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Abstract 

The maritime industry is shifting toward sustainability to help combat climate change, 

given the sector’s significant contribution to global greenhouse gas emissions. This 

study focuses on the strategic integration of hydrogen fuel—a zero-emission 

alternative—into inland waterway transport systems. We recognize the operational 

characteristics of inland shipping networks and the complexities of two-stage financial 

planning. Consequently, we propose a two-stage stochastic framework for the 

deployment of hydrogen refueling hubs, taking into account financial uncertainties in 

the future. This approach contrasts with a myopic strategy and a two-stage deterministic 

framework, addressing both immediate financial constraints and future uncertainties. 

We focus on the Yangtze River’s shipping network as a case study, and our analysis 

validates the superior performance of our proposed two-stage stochastic strategy. This 

suggests its potential to accommodate volatile future financial uncertainties while 

ensuring the economic and operational viability of hydrogen integration. 
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1. Introduction 

Fossil-fueled shipping significantly contributes to global warming by emitting 

substantial quantities of greenhouse gases (GHG) such as carbon dioxide (CO2) and 

methane (Faber et al., 2021). In 2018, shipping emissions amounted to an alarming 

1,056 million tons of CO2, making the shipping sector a larger global emitter than all 

but the top five countries (Tay et al., 2023). Although these CO2  emissions are 

concerning, the shipping sector also emits methane, which is a GHG many times more 

potent than CO2 (Boucher et al., 2009). Roughly a quarter of global warming since the 

pre-industrial era can be attributed to methane, and thus its mitigation should be 

prioritized in global efforts to combat climate change. 

The International Maritime Organization (IMO) developed an initial strategy to 

reduce GHG emissions from conventional shipping in April 2018 (Joung et al., 2020). 

This suggests the adoption of alternative, low-emission fuels in the long run. Four 

potential clean energy replacements for fossil fuels in shipping have been identified: 

hydrogen, ammonia, methanol, and liquefied natural gas (Gore et al., 2022; Seddiek et 

al., 2023). Of these, hydrogen and ammonia stand out due to their carbon-free properties 

(Zhou et al., 2020; Anderson et al., 2015; Laval et al., 2020; Lewis, 2021; Fridell et al., 

2021; Cullinane et al., 2023).  

Hydrogen, when combusted in an internal engine, produces only water as a 

byproduct. In contrast, the harmful emissions from burning ammonia include nitrous 

oxide (N2O), nitrogen dioxide (NO2), and unburned ammonia (Duynslaegher, 2011; 
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Wang et al., 2015; Shen et al., 2016). In addition to the direct environmental benefits, 

hydrogen fuel poses fewer environmental risks than ammonia if spilled and directly 

eliminates the need to produce complex intermediaries like ammonia, methanol, and 

methane, thus reducing energy loss. Hydrogen is therefore the most sustainable and 

favorable future zero-emission alternative (Bach et al., 2020). 

However, hydrogen fuel’s lower energy density coupled with the limited capacity 

of ships’ fuel tanks demands more frequent refueling over long distances. Consequently, 

our research focuses on inland waterways, which have shorter sailing legs compared to 

international shipping routes and are better suited for hydrogen use. To encourage wider 

adoption of hydrogen in maritime operations, our study concentrates on the most 

frequently used shipping routes, aiming to integrate hydrogen energy in a manner that 

aligns with these existing operational patterns. 

Moreover, the development of hydrogen refueling infrastructure brings substantial 

financial considerations. Constructing refueling hubs requires significant capital 

investment, and the planning of these projects is often complicated by the uncertainties 

regarding future funding. Therefore, governments might consider a phased 

implementation strategy, taking into account these financial constraints and 

uncertainties, as suggested by Brown et al. (2006). 

In response to these challenges, we propose a two-stage approach to deploying 

hydrogen refueling hubs. This can address the immediate economic pressures and 

optimize resource utilization while considering the unpredictability of future funding. 
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To navigate this two-stage issue, we compare three strategic approaches: a myopic 

strategy, a two-stage deterministic strategy, and a two-stage stochastic strategy. Our 

analysis reveals that the two-stage stochastic strategy outperforms the others, thus 

offering viable solutions for the current stage while effectively accounting for future 

uncertainties. 

2. Literature Review 

Green shipping research, emphasizing technological solutions to air pollution, has 

been popular for over a decade (Kosmas et al., 2017; Shi et al., 2018; Yu et al., 2021; 

Chua et al., 2023). While the majority of these studies concentrate on international 

shipping, there is a scarcity of research addressing inland shipping (Raucci, 2017; 

Thepsithar et al., 2020; McKinlay et al., 2021). Within the realm of green shipping, 

hydrogen has been recognized as a promising alternative energy source, offering 

environmental benefits and efficient energy utilization, thereby presenting viable 

solution for mitigating GHG emissions from the shipping industry (Atilhan et al., 2021). 

The development of hydrogen refueling stations has received considerable attention, 

mainly focus on their application in fuel cell electric vehicles and the strategic planning 

of hydrogen refueling station networks within urban areas (Apostolou et al., 2019; Rose 

et al., 2020; Kuvvetli 2020; Hernández et al., 2021). However, a handful of research 

papers (Baykara, 2018; Leonida, 2020; Cetinkaya et al., 2012; Parkinson et al., 2019) 

have delved into the application of hydrogen in the maritime sector. These studies cover 

a range of aspects including production methods, techno-economic analysis, safety 
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considerations, and storage solutions, collectively affirming the feasibility of using 

hydrogen energy in the shipping industry. Nonetheless, there remains a noticeable gap 

in the literature, particularly concerning practical guidance for governments and 

investment enterprises. This study aims to bridge this gap by focusing on the strategic 

implementation of hydrogen hubs, optimizing their use, and minimizing associated 

costs in the context of inland shipping. This approach not only provides practical 

insights for policy makers but also enriches the research on inland shipping within the 

scope of green shipping, thereby facilitating the effective integration of hydrogen 

energy into the shipping industry. 

