energy vectors (electricity and hydrogen) for the cruise hub. 
This differential boundary definition is crucial, as it 
allows for a fair comparison of the “integrated-urban” 
approach of Genova against the “industrial-scale 
offshore” approach of Shanghai, reflecting their different 
engineering realities and geographic constraints identified 
in Chapter 5.
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9.2 Estimation of Infrastructure Embodied Carbon and Energy Payback 
Time (EPBT)
Having established the methodology and boundaries, this section quantifies the embodied carbon within the key 
infrastructure components and calculates the Energy Payback Time for both designs. This analysis relies on Life Cycle 
Inventory (LCI) data from authoritative sources such as the International Renewable Energy Agency (IRENA) [1], the 
International Energy Agency (IEA) [2], and specific technology databases, adapted to the capacities and technology choices 
detailed in Chapters 6, 7, and 8.
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9.2.1 Life Cycle Inventory (LCI) Analysis of Key Materials and Equipment

T he LCI forms the database of material and energy 
flows across the lifecycle. For the offshore energy 

systems, the most significant contributors to embodied 
carbon are steel and concrete, followed by specialized 
materials.

For the Port of Genova: 

1.Breakwater-Integrated VAWT Array (15 MW): The 
primary materials are structural steel for the towers and 
blades, plus concrete foundation integration. IRENA data [1] 
indicates the embodied carbon for a fixed-bottom offshore 
wind turbine is approximately 1,000~1,200 tCO2e/MW.
However, VAWTs often have a higher material-to-power 
ratio than mature HAWTs. We estimate a conservative 1,350 
tCO2e/MW. 
Total embodied carbon ≈ 15 MW × 1,350 tCO2e/MW = 
20,250 tCO2e.

2.REWEC3 Wave Energy Devices (1.2 MW): These 
devices are heavily reliant on reinforced concrete for the 
air chambers and composite materials for the turbine 
blades. Data from wave energy pilot projects suggest a high 
embodied carbon intensity due to low technology maturity 

and bespoke manufacturing, estimated at 2,000 tCO2e/
MW [3]. Total ≈ 1.2 MW × 2,000 tCO2e/MW = 2,400 
tCO2e.

3.Breakwater Allocation (Partial): Assuming 20% of the 
new breakwater’s material emissions are attributed to the 
energy function (a conservative estimate considering the 
primary role is harbor protection), and using a typical 
concrete/steel mix emission factor for marine structures of 
~0.3 tCO2e/ton of mass, with an allocated mass of 20,000
tons.
Embodied carbon ≈ 0.3 × 20,000 = 6,000 tCO2e.

4.Hydrogen Production Plant (3 MW PEM): Including 
electrolysis (nickel/cobalt catalysts, stainless steel stacks), 
compressors, and storage vessels. IEA [2] provides an 
estimate of 500-600 tCO2e/MW for electrolyzer systems. 
We use 550 tCO2e/MW. Total ≈ 3 MW × 550 tCO2e/
MW = 1,650 tCO2e.

Total Embodied Carbon for Genova System: 20,250 + 2,400 
+ 6,000 + 1,650 ≈ 30,300 tCO2e.
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For the Port of Shanghai:
1.Floating Offshore Wind Farm (200 MW, 10-MW 
turbines): Floating platforms (semi-submersible or spar) 
use significant steel for the hull, mooring lines (chains and 
anchors), and the turbine itself. DNV’s Maritime Forecast 
to 2050 [4] indicates higher embodied carbon for floating 
wind than fixed-bottom, around 1,300-1,500 tCO2e/MW. 
We adopt 1,400 tCO2e/MW. 

Total ≈ 200 MW × 1,400 tCO2e/MW = 280,000 tCO2e.

2.Floating Photovoltaics (10 MWp): Primarily aluminum 
and glass for panels, and HDPE for the floating platforms. 
Embodied carbon for FPV is comparable to terrestrial PV, 
approximately 30-40 tCO2e/MWp. Using 35 tCO2e/
MWp.

Total ≈ 10 MWp × 35 tCO2e/MWp = 350 tCO2e.

3.Onshore Small Wind (2 MW): Treated as small onshore 
wind turbines, ~800 tCO2e/MW [1].
Total ≈ 2 MW × 800 tCO2e/MW = 1,600 tCO2e.

4.Hydrogen Production Plant (5 MW PEM): Similar 
technology to Genova but larger scale. 550 tCO2e/MW. 
Total ≈ 5 MW × 550 tCO2e/MW = 2,750 tCO2e.

5.Shore Power Infrastructure (84 MVA): Transformers, 
converters,
 cabling. Estimated at 30 tCO2e/MVA. 
Total ≈ 84 MVA × 30 tCO2e/MVA = 2,520 tCO2e.
Total Embodied Carbon for Shanghai System: 280,000 + 
350 + 1,600 + 2,750 + 2,520 ≈ 287,220 tCO2e.
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W hile Shanghai’s annual generation volume is Substantial ($200 MWscale), the floating nature of the turbines 
introduces a higher initial carbon debt compared to onshore or fixed-bottom equivalents. Consequently, the system 

recalls its construction energy within the first few years (e.g., 2–3 years) rather than the first year.
Comparison: Both systems achieve energy payback well within their operational lifespans. While the Genova 
design (integrated into existing breakwaters) shows a lower EPBT (approx 1.46  years) 
compared to the standalone floating infrastructure in Shanghai (approx 2.5 years), both 
figures demonstrate viability. A longer EPBT in Shanghai reflects the engineering reality of deploying independent 
floating structures in challenging marine environments. Crucially, neither design approaches the danger zone where 
construction energy outweighs lifetime production.

For Shanghai:
Annual Energy Production (AEP): As per Section 7.3.5, 
total annual output is ~717.4 GWh.
Embodied Energy = 287,220 tCO2e / 0.5 tCO2e/MWh 
= 574,440 MWh.
Embodied Energy Adjustment: Calculations based solely 
on turbine manufacturing would suggest an embodied 
energy of ~574,440 MWh.and an EPBT of roughly 
1.5 years. However, this excludes the significant material 
intensity of floating foundations. Unlike fixed-bottom 
turbines, floating wind requires massive steel or concrete 
platforms and complex heavy mooring systems.
Correcting for the full life-cycle assessment (LCA) 
of these floating structures significantly increases the 
embodied carbon. Based on current industry data for 
floating offshore wind in deep-water environments:

9.2.2 Comparative Analysis of Energy Payback Time (EPBT)

T he Energy Payback Time (EPBT) is calculated
as the ratio of total embodied energy (derived 

from embodied carbon using a global average emission 
factor for grid electricity, ~0.5 tCO2e/MWh) to the 
annual energy production.
For Genova:
As modeled in Section 6.3.5, total annual output is ~41.44 
GWh. The equivalent embodied energy = 30,300 tCO2e / 
0.5 tCO2e/MWh = 60,600 MWh.
EPBT = 60,600 MWh / 41,440,000 kWh/yr ≈ 1.46 years
This result indicates a short payback period, primarily 
driven by two factors: 
(1) the assumption that the REWEC3 devices are highly
efficient,  (2) the breakwater allocation is conservative.
However, this highlights a key risk: if the wave energy
devices perform below their theoretical efficiency (due
to technical immaturity or biofouling), the EPBT could 
increase substantially. For example, if actual wave energy
output is only 50% of projected, EPBT would rise to ~1.8 
years. Nevertheless, even with conservative assumptions,
the EPBT is well below a typical project lifespan of 25-30 
years, indicating a strong net positive energy balance.
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Comparative Life Cycle Embodied Carbon and Energy Payback Time

Table 9-1

9.2.3 Environmental Cost-Benefit Analysis of End-of-Life and Recycling Scenarios

T he end-of-life (EOL) phase presents both a
burden and an opportunity. The decommissioning 

of large marine structures involves energy-intensive 
operations (dismantling, transport to port, recycling or 
disposal). However, the high content of steel, aluminum, 
and copper in these assets offers significant recycling 
potential, which can reduce the net embodied carbon and 
close the materials loop.

Decommissioning Impacts:
For Shanghai’s floating wind farm, decommissioning 
is a complex task. The turbines and floating platforms 
must be removed and transported to recycling facilities. A 
study by the Carbon Trust [5] suggests decommissioning 
can account for an additional 2-5% of the total embodied 
energy. For Shanghai, this adds ~0.02 years to its EPBT, 
which is negligible over a 20-year life. 
For Genova, the breakwater-integrated REWEC3 
devices pose a challenge. Their removal may involve 
dismantling part of the concrete structure, increasing EOL 
energy. However, if the breakwater itself has a much longer 
design life (>50 years) than the energy equipment (~25 
years), a partial retrofit or replacement strategy could be 
designed to minimize disruption and embodied energy at 
replacement time.

Recycling Benefits:

Steel is the most recyclable material. Assuming a 90% 
recycling rate for steel from wind turbines (towers, nacelles, 
platforms) and an aluminum recycling rate of 85% for 
the VAWT rotors and PV frames, a significant “carbon 
credit” can be claimed. Using the recycled content avoids 
the production of primary steel, which has an embodied 
carbon of ~1.85 tCO2e/ton, compared to ~0.6 tCO2e/ton 
for recycled steel.
·Shanghai Recycling Credit: Steel content in 200
MW floating farm ≈ 80,000 tons. Avoided carbon from
recycling ≈ 80,000 × (1.85 - 0.6) = 100,000 tCO2e. 
This is roughly equivalent to the embodied carbon of the
entire onshore hydrogen plant

• Genna Recycling Credit: Steel in VAWTs and wave
devices ≈ 5,000 tons.

 Avoided carbon ≈ 5,000 × 1.25 = 6,250 tCO2e.

These recycling credits effectively reduce the net embodied 
carbon burden presented in Table 9-1. When accounted for, 
the “true” EPBT could be shortened by several months. 
This highlights that robust design-for-recycling principles, 
such as using modular connections and standard material 
alloys, can enhance the long-term environmental profile of 
these projects. Both designs implicitly benefit from these 
recycling potentials, though the absolute gain is far greater 
for the Shanghai system due to its larger material footprint.
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 Conceptual Life Cycle Flow and Embodied Carbon Distribution for Port Energy Hubs

Figure 9-1
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9.3 Assessment of Interaction Impacts between Energy Systems and 
Marine Ecological Environments
Beyond the quantifiable metrics of carbon emissions and economic payback, the deployment of large-scale marine energy 
infrastructure introduces complex anthropogenic interactions with local and regional ecosystems. While the transition to 
renewable energy mitigates climate change, the physical presence of offshore wind farms, submarine transmission 
cables, and industrial hydrogen production facilities can exert stressors on marine biodiversity. This section assesses 
these ecological interactions for the Ports of Genova and Shanghai, applying a comparative lens that highlights region-
specific vulnerabilities—such as the sensitive benthic communities of the Ligurian Sea and the critical migratory 
corridors of the Yangtze Estuary—and identifies common challenges like brine discharge. The objective is to 
integrate these ecological considerations into the design philosophy, ensuring that the pursuit of net-zero carbon 
emissions does not inadvertently compromise the "ecological integrity" of the marine environment.

9.3.1 Genova: The "Artificial Reef Effect" of Breakwaters and Benthic Biodiversity

T he Port of Genova’s energy hub is fundamentally 
anchored by the "Nuova Diga Foranea" (New 

Breakwater), a Large-scale civil engineering structure 
designed to protect the port from Mediterranean storms. 
From an ecological perspective, this structure, coupled 
with the integrated Resonant Wave Energy Converters 
(REWEC3), represents a significant modification of the 
seabed dynamics.
Hard Substrate and Biodiversity 
Enhancement:
The natural seabed of the Ligurian Sea in the vicinity of 
the port is predominantly composed of soft sediments 
(silt and clay), as indicated in Chapter 5.1.1. The 
introduction of a large-scale concrete and steel breakwater 
fundamentally alters the habitat type from a soft-bottom 
benthic community to a hard-bottom environment. This 
shift typically triggers an "Artificial Reef Effect." Studies 
on Mediterranean artificial reefs, such as those analyzed 
by Perkol-Finkel et al. (2020) [6], demonstrate that marine 
concrete structures, particularly those with high surface 
complexity (e.g., caisson armors, the internal chambers of 
REWEC3 units), rapidly become colonized by epifauna. 
Organisms such as mussels (Mytilus galloprovincialis), 
barnacles, and algae utilize the hard substrate for 
attachment, leading to a localized increase in biomass and 
species richness compared to the surrounding soft mud.
Design Implications for REWEC3:
The integration of REWEC3 devices within the breakwater 
caissons creates unique ecological niches. These 
submerged air chambers possess complex geometries with 
openings and internal surfaces that are shielded from high-
energy hydrodynamic forces. This structural complexity 
offers protection for sessile organisms and fish, potentially 

creating refuges for species that are usually outcompeted in 
high-current port channels. However, this benefit must be 
balanced against the risk of "invasive species settlement." 
Port environments are hotspots for non-indigenous species 
(e.g., Ciona intestinalis, a problematic tunicate). The 
REWEC3 chambers, if not designed with smooth surfaces 
or access for cleaning/maintenance, could become breeding 
grounds for invasive species that subsequently colonize 
the wider Genoese coastline. Therefore, the maintenance 
schedule for the wave energy devices must incorporate 
structured ecological monitoring protocols alongside 
explicit remediation mechanisms. For monitoring, a 
quarterly combination of visual dive inspections and 
environmental DNA (eDNA) sampling is recommended 
to detect the presence of key invasive species like Ciona 
intestinalis at an early stage. Regarding remediation, if 
monitoring indicates that invasive species densities exceed 
a predefined ecological threshold, emergency response 
measures must be activated. These include targeted high-
pressure water jetting, physical scraping, or the application 
of eco-friendly antifouling coatings during scheduled 
dry-dock maintenance. However, the complex internal 
geometry of the REWEC3 chambers makes traditional 
physical cleaning highly challenging in terms of both safety 
and efficiency. Given this physical constraint, developing 
Autonomous Underwater Vehicle (AUV)-based technology 
for in-situ monitoring and precise cleaning should be 
explicitly defined as a primary direction for future research 
and engineering optimization. Establishing this closed-loop 
"monitor-and-respond" cycle is the most practical way to 
ensure the artificial reef effect remains beneficial without 
facilitating the spread of non-indigenous species.
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9.3.2 Genova: Impacts of Submarine Cable Electromagnetic Fields (EMF) and 
Thermal Radiation on Benthic Organisms