This research addresses the logistical challenges of deploying hydrogen refueling 

hubs within inland water transportation, and particularly about hub location problems 

(HLP). Goldman (1969) first examined HLPs, and they remain an active research area 

(Alumur et al., 2008; Campbell et al., 2012; Farahani et al., 2013; Zheng et al., 2018; 

Fadda et al., 2020; Zheng et al., 2022). Correspondingly, the shipping industry mainly 

solves network design issues. Sun and Zheng (2016) developed a probabilistic model 

to identify potential hub locations in global shipping networks, while Zheng et al. (2018) 

explored the global HLP for liner shipping, taking into account cluster structures. Zheng 

and Yang (2016) addressed the design of a liner wheel-spoke network for inland 

navigation, which is also an HLP. These traditional HLPs typically concentrate on 

identifying hub locations before formulating shipping networks and schedules. 

However, the deployment of hydrogen hubs for inland water systems presents a 
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different scenario. Unlike global shipping routes, subject to geopolitical complexities 

and requiring multinational consensus, inland waterways offer a more controlled setting 

for prompt implementation. Moreover, the deployment strategy for hydrogen hubs in 

this sector must consider routes with high-frequency usage to encourage widespread 

adoption of hydrogen energy by ships. This requires a nuanced approach, in which the 

location of hydrogen hubs should align with the operational patterns of the ships. This 

aspect sets it apart from the conventional HLP, where infrastructure design is primarily 

shipping-network-based. To date, this issue has not been extensively explored, posing 

a significant challenge to our study.  

We address the financial and practical challenges of constructing hydrogen 

refueling hubs in maritime transport and highlight the current impracticality of 

equipping all ports with such facilities due to the significant capital costs and potential 

funding uncertainties. Ports along shipping routes cannot be simultaneously outfitted 

with hydrogen refueling infrastructure, especially given the constrained financial 

resources and the uncertain forecast of future investment. These factors are central to 

strategies for the rollout of hydrogen infrastructure. The notion of provider-side 

uncertainty, as categorized by Shen et al. (2011), is particularly relevant to our research. 

This encompasses the unpredictability of future financial support along with other 

factors that contribute to the complexity of infrastructure planning. Nickel et al. (2012) 

developed a multi-stage programming model to manage uncertain demand and returns 

in facility layout. Albareda-Sambola et al. (2013) introduced a fix-and-relax 
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coordination approximation procedure to tackle multi-period facility location problems 

involving uncertainties in costs and customer service requests. Escudero et al. (2018) 

extended this research by specifically designing two mathematical heuristics 

specifically designed for such problems. Our study aims to address provider-side 

uncertainty in deploying hydrogen refueling hubs, considering their integration within 

shipping networks. The models we propose are robust and nuanced and are engineered 

to navigate and mitigate future uncertainties. By doing so, we render solutions that are 

not only effective in the current financial landscape but also resilient and flexible in 

their responses to future fiscal conditions. 

2.1 Contributions 

This study makes three main contributions to the literature: 

(1) We combine the strategic intent for hydrogen energy use with its practical 

implementation in the maritime sector through a pioneering reference model. By 

offering a comprehensive approach to embedding hydrogen energy at the strategic level, 

this study not only identifies the implementation pathway but also sets a precedent in 

terms of energy integration, which can be extended across the industry. 

(2) We introduce a novel model for deploying hydrogen refueling hubs, specifically 

designed for the inland water transportation networks. This model is meticulously 

designed to synchronize with the regular service patterns prevalent in these networks. 

By doing so, it ensures that the deployment of hydrogen hubs integrates smoothly with 

existing shipping operations, maintaining uninterrupted service. A key feature of our 
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approach is the use of an arc-based deployment method. This method strategically 

positions hydrogen hubs by considering the interactions between network flows and 

refueling activities. Additionally, our model can be modified to consider other 

renewable resources beyond hydrogen by considering their different characteristics, 

potentially enabling ports to adopt various energies. This positions ports as 

comprehensive energy nodes, supporting the shipping industry’s shift towards 

sustainability. It is also noteworthy that the majority of research in green shipping has 

primarily focused on international shipping, often neglecting the nuances of inland 

waterway transportation. Hence, our study makes a contribution to the literature by 

focusing on the application of green energy and technology transition within the realm 

of inland waterway transportation. 

(3) In addressing the planning issues for hydrogen refueling infrastructure, we 

propose three distinct strategies: a myopic framework, a two-stage deterministic 

framework, and a two-stage stochastic planning framework. The myopic framework 

overlooks the impact of current decisions on future decisions. Although the two-stage 

deterministic framework accounts for the influence of current decisions, it fails to 

acknowledge the uncertainties in future decision making. On the other hand, the two-

stage stochastic planning framework encompasses all the aspects, offering a 

deployment process that is resilient against potential financial instabilities. This 

framework presents a thorough, forward-thinking planning approach that alleviates 

immediate financial burdens, equipping the maritime industry to efficiently confront 
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future financial challenges. Consequently, this framework aids in establishing and 

managing energy hubs within the maritime sector, fostering a gradual transition towards 

renewable energy sources. 

The remaining sections of this paper are structured as follows. Section 3 presents a 

detailed description of the problem under consideration. In Section 4, we formulate 

three strategies to tackle the hydrogen hub deployment problem with uncertain future 

funding. In Section 5, we report the results obtained from the strategies and present a 

comparative analysis. Section 6 concludes the paper. 

3. Problem Description 

3.1. Characteristics of Hydrogen Hub Deployment in Inland Waterways 

In the realm of inland water transportation, the development of hydrogen refueling 

hubs entails unique challenges. These are underscored by the low energy density of 

hydrogen fuel and the limited bunker capacity of vessels, necessitating more frequent 

refueling over long distances. The strategic deployment of these hubs in international 

shipping networks involves decision makers from various nations. Before investigating 

the hydrogen hub location problem for international ports which should consider 

competition and cooperation among multi-national investors, our research concentrates 

on inland waterways which only has a single decision maker. Given this context, while 

hydrogen fuel emerges as a feasible option for inland navigation, its practical 

application should consider following aspects: 
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(1) Significant financial outlay: The establishment of hydrogen refueling hubs 

involves considerable capital investment (Baronas et al., 2018). Given this high cost, it 

becomes impractical to outfit all existing ports with hydrogen refueling hubs 

simultaneously. This constraint necessitates a more strategic approach to deployment, 

balancing financial resources with the pressing need for infrastructure development. 

(2) Inherent uncertainties: The phased deployment strategy, while necessary, 

introduces uncertainties. Each phase faces different financial limitations and varying 

costs of installation. Moreover, the deployment of future hubs is influenced by the 

locations of existing ones, creating a complex network of dependencies. This 

necessitates a flexible and adaptive planning process, capable of responding to evolving 

financial and logistical realities. 

(3) Strategic planning: Facilitating the increased utilization of hydrogen energy in 

maritime operations necessitates a strategic approach to planning hydrogen refueling 

infrastructure. Our initial planning is conducted based on existing high-frequency 

shipping routes. By strategically aligning the refueling hubs with established shipping 

patterns, this approach ensures not only the effective fulfilment of current demands but 

also encourages the wider adoption of hydrogen as an alternative fuel source. 

3.2. Arc-based Shipping Network 

This study investigates strategies to establish hydrogen refueling hubs at ports, with 

the aim of maximizing the number of hydrogen-powered ships along the inland water 

system, given the limited construction resources. 
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Inland waterways primarily consist of ports located alongside rivers, known as 

“physical ports”. We denote these ports by 𝑝 ∈ 𝐏, where 𝐏 is the set of such physical 

ports. When a ship transports cargoes between two or more physical ports, a shipping 

route is defined. We assume that each port on a shipping route facilitates cargo loading 

and unloading. Each route is denoted by 𝑟, and the complete set of routes is represented 

as 𝐑 (i.e., 𝑟 ∈ 𝐑).  

For hydrogen refueling hubs to be implemented effectively, it is imperative that 

they be closely integrated with the existing physical ports. This integration is crucial 

for aligning with established shipping patterns, thereby enabling a greater number of 

ships on busy routes to utilize hydrogen energy. Consequently, “hydrogen-energy-

capable routes” are defined as those where ships can complete their entire journey using 

hydrogen energy. Routes that necessitate a mix of hydrogen and traditional fuels do not 

fall under this definition, as the technical complexities, environmental regulations, and 

economic factors involved in switching fuel types of mid-voyage are significant barriers 

(Sürer et al., 2022).  

During a voyage, ships may dock at a given physical port more than once. Every 

docking of a voyage is referred to as a “port of call”, which we denote by 𝑖. The set of 

these ports of call for a given route 𝑟 is expressed as 𝐈𝑟 , such that 𝑖 ∈ 𝐈𝑟. To elucidate 

the relationship between 𝑟 (𝑟 ∈ 𝐑) , 𝑖 (𝑖 ∈ 𝐈𝑟) , and 𝑝 (𝑝 ∈ 𝐏) , we introduce the 

following example. 
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Example 1. As illustrated in Figure 1, four distinct physical ports are situated along the 

river: A, B, C, and D. The distances between these physical ports along the river are 

given in nautical miles (nm). Three shipping routes emerge from these ports: Routes 1, 

2, and 3. Route 1 connects the ports in the sequence A, C, D, B, and then back to A. 

Route 2 follows the sequence B, C, D, returns to C, and concludes at B. Route 3 follows 

the sequence C, D, and then concludes at C. Each port on every route is visited weekly 

except port C on Route 2, which has two weekly visits. Consequently, Route 1 

comprises four ports of call (stops), labeled as 1 (A); 2 (C); 3 (D); and 4 (B). Route 2 

has the same number of ports of call: 1 (B); 2 (C); 3 (D); and 4 (C). Route 3 comprises 

two ports of call: 1 (C) and 2 (D).  

 

 

Figure 1. Illustration of physical ports and ports of call. 

 

The segment of a shipping route between two consecutive ports of call is referred 

to as a leg. We denote the maximum distance a ship can travel on a full hydrogen charge 

as 𝐿. For routes navigable exclusively using hydrogen energy, each route 𝑟 ∈ 𝐑, must 
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satisfy a specific criterion: the distance of every individual shipping leg of route 𝑟 

should be less than 𝐿. 

Given the circular nature of the route, the shipping distance between any two ports 

of call in the shipping direction necessitates the consideration that it should consider 

two consecutive round shipping voyages. For instance, in Example 1 on Route 1, the 

shipping distance from the 3rd to the 2nd port of call in the shipping direction should 

be the sum of distances of shipping legs D–B, B–A, and A–C. To accommodate this 

feature, we introduce the function 𝑓𝑟(𝑖′′) (where 𝑖′′ ∈ {𝑖, 𝑖 + 1, … , 𝑖′ − 1}), which 

will be used to facilitate the representation of shipping legs from a port of call 𝑖 to 

another port of call 𝑖′ (where 𝑖′ ≠ 𝑖 and 𝑖′ ∈ 𝐈𝑟 ) within the direction of route 𝑟. 

𝑓𝑟(𝑖′′) is defined as follows: 

𝑓𝑟(𝑖′′) = (𝑖′′ − 1)mod|𝐈𝑟| + 1.                                                        

Given this expression, the shipping legs involved from port of call 𝑖 to another port of 

call 𝑖′ on route 𝑟 can be represented as 

{𝑓𝑟(𝑖), 𝑓𝑟(𝑖 + 1), … , 𝑓𝑟(𝑖′ − 1)}. 