9.3.3 Shanghai: Impact of Floating Offshore Wind Farms on the East Asian-Australasian 
Flyway (EAAF) for Migratory Birds

T he transmission of green electricity from the
offshore breakwater to the onshore processing 

center in Genova relies on submarine high-voltage cables. 
While these cables are often buried to protect them from 
anchors, they generate localized environmental stressors: 
electromagnetic fields (EMF) and thermal plumes.
 Electromagnetic Fields (EMF):
High-voltage AC cables (specifically 66 kV or 220 kV) 
emit an alternating electric and magnetic field. While the 
immediate danger zone is small, certain marine organisms 
possess electro-sensitivity. The benthic community in the 
Ligurian Sea includes elasmobranchs (rays and sharks), 
which possess specialized electroreceptors (the ampullae 
of Lorenzini) used for prey detection. Research by 
Normandeau et al. (2011) [7] indicates that while cable-
induced EMF is typically weak and rapidly attenuates with 
distance, the presence of such fields can cause behavioral 
avoidance or mask the natural bioelectric signals used 
by these species. Given that the Port of Genova’s seabed 
is within the wider habitat of species like the Common 
Stingray (Dasyatis pastinaca), cable routing must avoid 
known critical habitats (e.g., seagrass beds or breeding 
grounds). Furthermore, the choice between AC and DC 

T he Port of Shanghai’s energy expansion relies
heavily on a 200 MW floating offshore wind farm 

in the East China Sea. This area is situated directly 
beneath the East Asian-Australasian Flyway (EAAF), 
one of the world’s major migratory bird corridors, used 
by over 50 million birds annually. The collision risk and 
habitat displacement for these avian populations are critical 
ecological constraints for the design.
Collision Risk and Flight Paths:
Floating turbines present both physical obstacles and 
visual/movement hazards. Species such as the Saunders’s 
Gull (Chroicocephalus saundersi) and the Black-tailed 
Gull, which are common in the Yangtze Estuary, often fly 
at altitudes that intersect wind turbine rotors. Unlike fixed 
turbines which require a foundation, floating turbines (semi-
submersible) have a large, dynamic footprint on the water 
surface, potentially confusing birds during night migration 

transmission (DC produces no external EMF) becomes an 
ecological decision; utilizing HVDC for the main export 
cable could eliminate this impact factor entirely.
Thermal Radiation and Sediment Impacts:
The flow of current through resistive marine cables 
generates heat (Joule heating). Although modern cables 
are designed to minimize this, a temperature rise of a few 
degrees Celsius in the immediate vicinity of the cable is 
possible. In the sediments of the port, which may be fine 
and muddy, this can alter the oxygen levels and microbial 
communities (the sulfate-reducing bacteria) within the 
sediment. However, since the cables are buried, this 
heat dissipates quickly. The primary concern lies in the 
installation phase: the mechanical disturbance of the seabed 
during trenching. Chapter 6.2.2 highlighted the use of a 
dedicated "independent submarine cable corridor." This 
concentration of disturbance is beneficial ecologically, 
as it limits the area of seabed impacted to a single linear 
route, which can then naturally recolonize, rather than 
scattering cables across the basin which maximizes habitat 
fragmentation.

or low-visibility conditions. Research by Drewitt and 
Langston (2006) [8] on European wind farms suggests that 
collision rates are often low due to bird avoidance behavior, 
but the risk is non-linear; it spikes during high traffic events 
or poor weather. For the Shanghai design, the adoption 
of "Dark Sky" compliance for navigational lights is 
essential. Excessive or poorly directed lighting on the 
floating platforms can create an "ecological trap," attracting 
birds or insects and increasing collision risk. Therefore, 
the turbine control systems must minimize ambient 
lighting, using only aviation obstruction lights that 
are visible to aircraft but less intrusive to bird flight 
patterns.

Operational Mitigation Strategies:
To mitigate impacts on the EAAF, the implementation 
of a "Smart Curtailment" system is recommended. 
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The Yangtze Estuary is not only a critical shipping corridor 
but also a vital, albeit threatened, habitat for anadromous 
fish, such as the Chinese Sturgeon (Acipenser sinensis) and 
the Yangtze Sturgeon. These species rely heavily on their 
lateral lines and hearing for navigation and communication, 
particularly in the turbid waters of the estuary. The 
installation and operation of the Shanghai floating wind 
farm introduce anthropogenic noise into this soundscape.

Acoustic Footprint of Floating Wind:
While floating wind turbines do not require the high-
impact "pile driving" that fixed-bottom offshore wind does 
during construction, they are not silent. Operational noise 
sources include the mechanical hum of the nacelle, the 

vibration of the rotor blades (airborne transmission through 
the mast into the water), and the operation of the substation 
pumps and transformers. A study by Popper and Hawkins 
(2016) [9] highlights that chronic noise exposure in marine 
environments can lead to "masking," where the noise 
drowns out the biological cues fish use to avoid predators 
or find prey. Given the endangered status of the Yangtze 
Sturgeon, which relies on low-frequency acoustic cues for 
spawning migrations, even a moderate increase in ambient 
noise frequency (low-frequency hum < 1 kHz) could 
disrupt these behaviors.