Concurrently, the distance from the port of call 𝑖 to the next port of call 𝑓𝑟(𝑖 + 1), i.e., 

the length of shipping leg 𝑖, is denoted as 𝑙𝑟𝑖. Thus, the distance from port of call 𝑖 to 

another port of call 𝑖′ can be represented as the cumulative distance of the intermediate 

shipping legs: 𝑙𝑟𝑓𝑟(𝑖) + 𝑙𝑟𝑓𝑟(𝑖+1)+. . . +𝑙𝑟𝑓𝑟(𝑖′−1). 
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Example 2 (continued). Consider Route 1 in Figure 1 where |𝐈𝑟| = 4. For 𝑖 = 3, we 

have 𝑖′ = 4, 1, 2 . Applying the function 𝑓𝑟(𝑖′)  yields the following traveling 

distances between two ports of call: 

⚫ From port of call 𝑖 = 3 to 𝑖′ = 4: 𝑙𝑟𝑓𝑟(3) = 300 nm;  

⚫ From port of call 𝑖 = 3 to 𝑖′ = 1: 𝑙𝑟𝑓𝑟(3) + 𝑙𝑟𝑓𝑟(4) = 500 nm;  

⚫ From port of call 𝑖 = 3 to 𝑖′ = 2: 𝑙𝑟𝑓𝑟(3) + 𝑙𝑟𝑓𝑟(4) + 𝑙𝑟𝑓𝑟(1) = 900 nm.  

Recall that 𝐑 is the set of “hydrogen-energy-capable routes” and 𝐿 indicates the 

maximum distance a ship can sail on a full hydrogen charge. We can thus separate 𝐑 

into two mutually exclusive and complementary subsets 𝐑1 and 𝐑2 depending on 

whether the total distance of a round voyage for a route is less than or equal to 𝐿. 𝐑1 

comprises routes with total distances no greater than 𝐿: 

𝐑1 = {𝑟 ∈ 𝐑| ∑ 𝑙𝑟𝑖
𝐼𝑟
𝑖=1 ≤ 𝐿}. 

For any route in 𝐑1, a single hydrogen hub positioned anywhere along the route can 

ensure that the entire trip is hydrogen-powered. In contrast, 𝐑2 contains the remaining 

routes: 𝐑2 = 𝐑 − 𝐑1, and the approach for establishing hubs on these routes is distinct.  

Since the deployment of hydrogen hubs hinges on the integration with existing 

physical ports and established shipping routes, we introduce the concept of an “arc” to 

assess the feasibility of designating routes as “hydrogen-energy-capable routes” post 

the installation of hydrogen hubs. For any given route 𝑟 ∈ 𝐑2, we define arc 𝑎𝑟𝑖𝑖′  as 

the transportation path from port of call 𝑖 to 𝑖′ (𝑖′ ≠ 𝑖 ∈ 𝐈𝑟). The set of arcs for route 
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𝑟 ∈ 𝐑2, originating from port of call 𝑖, in the direction of shipping, to port of call 𝑖′ 

(where 𝑖′ ≠ 𝑖 and 𝑖′ ∈ 𝐈𝑟), with a total distance less than 𝐿, is given by 

𝐀𝑟𝑖 = {𝑎𝑟𝑖𝑖′|𝑖′ ≠ 𝑖, 𝑖′ ∈ 𝐈𝑟 , ∑ 𝑙𝑟𝑖′′
𝑓𝑟(𝑖′−1)
𝑖′′=𝑖 ≤ 𝐿} , 𝑖 ∈ 𝐈𝑟 , 𝑟 ∈ 𝐑2. 

Here, 𝐀𝑟𝑖 is the set of viable arcs on route 𝑟 (𝑟 ∈ 𝐑2) that a ship, if refueling at the 

port of call 𝑖 with hydrogen, can travel. Therefore, if a hydrogen refueling hub is 

deployed at port of call 𝑖, 𝐀𝑟𝑖 defines the arcs that are accessible, i.e., feasible arcs, 

after hydrogen refueling from that port. Consequently, the collective set of all feasible 

arcs on route 𝑟 is represented as 

𝐀𝑟 =∪𝑖=1,2,...,𝐼𝑟
𝐀𝑟𝑖. 

Therefore, in order to make a route 𝑟 ∈ 𝐑2 entirely viable for hydrogen propulsion, 

the selection of ports for the establishment of refueling hubs must be strategic: the 

combined arcs in 𝐀𝑟 originating from the chosen hubs should encompass the entire 

route 𝑟. This ensures that ships traversing route 𝑟 have access to hydrogen refueling 

at strategic ports, allowing for an uninterrupted hydrogen-powered voyage. 

Example 3 (continued). Referring to Figure 1, consider 𝐿 = 400 nm. The traveling 

distance of the round voyage for Route 3 is 100 nm, which is less than 𝐿. Therefore, 

Route 3 belongs to 𝐑1. In contrast, for Routes 1 and 2, their respective total distances 

exceed 𝐿, and thus they are classified as 𝐑2. Take Route 1 an example, the set of 

feasible arcs for Route 1 is denoted as 𝐀1 = 𝐀11 ∪ 𝐀12 ∪ 𝐀13 ∪ 𝐀14, where 𝐀11 =

{𝑎112}, 𝐀12 = {𝑎123, 𝑎124}, 𝐀13 = {𝑎134}, and 𝐀14 = {𝑎141} represent specific sets 

of viable arcs starting from each port of call on Route 1, as shown in Figure 2 (a). Arcs 
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𝑎112,  𝑎124,  𝑎141 in Route 1 are able to cover the entire route as shown in Figure 2 (b), 

and we can establish hydrogen fueling hubs at ports of call 1 (A), 2 (C), and 4 (B) to 

ensure that Route 1 is entirely viable for hydrogen propulsion. Furthermore, arcs 𝑎112,

𝑎123,  𝑎134,  𝑎141 in Route 1 can also cover the entire route as shown in Figure 2 (c), 

and we can alternatively establish hydrogen fueling hubs at ports of call 1 (A), 2 (B), 3 

(C), and 4 (D), further ensuring that Route 1 is entirely viable for hydrogen propulsion.  

 

 

Figure 2. Illustration of viable arcs in Route 1. 