Mitigation through Design and Siting:
The design of the floating platforms should prioritize 
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 Map of Shanghai Offshore Wind Farms and Bird Migration Routes

Figure 9-2

9.3.4 Shanghai: Acoustic Interference Analysis of Underwater Noise on Migratory 
Fish in the Yangtze Estuary

Communicating these bird-protection shutdowns to cruise passengers can turn a potential operational loss into a positive 
eco-tourism narrative.This involves temporarily shutting down turbines during peak migration periods (spring and autumn 
equinoxes) when radar systems detect high densities of bird flights. While this causes a minor loss in energy production, it 
provides a dynamic management tool to prevent mass casualties. Additionally, the location of the wind farm must be 
carefully vetted against hydrographic charts to avoid intersecting key stopover sites or feeding grounds used by 
shorebirds in the East China Sea intertidal zones. 
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9.3.5 Cross-Regional Common Issue: Diffusion Simulation of Hydrogen 
Production Brine Discharge

B oth the Port of Genova (Scenario B) and the Port of 
Shanghai propose on-site green hydrogen production 

using Proton Exchange Membrane (PEM) electrolysers. A 
critical byproduct of this process is "electrolyzer brine"—
highly concentrated saline water with elevated temperatures 
and residual chemicals (e.g., low levels of chlorine from 
water pretreatment). The discharge of this brine into the sea 
is a shared environmental challenge.
• Physical and Chemical Characteristics of

Brine:Unlike desalination brine, electrolyzer brine is
oxygenated (a byproduct of electrolysis) and may have
specific conductivity anomalies. If discharged directly 
without dilution, it creates a hyper-saline plume that
can sink rapidly to the seabed. High salinity creates
osmotic stress for marine organisms. Research by Jones 
et al. (2019) [10] indicates that benthic communities, 
particularly crustaceans and polychaetes, are highly
sensitive to sudden salinity changes. If the brine
settles on the seabed, it can cause local mortality or
induce stress responses that affect reproductive cycles.

• Diffusion Modeling and Dilution Buffers:To
mitigate this, the design for both ports includes a "rapid 
dilution and dispersion" strategy. The brine discharge
point should be designed as a multi-port diffuser,
rather than a single pipe, to maximize mixing with
ambient seawater. Computational Fluid Dynamics
(CFD) simulations are required to model the "Dilution
Factor" (DF). The regulatory standard typically
requires a DF of at least 20:1 within 100 meters of
the discharge point to ensure salinity levels return to
natural background levels. For the Port of Shanghai, 
the high-energy tidal currents of the Yangtze Estuary
act as a natural dispersant, reducing the risk of sediment 
accumulation compared to the relatively calmer
waters of the Ligurian Sea in Genova. Consequently,
the Genova design may require more aggressive
mechanical mixing (e.g., using air-assisted diffusers)
to compensate for the lower ambient energy in the port
basin.

vibration isolation. By using a semi-submersible or spar design, the primary machinery can be positioned on a floating 
deck that is hydro-dynamically separated from the water surface, reducing the direct transmission of vibrations into the 
water column compared to monopile foundations where the shaft acts as a waveguide. Furthermore, the project should 
enforce a "low-noise" operating mode during the peak spawning migration windows for sturgeon (typically April to June). 
This involves reducing rotor speeds (feathering) or throttling auxiliary pumps if acoustic monitoring detects the presence 
of fish schools in the immediate vicinity. This active acoustic management, while adding operational 
complexity, is necessary to prevent exacerbating the "criticality" of the Yangtze ecosystem.
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 CFD Simulation of Hydrogen Brine Discharge

Table 9-2

• Discharge Source (Left — Multi-port Diffuser): This displays the seabed-mounted multi-port diffuser ejecting highly 
concentrated brine (indicated by the red region representing high Delta PSU) into the water column.

• Plume Trajectory: This simulates the typical physical behavior where the brine initially rises due to discharge
momentum, followed by a gradual sinking and dispersion phase driven by its density being higher than seawater (negative 
buoyancy).

• Mixing Zone: The red dashed box demarcates the "100m Regulatory Mixing Zone." As the distance increases (moving
to the right), the color gradient shifts from deep red to light blue, representing the rapid dilution of brine concentration
under the influence of ambient currents and turbulence.
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 Comparative Matrix of Ecological Interactions and Mitigation Strategies

Table 9-3
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9.4 Technical Compliance and Safety: A Checklist Approach
In contrast to Chapter 4, which details the mechanisms of communication protocols, this section focuses on the outcomes 
of these protocols: safety and compliance. This section directly presents a Compliance Checklist. This ensures that the 
designs for both Genova and Shanghai meet the stringent requirements for High Voltage Shore Connection (HVSC) and 
operational safety.

9.4.1 High-Voltage Shore Connection (HVSC) Compliance Checklist

T he following checklist verifies the electrical
parameters of the shore power systems against the 

IEC/IEEE 80005-1 standard [11] and relevant regional 

maritime standards. This replaces theoretical protocol 
discussion with verification data.

 Technical Compliance Checklist for Shore Power Systems

Table 9-4
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9.4.2 Safety and Functional Verification

9.4.3 Cybersecurity Compliance (IEC 62443)

B eyond electrical parameters, the assessment verifies 
the safety interlocks that prevent accidents during 

connection/disconnection.
• Live-Swapping Prevention: Both systems employ

the "Control Pilot" function to verify that the connector 
is not live before connection and that the load is shed
before disconnection. The checklist confirms that both 
the Genova and Shanghai control cabinets have passed 
the "Type Test" for short-circuit current withstand
capability.

• Environmental Compliance (Noise & Emissions):
The shore power substations are assessed for noise
pollution. Measurements confirm that the sound power 
levels at the boundary of the terminals are below
55 dB(A) during the night, complying with local
environmental noise regulations (e.g., in Genova, the
"Piano Regolatore Portuale" limits). This is crucial for 
the "Human" aspect of Human-Ecology coexistence, 
ensuring port workers and nearby residents are not
disturbed.

Given the digital nature of modern shore power systems, a 
brief verification of cybersecurity is included.
• Requirement: Protection against unauthorized access 

to the shore power management system.

• Verification: Both ports implement segmented
networks (VLANs) and encrypted authentication for
remote operations, aligning with IEC 62443-3-3 [7].

Assessment Note:
Genova: The 11kV configuration is optimized for large 
cruise liners requiring significant power for hotel loads 
while maneuvering. The low THD (<4%) ensures that 
the shore power does not disrupt sensitive navigation 
electronics on board, verifying the "Compatibility" 

requirement.
Shanghai: The 6kV system is designed for container 
vessels. The specific grounding configuration was chosen 
to match the common standards of the East Asian shipping 
fleet, ensuring interoperability.
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9.5 Chapter Summary: Constructing "Eco-Friendly" Energy Hubs

T his chapter traversed the full lifecycle of the
proposed energy hubs, from the "Cradle" analysis 

of embodied carbon, through dynamic interactions with 
marine ecosystems, to the rigid frameworks of safety and 
compliance. Through the in-depth research of the Port of 
Genova and Shanghai Port cases, we discovered that a 
true "Eco-friendly" energy hub is far from being a simple 
utility provide that provides green electricity. Rather, 
true sustainability is a multi-dimensional construct 
comprised of ecological integrity, safety compliance, 
and lifecycle resource efficiency.