 

3.3. Two-Stage Hydrogen Hub Deployment Problem with Uncertainty 

Our arc-based formulation provides insight into the hydrogen-oriented inland 

shipping network. However, the uncertainty of funding for the deployment of hydrogen 

hubs in ports is a significant challenge in our research. Establishing a hydrogen hub 

demands substantial investment, and governments are unlikely to commit large lump 

sums up front. A phased investment approach is therefore often favored, but this brings 

the challenge of predicting future funding, which can be particularly difficult given the 

ever-changing financial landscape and rapid technological advances. Thus, the 
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unpredictability of future funding is a major concern. Failing to account for such 

uncertainties during the initial planning can lead to inefficient resource allocation in the 

subsequent stages of hydrogen energy deployment, risking potential resource wastage. 

We further investigate this challenge with another example. 

Example 4 (continued). Following on from the introduction, Figure 1 indicates that:  

⚫ For Route 1 to be deemed “hydrogen-energy-capable”, we must select arcs 

𝑎112, 𝑎124, and 𝑎141 to cover the entire route. Consequently, hydrogen refueling 

hubs must be established at ports of call 1, 2, and 4, corresponding to physical ports 

A, C, and B. 

⚫ For Route 2, two potential arc sets, {𝑎212, 𝑎224, 𝑎241} and {𝑎223, 𝑎232}, are viable 

for covering the entire journey. Hydrogen fueling hubs must be established either 

at ports of call 1, 2, and 4 or solely at ports of call 2 and 3. These translate to 

physical ports B and C (since ports of call 2 and 4 corresponds identically to the 

physical port C), or C and D. 

⚫ As Route 3 belongs to 𝐑1, it offers the flexibility to establish a hub at either port 

C or D. 

We can then assume three ships operate on Route 1, while Routes 2 and 3 are 

traversed by two ships each. The government currently has resources to deploy two 

hydrogen refueling hubs, with provisions to deploy an additional hub in a second stage. 

Without accounting for potential future funding, the immediate construction plan could 

include hubs at either ports B and C or ports C and D. This decision would enable 
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Routes 2 and 3 to operate on hydrogen, accommodating four ships in total. However, if 

the present deployment focuses on ports B and C, and future funding materializes, a 

hub at port A becomes feasible. This addition will render Route 1 “hydrogen-energy-

capable,” thus facilitating all seven ships to utilize hydrogen. Conversely, with the 

current commitment to ports C and D, Route 1 remains incompatible with hydrogen 

energy, irrespective of future port developments. When we consider the anticipated 

future funding, it becomes evident that a comprehensive strategy is required. Neglecting 

potential resource availability during the two-stage plan can be regarded as myopic, 

leading to sub-optimal resource allocation. 

Example 4 emphasizes the ripple effects of current deployment decisions on future 

hydrogen hub projects. Given the unpredictability of future funding across various 

scenarios, our research focuses on identifying the most suitable ports for hydrogen hub 

establishment, with the goal of optimizing the transition of ships to hydrogen fuel. This 

is a complex task. The decisions made not only set the stage for further operations but 

are also clouded by the uncertainty of future funding. This volatility adds depth to our 

decision-making process: our immediate choices will influence both the short-term 

results and long-term strategies. Our decisions may either facilitate or block paths for 

future opportunities, and potential future developments can influence the decisions 

made. This combination of present choices, future uncertainties, and forthcoming 

decisions necessitates a comprehensive exploration of decision-making models, to 

ensure they can address this multifaceted scenario. 
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The uncertainty surrounding future developments in hydrogen refueling 

infrastructure primarily hinges on two key components: the cost of deploying hydrogen 

refueling hubs and the availability of funds for their deployment. The deployment cost 

is largely influenced by advancements in technology; as technological level improves, 

we can anticipate a gradual reduction in these costs. The availability of funds for the 

deployment of these hubs is contingent upon governmental budgeting and funding 

strategies. The interplay between these two factors, specifically the ratio of available 

funds to the deployment cost, critically determines the feasible number of hydrogens 

refueling hubs that can be deployed in the future. It is our assertion that the maximum 

number of hydrogens refueling hubs deployable in the future follows a discrete 

distribution, reflecting the combined impact of these two variables. 

Before formulating the mathematical models, we further make the following 

assumptions: 

(1) The shipping network, including routes and ports, is already determined. 

(2) Ships on each route are homogeneous, with a fixed hydrogen refill capacity and 

a maximum distance achievable post-refueling. 

(3) A ship maintains a constant speed. From the governmental perspective, the ship 

sailing speed can be represented by average speed across the shipping network. The 

time and costs of refueling with hydrogen are negligible, and refueling often coincides 

with cargo handling. When compared to the substantial investment in hydrogen hub 

construction, such minor expenses can be overlooked. 
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(4) The maximum number of hydrogen hub construction at present is known and 

derived from evaluating the current financial resources and construction cost. 

(5) The maximum number of hydrogen hub construction funding under various 

scenarios and the probabilities of these scenarios are known. The estimations are based 

on factors such as government strategies, industry funding, grants, partnerships, and the 

technology. 

4. Mathematical Models of Three Strategies 

The focal problem can be approached as a two-stage planning problem. In the first 

stage, the available resources are deterministic, while in the second they are uncertain, 

as represented by various scenarios. The main objective is to optimize the deployment 

of hydrogen refueling hubs to maximize the number of ships using hydrogen energy in 

the long term by considering both present and future decisions. The government can 

take different approaches to solving this problem, as shown in Figure 3. The most basic 

is a myopic strategy, in which the government makes separate deployment decisions 

for each stage without considering their interactions or mutual influence. Beyond this 

basic strategy, the government can address the impact of future uncertainty on present 

decisions through various approaches. The mean value can be regarded as deterministic 

and thus a representation of future uncertainty. This method is termed the two-stage 

deterministic strategy. Another approach is to use various scenarios to characterize 

future uncertainties, known as the two-stage stochastic strategy. We examine these 
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strategies in detail in the following subsections. The notations used are described in 

Table 1. 

Table 1. Notations 

Indices and Sets 

𝐏 Set of all ports on shipping routes, indexed by 𝑝. 

𝐑 Set of shipping routes, indexed by r. 

𝐈𝑟 Set of the ports of call (or legs) on ship route 𝑟, indexed by 𝑖. 

𝐑1 
Set of routes that can be traveled entirely by refilling hydrogen once at any port of call 

on the route. 

𝐑2 
Set of routes that cannot be traveled entirely by refilling hydrogen once at any port of 

call on the route, 𝐑2 = 𝐑/𝐑1. 

𝐀𝑟 Set of feasible arcs of route r. 

𝐀𝑟𝑖 Set of feasible arcs in route r starting from the port of call 𝑖, 𝐀𝑟𝑖 ∈ 𝐀𝑟. 

𝐒 
Set of future resource scenarios for hydrogen refueling hubs deployment, indexed by 

𝑠. 

Deterministic parameters 

𝑀 
Number of hydrogen hubs that can be constructed within the currently available 

funding.  

𝐿 Maximum distance a ship can travel after hydrogenation. 

𝐷𝑟 Number of ships deployed on the route 𝑟. 

𝑙𝑝 Distance from the physical port 𝑝 to the physical port 𝑝 + 1. 

𝑝𝑟𝑖 The physical port of the port of call 𝑖 on route 𝑟, 𝑝𝑟𝑖 ∈ 𝐏.  

𝑙𝑟𝑖 Distance from the port of call 𝑖 to the port of call 𝑖 + 1 on route 𝑟. 

𝑎𝑟𝑖𝑖′ 
The route from the port of call 𝑖, in the direction of shipping, to the port of call 𝑖′, 

𝑎𝑟𝑖𝑖′ ∈ 𝐀𝑟𝑖 , 𝑖 ∈ 𝐈𝑟 , 𝑖′ ∈ 𝐈𝑟 , 𝑖 ≠ 𝑖′. 
Stochastic parameters 

𝑁𝑠 
Number of hydrogen refueling hubs that could be constructed within the future available 

funding under scenario 𝑠. 

𝛼𝑠 Probability of occurrence of scenario 𝑠 in the future. 

Binary decision variables 

𝛽𝑟 
𝛽𝑟 = 1  represents that route 𝑟  can be a “hydrogen-energy-capable route” in the 

current stage; 𝛽𝑟 = 0, otherwise. 

𝛾𝑝 
𝛾𝑝 = 1  represents that the port 𝑝  is deployed as a hydrogen refueling hub in the 

current stage; 𝛾𝑝 = 0, otherwise. 

𝑦𝑟𝑖  
𝑦𝑟𝑖 = 1 represents that the port of call 𝑖 on route 𝑟  is deployed as a hydrogen 

refueling hub in the current stage; 𝑦𝑟𝑖 = 0, otherwise. 

𝑢𝑟𝑖𝑖′ 
𝑢𝑟𝑖𝑖′ = 1 represents that in the current stage, the feasible arc from the port of call 𝑖 to 

the port of call 𝑖′ on route 𝑟, in the direction of shipping, is selected, 𝑖 ∈ 𝐈𝑟 , 𝑖′ ∈ 𝐈𝑟 ,
𝑖 ≠ 𝑖′; 𝑢𝑟𝑖𝑖′ = 0, otherwise. 

𝛽𝑟,𝑠
′  

𝛽𝑟,𝑠
′ = 1 represents that route 𝑟  is deployed as a “hydrogen-energy-capable route” 

under scenario 𝑠 for the second stage; 𝛽𝑟,𝑠
′ = 0, otherwise. 

𝛾𝑝,𝑠
′  

𝛾𝑝,𝑠
′ = 1 represents that physical port 𝑝 is deployed as a hydrogen refueling hub under 

scenario 𝑠 for the second stage in the future; 𝛾𝑝,𝑠
′ = 0, otherwise. 

𝑦𝑟𝑖,𝑠
′  

𝑦𝑟𝑖,𝑠
′ = 1 represents that port of call 𝑖 on route 𝑟 is deployed as a hydrogen refueling 

hub under scenario 𝑠 for the second stage in the future; 𝑦𝑟𝑖,𝑠
′ = 0, otherwise. 

𝑢𝑟𝑖𝑖′,𝑠
′  

𝑢𝑟𝑖𝑖′,𝑠
′ = 1 represents that the feasible arc from the port of call 𝑖 to the port of call 𝑖′ 

on route 𝑟, in the direction of shipping, is selected under scenario 𝑠 for the second 

stage in the future, 𝑖 ∈ 𝐈𝑟 , 𝑖′ ∈ 𝐈𝑟 , 𝑖 ≠ 𝑖′, 𝑠 ∈ 𝑆; 𝑢𝑟𝑖𝑖′,𝑠
′ = 0, otherwise. 
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Figure 3. Illustration of three strategies. 

4.1. Myopic Strategy and its Model 

Decisions in the myopic strategy are made according to two separate stages, each 

with its own objectives and constraints. In the first, the model allocates the funding 

available at the time to determine the optimal deployment of hydrogen refueling hubs, 

with the goal of maximizing the number of ships powered by hydrogen. In this current 

stage, note that the decisions do not account for potential future financial shifts. As the 

model transitions to the second stage, although decisions are still made according to the 

available funding, those for the future are influenced by the deployments made in the 

current stage and only consider ports that have not yet deployed hydrogen hubs, as the 

current deployments will have already been accounted for.  