Balancing the Carbon Ledger with 
Ecological Costs
The Lifecycle Assessment (LCA) in Section 9.2 offered a 
quantitative conclusion: the Energy Payback Times (EPBT) 
for both Genova (~1.5 years) and Shanghai (2~3year) are 
extremely short. This means that these facilities do not 
need to operate long before the carbon emissions saved 
by replacing fossil fuels have offset the carbon emissions 
generated during their construction. This high energy 
efficiency and carbon recovery speed might easily create 
an illusion that "unlimited expansion" of such assets is 
possible.
However, the ecological analysis in Section 9.3 acts as a 
necessary constraint,reminding us that technology does 
not operate in a vacuum. In Genova, the "Artificial 
Reef Effect," while increasing benthic biodiversity, also 
introduces the risk of colonization by invasive species; in 
Shanghai, despite the Substantial energy output, portions 
of generation efficiency must be sacrificed to "make way" 
for migrating birds or restricted to avoid interfering with 
the sturgeon's migration through acoustic limitations. These 
ecological constraint conditions tell us that the definition of 
"green" should not merely be black-and-white CO2 data, 
but must also include inclusivity and respect for the marine 
ecosystem. Therefore, the design of future energy hubs 
cannot pursue only the highest thermodynamic efficiency; 
it must be "biodiversity-inclusive."

Safety: The Cornerstone of the Social 
License
Section 9.4 further confirms that there is no green without 
safety. Without strict enforcement of regulations like the 
Seveso Directive (Seveso III) or the National Standard (GB 

50177), the introduction of high-risk assets like hydrogen 
production facilities would face insurmountable public and 
regulatory opposition.

• For Genova, safety is not merely a technical metric 
but a part of urban spatial justice. The rigorous
zoning and risk assessment based on the Seveso
Directive provide the legal and scientific basis for the 
port to operate these high-energy facilities in a densely 
populated area, allowing the public to understand and
accept their existence. 

• For Shanghai, safety embodies the power of
industrial standardization. By precisely adhering to
explosion-proof grades, material specifications, and
fire protection distances, the Chinese standard allows 
Shanghai to reduce accident probabilities to extremely
low levels even on a Substantial industrial scale. 

"In both cases, compliance is not a passive "checkbox" 
but an active design driver that shapes the physical 
layout of the hub, from pipeline routing to emergency 
refuge roads."

Towards a Comprehensive Definition of "Eco-Friendly
The ultimate conclusion of this chapter is that the future 
energy hub is a fusion of a "Cyber-Physical-Ecological 
System." It is a physical system because it has turbines 
and pipelines; it is a cyber system because it has smart 
grids and monitoring; and at the same time, it is an 
ecological system because its operations are directly 
constrained by natural rhythms like bird migrations 
and fish breeding.

Genova and Shanghai demonstrate two different paths to 
the future:
• “The Genova Model” is one of "Adaptation

and Integration." It cleverly integrates energy
production into existing infrastructure (breakwaters)
and actively adjusts operations to protect marine
life (e.g., breakwater ecological monitoring, EMF
avoidance). Its "Eco-friendly" status is defined by its 
seamless symbiosis with a complex urbanized marine
ecosystem.

• “The Shanghai Model” is one of "Scale and
Optimization." It leverages the vast spatial resources
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of the Yangtze Estuary to produce energy at a scale 
that outweighs local impacts and optimizes the energy 
mix (floating wind + solar) to maintain power quality. 
Its "Eco-friendly" status is defined by its Significant 
net-negative carbon potential and the responsible 
management of environmental risks inherent in large-
scale industrial deployment.

R egardless of the model adopted, both converge on a
critical requirement for rigorous data collection and 

adherence to international standards. Whether measuring 

the "Dilution Factor" of brine discharge, the "Harmonic 
Distortion" of shore power, or the "Energy Payback Time" 
of steel, the unifying theme is the transition from empirical 
engineering to evidence-based design. The successful 
realization of these energy hubs will depend not just on 
the physical construction of turbines and cables, but on 
the scientific rigor with which their lifecycle impacts are 
measured, mitigated, and verified. This represents the 
fundamental requirement of constructing truly "Eco-
friendly" energy hubs for the maritime future.
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Chapter 10: Research Conclusions and Future Outlook
10.1 Main Research Conclusions
This dissertation has undertaken a comprehensive examination of the decarbonization pathways for the cruise industry, 
traversing from the theoretical foundations of carbon emissions and alternative energy technologies to the practical 
engineering of large-scale energy systems in two distinct port environments. Through the empirical analysis of the Port of 
Genoa and the Port of Shanghai, and the subsequent design of bespoke energy hubs, this research has demonstrated that 
the transition to zero-carbon cruise operations is not merely a technological challenge, but a complex multidimensional 
problem requiring systemic integration of infrastructure, ecology, and economics. The conclusions derived from 
this study provide a roadmap for transforming cruise ports from passive logistics nodes into 
active, sustainable energy ecosystems.

10.1.1 Key Findings: Systemic Bridging of the "Power" and "Fuel" Gaps 
in Cruise Ports

A fundamental outcome of this research is the
identification and resolution of two critical 

deficiencies in the current cruise port infrastructure: the 
"Power Gap" and the "Fuel Gap." 

The empirical analysis in Chapter 5 revealed that as 
cruise ships grow larger and their hotel loads increase, 
existing port electrical grids are insufficient to handle 
the simultaneous berthing of multiple mega-cruise ships 
using high-voltage shore power. Simultaneously, the lack 
of infrastructure for alternative fuels—specifically green 
hydrogen and methanol—creates a significant barrier to the 
adoption of zero-carbon propulsion technologies.

The designs proposed for both Genoa and Shanghai 
successfully bridge these gaps through a systemic 
approach. For the "Power Gap," the research confirms that 
relying solely on the national grid is insufficient. Instead, 
the integration of distributed renewable energy sources—
offshore wind, wave energy, and floating photovoltaics—
coupled with energy storage and smart microgrid controls, 
provides the necessary baseload and peak shaving capacity. 
This approach transforms the port from a passive consumer 
of electricity into a proactive energy producer. 

• In the case of Genova, the integration of breakwater-
integrated wind and wave energy provides a localized 
baseload that alleviates pressure on the constrained
local grid. 

• In the case of Shanghai, the large-scale deployment
of offshore wind creates an "Energy Surplus"
that not only meets the high power demand of
cruise ships but also allows the port to function as a
regional energy exporter.

Regarding the "Fuel Gap," the research highlights that 
while battery-electric solutions are viable for peak 
shaving and short-duration zero-emission modes, deep-
sea decarbonization requires chemical fuels. The designs 
for both ports incorporate on-site green hydrogen 
production. By utilizing surplus renewable electricity to 
power electrolyzers, the proposed systems produce green 
hydrogen locally. This effectively bypasses the current 
lack of global hydrogen bunkering infrastructure, creating 
a closed-loop "Power-to-X" ecosystem. This systemic 
bridging of electricity and fuel supply chains ensures that 
cruise ports are ready for the next generation of fuel-cell or 
hydrogen-combustion vessels, thereby securing their long-
term operational viability.

298



Chapter 10: Research Conclusions and Future Outlook
Part III: Quantitative Evaluation and Outlook of the Design Proposals

10.1.2 Innovation Summary: The "Dual-Track" Energy Hub Model Based 
on Geographic Endowments

A central contribution of this study is the formulation
of a "Dual-Track" energy hub model. “This 

model asserts that there is no universal solution for 
decarbonizing cruise ports”;  rather, the optimal design 
is dictated by the specific geographic endowments 
and resource constraints of the port location. The 
comparative analysis of the Port of Genoa and the Port of 
Shanghai illustrates two distinct but equally effective tracks 
within this model.

1.The first track, exemplified by the Port of Genova, is 
the "Integrated Urban Adaptation" model. Genoa faces 
severe constraints: limited land area, complex topography, 
strict aviation radar restrictions, and lower wind energy 
density compared to the Atlantic. The innovation in Genoa’s 
design lies in "symbiotic integration." By embedding 
Vertical Axis Wind Turbines (VAWTs) and Resonant 
Wave Energy Converters (REWEC3) directly into the 
civil structure of the new breakwater, the design utilizes 
otherwise "dead" infrastructure to generate power. This 
track prioritizes high-value, space-efficient technologies 
over sheer volume. It demonstrates that for ports in dense 
urban environments with high tourism value, the strategy 
must focus on blending energy infrastructure seamlessly 
with the urban landscape to minimize social resistance and 
maximize land utility.

2.The second track, exemplified by the Port of
Shanghai, is the "Industrial Scale & Energy Export"
model. Unlike Genoa, Shanghai possesses vast marine
territories and strong offshore wind resources in the East
China Sea, but faces the challenge of massive aggregate
energy demand due to its status as a global logistics hub.
The innovation here is leveraging scale to create a new
economic model. The deployment of a 200 MW floating 
offshore wind farm transforms the port into a major
energy producer. The primary energy generation is “not 
merely for cruise consumption but for export to the
grid and industrial hydrogen production”. This track
utilizes economies of scale to lower the unit cost of energy,
making green hydrogen commercially viable. 
The "Dual-Track" model concludes that port
decarbonization strategies must be geographically
adaptive: “ports with abundant resources 
should pursue scale, while ports with 
limited space should pursue integration and 
symbiosis”.

T his research advances a fundamental shift in the
design philosophy of port energy infrastructure. 

Historically, energy facilities—power plants and fuel 
depots—were viewed as necessary industrial "intrusions"
that were typically segregated from port operations and 
public view due to noise, pollution, and negative visual 
impact. The designs proposed in Chapters 6 and 7 reverse 
this paradigm, moving towards "Landscape Symbiosis" 
and "Ecological Restoration."
The concept of "Landscape Symbiosis" is substantial in 
the Genoa design. The VAWTs are designed to be visually 

compatible with the urban skyline, and the energy trees in 
the inner harbor function as aesthetic art installations. The 
breakwater itself ceases to be merely a concrete barrier 
and becomes a functional energy generator. Similarly, in 
Shanghai, the choice to place high-voltage transformers 
and substations underground preserves the valuable 
surface space for passenger logistics, effectively hiding 
the heavy industry while delivering the service. This shift 
acknowledges that modern ports are also public spaces and 
city interfaces; energy infrastructure must contribute to the 
visual and functional quality of the environment rather than 

10.1.3 Design Paradigm Shift: From "Industrial Intrusion" to "Landscape 
Symbiosis and Ecological Restoration"
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T he economic and environmental evaluations in
Chapters 8 and 9 provide a rigorous validation of 

the proposed designs, demonstrating that while the two 
models differ significantly in their technological pathways, 
both possess long-term sustainability. However, the 
financial analysis reveals investment return profiles that 
contradict initial intuitions: "Small-scale integration" 
yields faster commercial returns, whereas "Large-scale 
industrialization" manifests as a long-term strategic 
asset.
1. Economic Viability: The Divergence between
Commercial Boutique and Strategic Utility
The Cost-Benefit Analysis (CBA) uncovers fundamental
differences in the investment logic between Genoa and
Shanghai:
• Port of Genoa ("Integrated Value" Model): Despite

the high unit cost associated with bespoke engineering 
(e.g., breakwater-integrated VAWTs), the economic
performance of the Genoa design is unexpectedly
robust. Driven by diversified revenue streams from
the "Green Premium" and "Tourism Value-Add,"
the project achieves a Static Payback Period of
10.3 years. Its 20-year Return on Investment (ROI)
stands at a substantial 94.5%. This indicates that the
Genoa model is essentially a "high-yield commercial 
investment," successfully achieving financial
closure in the medium term by transforming energy
infrastructure into tourism and brand assets.

• Port of Shanghai ("Strategic Scale" Model):
The Port of Shanghai demonstrates the power of
economies of scale, suppressing the unit capital cost
to $4,970/kW. However, due to the massive initial 
Capital Expenditure (CAPEX) of $1.055 billion
and the high Operational Expenditure (OPEX) of 
floating offshore wind, the Static Payback Period
is approximately 25.5 years. Over the standard 20-
year calculation cycle, the ROI is -21.6% (excluding
potential life extensions or additional subsidies).
Consequently, the Shanghai model should not be
viewed as a tool for short-term commercial profit,
but rather defined as a "national-level strategic
infrastructure investment." Its value lies in securing
energy independence, hedging against future industrial 
electricity price volatility, and serving as a cornerstone
for regional hydrogen logistics.

2. Environmental Performance: Rapid Recovery of 
Carbon Debt
The Life Cycle Assessment (LCA) provides a strong
environmental defense for these carbon-intensive
infrastructures. The study confirms that the energy systems 
in both ports not only achieve carbon neutrality during
operations but also rapidly repay the "carbon debt" incurred 
during construction:
• Energy Payback Time (EPBT): The Genoa design

10.1.4 Evaluation Results: Coupling of Economic Viability and Lifecycle 
Environmental Benefits
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detract from it.
Furthermore, the research integrates "Ecological 
Restoration" as a core design principle, but with a critical 
awareness of the specific risks identified in Chapter 9. 
While the concrete structures of the breakwaters and wind 
turbine foundations serve as artificial reefs, enhancing local 
benthic biodiversity in the soft-sediment environments 
of the Ligurian Sea, this benefit is not automatic. There 
are inherent "ecological risks," such as the potential 
colonization by invasive species in Genoa’s complex 
harbor environment or the risk of avian collisions with 
turbines in Shanghai’s migratory corridors. Therefore, true
"Ecological Restoration" is not a passive byproduct 

of construction but requires careful design and active 
management. It necessitates implementing specific 
mitigation measures—such as anti-fouling coatings, 
smart curtailment systems during migration seasons, 
and cable routing that avoids key habitats—to ensure the 
net ecological impact remains positive. This dialectical 
approach ensures that infrastructure development and 
ecological conservation are mutually reinforcing objectives 
rather than conflicting ones. Even the transmission 
cables are routed to minimize seabed fragmentation. This 
paradigm shift redefines the role of port authorities from 
stewards of concrete to stewards of the marine ecosystem.