The model for the current stage is as follows: 

max ∑ 𝐷𝑟 𝑟∈𝐑 𝛽𝑟                           (1) 

subject to 

∑ 𝛾𝑝𝑝∈𝐏 ≤ 𝑀                           (2) 

𝑦𝑟𝑖 = 𝛾𝑝𝑟𝑖
, 𝑟 ∈ 𝐑, 𝑖 ∈ 𝐈𝑟 , 𝑝 ∈ 𝐏                    (3) 

𝛽𝑟 ≤ ∑ 𝑦𝑟𝑖
|𝐈𝑟|
𝑖=1 , 𝑟 ∈ 𝐑1                         (4) 
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𝑢𝑟𝑖𝑖′ ≤ 𝑦𝑟𝑖,  𝑟 ∈ 𝐑2, 𝑖 ∈ 𝐈𝑟 ,  𝑖′ ∈ 𝐈𝑟 , 𝑖 ≠ 𝑖′, 𝑎𝑟𝑖𝑖′ ∈ 𝐀𝑟            (5) 

∑ 𝑢𝑟𝑖𝑖′𝑎𝑟𝑖𝑖′∈𝐀𝑟𝑖
≤ 1, 𝑖 ∈ 𝐈𝑟 , 𝑟 ∈ 𝐑2                   (6) 

∑ 𝑢𝑟𝑖𝑖′𝑎𝑟𝑖𝑖′∈𝐀𝑟𝑖
= ∑ 𝑢𝑟𝑖′𝑖𝑎𝑟𝑖′𝑖∈𝐀𝑟

, 𝑖 ∈ 𝐈𝑟 , 𝑟 ∈ 𝐑2              (7) 

⌈
∑ 𝑙𝑟𝑖𝑖∈𝐈𝑟

𝐿
⌉ 𝛽𝑟 ≤ ∑ 𝑢𝑟𝑖𝑖′𝑎𝑟𝑖𝑖′∈𝐀𝑟

, 𝑟 ∈ 𝐑2                   (8) 

𝑢𝑟𝑖𝑖′ ∈ {0,1},  𝑟 ∈ 𝐑2, 𝑖 ∈ 𝐈𝑟 ,  𝑖′ ∈ 𝐈𝑟 , 𝑖 ≠ 𝑖′, 𝑎𝑟𝑖𝑖′ ∈ 𝐀𝑟          (9) 

𝑦𝑟𝑖 ∈ {0,1}, 𝑟 ∈ 𝐑, 𝑖 ∈ 𝐈𝑟                      (10) 

𝛾𝑝 ∈ {0,1}, 𝑝 ∈ 𝐏                         (11) 

𝛽𝑟 ∈ {0,1}, 𝑟 ∈ 𝐑.                        (12) 

Objective function (1) maximizes the number of ships using hydrogen energy at 

the current stage. Constraint (2) requires that the number of hydrogen refueling hubs 

deployed at the current stage cannot exceed available resources. Constraints (3) ensure 

that the construction of a hydrogen refueling hub at the port of call 𝑖 on route 𝑟 aligns 

with the construction of a hydrogen refueling hub at the corresponding physical port 

𝑝𝑟𝑖 . Constraints (4) require that for set 𝐑1 , the route can be a “hydrogen-energy-

capable route” as long as one of the ports of call on the route is chosen to be deployed 

a hydrogen refueling hub. Constraints (5)–(8) restrict the relationships between a route, 

a port of call, and a viable arc. For any route in set 𝐑2, if it is selected as a “hydrogen-

energy-capable route”, the chosen ports of call to deploy hydrogen refueling hubs 

should satisfy: we can at least choose viable arcs staring from these ports of call to span 

the whole shipping route. Specifically, Constraints (5) require that if a viable arc is 

selected, the port of call corresponding to the head of the arc should be deployed a 



24 

 

hydrogen refueling hub. Constraints (6) require that the number of selected arcs starting 

from each port of call is not larger than one. Constraints (7) require that if a viable arc 

starting from port of call 𝑖 is chosen, there must exist another chosen viable arc that 

ends at 𝑖, so as to span the whole shipping route. Constraints (8) require that, if route 

𝑟 is chosen as a “hydrogen-energy-capable route,” the number of ports of calls to be 

deployed hydrogen refueling hubs, i.e., the number of chosen viable arcs, should be no 

less than the number of refueling stops that a ship needs to sail the entire route. 

Constraints (9)–(12) define the domains of binary decision variables. 

Let 𝛃∗ = {𝛽1
∗, . . . , 𝛽𝑟

∗, . . . , 𝛽|𝐑|
∗ }  and 𝛄∗ = {𝛾1

∗, . . . , 𝛾𝑝
∗, . . . , 𝛾|𝐏|

∗ }  be the optimal 

decisions in the current stage. Given them, we can then define the optimal objective 

function value under scenarios 𝑠 in the second stage as ℎ∗(𝛃∗, 𝛄∗, 𝑠). The model for 

the second stage under scenario 𝑠 is as follows: 

ℎ∗(𝛃∗, 𝛄∗, 𝑠) = max ∑ 𝐷𝑟𝑟𝜖𝐑 𝛽𝑟,𝑠
′                    (13) 

subject to 

𝛽𝑟,𝑠
′ ≤ 1 − 𝛽𝑟

∗, 𝑟 ∈ 𝐑                        (14) 

∑ 𝛾𝑝,𝑠
′

𝑝∈𝐏 ≤ 𝑁𝑠                         (15) 

𝛾𝑝
∗ + 𝛾𝑝,𝑠

′ ≤ 1, 𝑝 ∈ 𝐏                        (16) 

𝑦𝑟𝑖,𝑠
′ = 𝛾𝑝𝑟𝑖

∗ + 𝛾𝑝𝑟𝑖,𝑠
′ , 𝑟 ∈ 𝐑, 𝑖 ∈ 𝐈𝑟 , 𝑝 ∈ 𝐏               (17) 

𝛽𝑟,𝑠
′ ≤ ∑ 𝑦𝑟𝑖,𝑠

′|𝐈𝑟|
𝑖=1 , 𝑟 ∈ 𝐑1                      (18) 

𝑢𝑟𝑖𝑖′,𝑠
′ ≤ 𝑦𝑟𝑖,𝑠

′ , 𝑟 ∈ 𝐑2, 𝑖 ∈ 𝐈𝑟 , 𝑖′ ∈ 𝐈𝑟 , 𝑖 ≠ 𝑖′, 𝑎𝑟𝑖𝑖′ ∈ 𝐀𝑟           (19) 