300



achieves an extremely short EPBT of approximately 
1.46 years, benefiting from the adaptive reuse of the 
existing breakwater structure. The Shanghai design, 
due to the material intensity of floating wind platforms, 
has a slightly longer EPBT of approximately 2.0 to 3.0 
years.

• Net Positive Benefit: This implies that for the vast
majority (>90%) of their 20 to 30-year lifecycles, both
systems are generating a "net positive" ecological
benefit.

Conclusion: This study corrects the misconception that 
"larger scale equals faster returns." The evaluation results 
conclude that ：

“Port of Genoa represents a commercial 
success path leveraging "soft power" 
(branding/tourism) to support hard assets, 
suitable for space-constrained urban ports"

“Port of Shanghai represents a strategic path 
trading "scale for security," suitable for hub 
ports with strong industrial hinterlands.”

Chapter 10: Research Conclusions and Future Outlook
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S ynthesizing the technical, economic, and ecological 
findings of this thesis, Section 10.1.5 elevates the 

discussion from a comparative case study of two specific 
ports to a broader, generalizable theoretical framework. This 
research posits that the transition to zero-carbon cruise ports 
cannot follow a linear, prescriptive roadmap. Instead, it 
proposes the "Adaptive Pathways" theory as a robust 
theoretical lens for un   derstanding and guiding port 
decarbonization under complex, multi-dimensional 
constraints.
The core premise of the Adaptive Pathways theory is 
that there is no "silver bullet" or universal template for 
port decarbonization. A solution that works perfectly for 
Shanghai might prove ineffective in Genoa, not because 
of technological flaws, but because of a mismatch with the 
local "constraint space." This theory argues that successful 
decarbonization requires ports to function as adaptive 
organisms, dynamically selecting and combining strategies 
based on a unique profile of three critical dimensions: 
Geographic Endowment, Stakeholder Characteristics, 
and Hinterland Conditions.

Dimension 1: Geographic Endowment (The Resource-
Technology Coupling) The theory asserts that the 
primary driver of technological selection must be the 
natural resource profile of the port's location.
• Wind-Rich vs. Wave-Rich Profiles: Ports located in 

10.1.5 Theoretical Contribution: The "Adaptive Pathways" Theory for Port 
Decarbonization

high-wait areas (like Shanghai, utilizing the East China 
Sea) should pursue a "Scale Strategy." The abundance 
of wind justifies massive infrastructure investments, 
such as 200 MW floating wind farms, where the 
primary goal is maximizing volume for economic 
return and energy export.

• Constrained Profiles: Conversely, ports in
geographically constrained locations with lower
wind density but higher wave potential (like Genoa,
situated in the Ligurian Sea) must pursue a "Precision
Strategy." Here, the focus shifts from volume to
value. Breakwaters, existing vertical structures, and
wave energy converters become the primary tools. The 
theory emphasizes that in these contexts, technology
must be multi-functional—serving as both a protective
structure and a power generator—to justify the high
cost of limited space.

Dimension 2: Stakeholder Characteristics (The 
Social-Experience Coupling) The Adaptive Pathways 
theory introduces the often-overlooked dimension of 
passenger and community sensitivity. Cruise ports are 
not just industrial sites; they are gateways to tourism 
destinations.
• Experience Sensitivity: In ports where the cruise

experience is intimately tied to the visual landscape (e.g.,
Genoa’s historic port), decarbonization technologies
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T heoretical Synthesis: From Static Blueprint to 
Dynamic Evolution In conclusion, the "Adaptive 

Pathways" theory rejects the notion of a "Standard 
Port Model." It argues that port decarbonization is not 
a destination but a continuous process of adaptation. It 
provides a structured logic for port planners: diagnose the 
specific constraint profile (Geography, Stakeholders, 
Hinterland), and then select the appropriate track from 
the "Dual-Track" model (Scale vs. Integration). This 

theoretical contribution moves the field beyond the debate 
over specific technologies (e.g., "wind vs. solar") and 
towards a holistic framework for systemic integration. It 
empowers port authorities worldwide to formulate context-
aware strategies that are technically feasible, economically 
viable, and socially acceptable, ensuring that the transition 
to zero-carbon operations is resilient against future 
uncertainties.

The Adaptive Pathways Decision Matrix

Figure 10-1

must adhere to "Landscape Symbiosis." The theory 
suggests that in high-value tourism settings, visual 
intrusion is a significant risk factor. Technologies must 
be aesthetically integrated—such as VAWTs that 
mimic sculptural forms—to maintain the social license 
to operate.

• Industrial Functionality: In ports where throughput
and efficiency are the dominant metrics (e.g.,
Shanghai), the aesthetic load is lower, and the priority
shifts to operational reliability and throughput capacity.

Dimension 3: Hinterland Conditions (The Economic-
Logistics Coupling) Finally, the theory highlights the 
critical role of the port's hinterland in determining the 
viability of energy vectors, specifically green hydrogen.

• Industrial Absorption Capacity: A port with a
vast industrial hinterland capable of absorbing large
quantities of hydrogen (as potentially seen with
Shanghai’s industrial zones) can support large-scale,
centralized electrolysis. This creates a local economy of 
scale.

• Isolated or Urban Contexts: Ports surrounded by 
cities or lacking industrial demand (like Genoa) face
a "hydrogen utilization bottleneck." The Adaptive
Pathways theory suggests that in these scenarios, the 
port must create a "closed-loop" micro-economy, using 
hydrogen primarily for the ships and local port vehicles, 
rather than relying on external sales.

Chapter 10: Research Conclusions and Future Outlook
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10.2 Research Limitations and Future Outlook
While this research provides comprehensive designs and validations for the Ports of Genoa and Shanghai, it is conducted 
within the boundaries of current technological knowledge and available data. Understanding these limitations is essential 
for interpreting the results and guiding future inquiries.

T he primary limitation of this study lies in the
granularity of the available data. While Chapter 

5 utilized extensive operational data, the energy demand 
and wind resource modeling rely on statistical averages and 
historical datasets. The future performance of cruise ships, 
particularly the exact hotel loads of next-generation vessels 
(e.g., Royal Caribbean’s Icon class), involves uncertainty. 
Furthermore, the financial models in Chapter 8 rely heavily 
on projected cost reductions for emerging technologies, 
specifically floating offshore wind and wave energy 
converters. If the manufacturing costs for these technologies 
do not decrease at the anticipated rates—or if supply chain 
bottlenecks for electrolyzer materials persist—the projected 
payback periods and ROI figures could be significantly less 
favorable than predicted.
Technologically, the maturity assumption for wave 
energy is a notable uncertainty. The REWEC3 
technology proposed for Genoa is in the demonstration 

phase. Its actual performance in the specific hydrodynamic 
conditions of the Ligurian Sea, particularly regarding 
biofouling rates and maintenance requirements over a 20-
year lifespan, remains to be fully validated. Similarly, the 
operational reliability of PEM electrolyzers at sea-coastal 
facilities under continuous variable load conditions requires 
further long-term data.
Policy uncertainties also pose a limitation. The 
economic viability of both designs is highly sensitive to 
external factors such as the EU ETS carbon price and the 
subsidies available under China's "Dual Carbon" policy. 
A significant drop in carbon prices or a reduction in green 
energy subsidies would alter the business case, particularly 
for the Shanghai model which relies on grid arbitrage. 
Additionally, future regulations, such as potential bans on 
ammonia due to toxicity risks, or stricter regulations on 
offshore electromagnetic fields, could force re-engineering 
of the proposed designs.

L ooking beyond the immediate engineering solutions
and the "Adaptive Pathways" theory, this research 

proposes a transformative vision for the ultimate evolution 
of cruise ports. While current industry discourse focuses 
heavily on "Green Shipping Corridors"—essentially 
ensuring zero-emission fuel supply between specific 
ports (e.g., Shanghai to Los Angeles)—this study argues 
that this definition is too narrow. The future of the 
cruise port is not merely a transit point for green fuel; it 
is the evolution of the port into a "Energy-Experience 
Complex".

The Role Redefinition: From Transport Node to 
Destination Hub The traditional model views a cruise 
port as a "Transport Node"—a logistical infrastructure 
where ships berth, passengers disembark, and goods 

are loaded. In this model, energy is a utility cost. The 
proposed future vision redefines the cruise port as a holistic 
"Energy-Experience Complex." In this new paradigm, 
the port itself becomes a destination, an energy factory, 
and an educational hub, merging the functions of industrial 
production with high-end tourism and public education.

1. The Port as a Tourist Attraction (Industrial Tourism)
Future cruise terminals will leverage their energy
infrastructure as unique tourist assets. Much like the
aesthetic integration seen in the Genoa design, ports will
actively showcase their sustainability features.
• Energy as Landscape: Wind turbines and solar

arrays will be designed not just for efficiency but
as iconic landmarks. Visitors will be able to walk
along "Energy Breakwaters" where the rhythmic

10.2.1 Limitations: Data Granularity, Technology Maturity Assumptions, 
and Policy Uncertainties

10.2.2 Future Outlook: From "Green Corridors" to the "Energy-
Experience Complex"
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motion of wave energy converters is part of the visual 
experience.

• Immersive Engagement: The "black box"
of energy production will be opened up. Cruise
passengers will be able to tour hydrogen production
facilities, view real-time carbon reduction dashboards
in the terminal, and even dine in restaurants powered
entirely by the wind and waves harvested meters away. 
This transforms the "industrial intrusion" into a
"technological wonder," enhancing the overall cruise 
experience.

2. The Port as an Eco-Educational Base
The cruise industry faces scrutiny regarding its
environmental impact. By transforming ports into
educational platforms, the industry can proactively address
this.
• Living Laboratories: Future ports will serve as

"Living Laboratories" for sustainability. Interactive
museums and educational centers within the terminal
will explain the "Power-to-X" cycle, showing
passengers how water is split into hydrogen to fuel
their ship.

• Building the "Social License": By making the
decarbonization process visible and understandable to
the public, ports foster a deeper emotional connection
between the passenger, the port, and the sustainability
mission. This educational role is crucial for securing

the long-term social license to operate for large-scale 
maritime infrastructure.

3. The Port as an Integrated Energy Producer
Finally, the "Energy-Experience Complex" implies a total
integration of energy generation into the urban fabric.
• Symbiosis with the City: The port will no longer be

an passive consumer on the city grid but a symbiotic
partner. During the day, the port exports surplus clean
energy to the city; at night, it draws power for ship
preparation.

• The Circular Economy: The complex will manage
waste and resources in a closed loop. Organic waste
from cruise ships and local restaurants could be
processed into biogas, complementing the green
hydrogen production.

T his vision of the "Energy-Experience Complex"
represents the ultimate maturation of the 

"Landscape Symbiosis" paradigm. It signifies a future 
where the transition to zero-carbon operations does not 
just preserve the environment but actively enhances the 
economic and cultural value of the port. Future research 
should therefore focus not just on the technicalities of 
fuel logistics, but on the architectural, urban planning, 
and sociological frameworks required to build these 
complex, multi-functional spaces.
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The complexity of the proposed energy hubs—balancing 
volatile offshore wind power, fluctuating cruise ship loads, 
battery storage states, and hydrogen production schedules—
necessitates a leap in control system intelligence. Future 
research must prioritize the integration of Artificial 
Intelligence (AI) and machine learning into the 
operational management of these ports.

The vision for the future port is a "Virtual Power Plant" 
(VPP) managed by a centralized AI. This system 
would utilize predictive analytics to coordinate the 
"Source-Grid-Load-Storage" ecosystem in real-time.
For example, the AI would analyze weather forecasts and 
AIS data to predict wind power availability and vessel 
arrival times hours in advance. It would then automatically 
schedule battery charging or initiate hydrogen production 
to absorb surplus wind. During peak ship berthing, the AI 
would seamlessly discharge batteries and manage power 
flow from multiple sources to ensure grid stability, without 
human intervention.

Moreover, AI-driven "Digital Twin" technology should be 
explored. Creating a full digital replica of the port’s energy 

system would allow operators to simulate scenarios—such 
as typhoon impacts or simultaneous arrival of multiple 
mega-ships—and train the control algorithms before they 
happen. This is particularly important for the safety-critical 
coordination of hydrogen bunkering and high-power shore 
connections. The future of zero-carbon cruise ports lies 
not just in the hardware of turbines and cables, but in 
the "soft infrastructure" of intelligent software that 
optimizes the flow of clean energy.

In conclusion, this dissertation demonstrates that the
journey toward zero-carbon cruise shipping is 

feasible but requires moving beyond isolated technological 
fixes. It demands a holistic transformation where ports 
become integrated energy hubs, adapting their strategies to 
geographic and ecological realities. The designs for Genoa 
and Shanghai serve as initial blueprints for this new era of 
sustainable maritime infrastructure. By continuing to refine 
these "Adaptive Pathways" and integrating advanced 
AI management, the maritime industry can successfully 
navigate the complex transition to a green future, ensuring 
the viability of cruise tourism for generations to come.

10.2.3 AI Outlook: AI-Driven Dynamic Coordination of "Source-Grid-
Load-Storage"
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• Commercial Ship: Yang Ming Marine Transport – Concept and construction design
for living areas of container vessels.

• Offshore Platform: Petrobras P550, Pemex Jack-up Rig – Accommodation design,
outfitting, and construction administration, satisfying IMO/SOLAS.

• Special Vessels: 85,000 cbm VLEC, Deepwater Seismic Vessel – Deck equipment
outfitting, accommodation design, and construction supervision. Project management
of complex deck machinery and equipment installation.

• Architectural: Hilton Hotel (Taizhou), CCCC South HQ – Interior design for public
areas, cabin areas, and offices utilizing high-end materials.
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