∑ 𝑢𝑟𝑖𝑖′,𝑠
′

𝑎𝑟𝑖𝑖′∈𝐀𝑟𝑖
≤ 1, 𝑖 ∈ 𝐈𝑟 , 𝑟 ∈ 𝐑2                 (20) 
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∑ 𝑢𝑟𝑖𝑖′,𝑠
′

𝑎𝑟𝑖𝑖′∈𝐀𝑟𝑖
= ∑ 𝑢𝑟𝑖′𝑖,𝑠

′
𝑎𝑟𝑖′𝑖∈𝐀𝑟

, 𝑖 ∈ 𝐈𝑟 , 𝑟 ∈ 𝐑2           (21) 

⌈
∑ 𝑙𝑟𝑖𝑖∈𝐈𝑟

𝐿
⌉ 𝛽𝑟,𝑠

′ ≤ ∑ 𝑢𝑟𝑖𝑖′,𝑠
′

𝑎𝑟𝑖𝑖′∈𝐀𝑟
, 𝑟 ∈ 𝐑2              (22) 

𝑢𝑟𝑖𝑖′ ,𝑠
′ ∈ {0,1}, 𝑎𝑟𝑖𝑖′ ∈ 𝐀𝑟 , 𝑟 ∈ 𝐑2, 𝑖 ∈ 𝐈𝑟 , 𝑖′ ∈ 𝐈𝑟 , 𝑖 ≠ 𝑖′         (23) 

𝑦𝑟𝑖,𝑠
′ ∈ {0,1}, 𝑟 ∈ 𝐑, 𝑖 ∈ 𝐈𝑟                   (24) 

𝛾𝑝,𝑠
′ ∈ {0,1}, 𝑝 ∈ 𝐏                       (25) 

𝛽𝑟,𝑠
′ ∈ {0,1}, 𝑟 ∈ 𝐑.                       (26) 

Constraints (14) require that route 𝑟 can be considered for future deployment only 

if it is not a hydrogen-energy-capable route in the current stage. Constraint (15) requires 

that the number of hydrogen refueling hubs deployed in the future in scenario 𝑠 in the 

second stage in the future cannot exceed the available resources. Constraints (16) 

require that hydrogen refueling hub can be considered for future deployment only if it 

has not been deployed in port of call 𝑝 in the current stage. The remaining constraints 

in scenario 𝑠 for the second stage in the future are the counterparts of those in the 

current stage. 

We can then determine the optimal solutions for the second stage if scenario 𝑠 is 

realized, denoted by 𝛃𝑠
′∗ = {𝛽1,𝑠

′∗ , . . . , 𝛽𝑟,𝑠
′∗ , . . . , 𝛽|𝐑|,𝑠

′∗ }  and 𝛄𝑠
′∗ =

{𝛾1,𝑠
′∗ , . . . , 𝛾𝑝,𝑠

′∗ , . . . , 𝛾|𝐏|,𝑠
′∗ } . To obtain the overall effect of the myopic strategy, we 

calculate the weighted sum of the optimal objective function values for the second stage 

across all scenarios, along with that of the current stage. The combined value represents 

the overall effect for the myopic strategy, denoted by ∑ 𝐷𝑟 𝑟∈𝐑 𝛽𝑟
∗ +

∑ 𝛼𝑠 ∑ 𝐷𝑟 𝑟∈𝐑 𝛽𝑟,𝑠
∗

𝑠∈𝐒 . 
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Although the myopic mode facilitates rapid decision making and optimizes 

decisions at respective stages, it often overlooks the impact of future decisions on the 

current stage are overlooked. Decision-makers then achieve solutions that are optimal 

for a single stage but sub-optimal for the entire process. We explore the two-stage 

deterministic strategy, which emphasizes the significance of forecasting future 

uncertainties and seamlessly incorporates them into current decision making. Rather 

than only focusing on the present stage, this model uses the mean value to depict 

possible future uncertainty, offering a more long-term view. 

4.2. Two-Stage Deterministic Strategy and its Model 

In the two-stage deterministic strategy, decisions for the current stage are made by 

considering both current funding and a projected mean future funding value. It 

incorporates the mean value of anticipated future funding to maximize the number of 

ships utilizing hydrogen in the long term. 

The average value of available resources in the future is denoted as 𝑁. 𝛽𝑟
′ , 𝛾𝑝

′ , 

𝑦𝑟𝑖
′ , and 𝑢𝑟𝑖𝑖′

′  are newly introduced decision variables corresponding to the future 

decisions made under the projected mean value of future funding. The model solves not 

only for the optimal solutions 𝛃∗ = {𝛽1
∗, . . . , 𝛽𝑟

∗, . . . , 𝛽|𝐑|
∗ }  and 𝛄∗ =

{𝛾1
∗, . . . , 𝛾𝑝

∗, . . . , 𝛾|𝐏|
∗ } for the current stage but also for the optimal solutions 𝛃′∗ =

{𝛽1
′∗, . . . , 𝛽𝑟

′∗, . . . , 𝛽|𝐑|
′∗ }  and 𝛄∗ = {𝛾1

′∗, . . . , 𝛾𝑝
′∗, . . . , 𝛾|𝐏|

′∗ }  for the second stage given a 

mean value prediction. The model for the current stage is as follows: 

max ∑ 𝐷𝑟𝛽𝑟𝑟∈𝐑 + ℎ(𝛃, 𝛄)                    (27) 
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subject to 

∑ 𝛾𝑝𝑝∈𝐏 ≤ 𝑀                         (28) 

𝑦𝑟𝑖 = 𝛾𝑝𝑟𝑖
, 𝑟 ∈ 𝐑, 𝑖 ∈ 𝐈𝑟 , 𝑝 ∈ 𝐏                   (29) 

𝛽𝑟 ≤ ∑ 𝑦𝑟𝑖
|𝐈𝑟|
𝑖=1 , 𝑟 ∈ 𝐑1                      (30) 

𝑢𝑟𝑖𝑖′ ≤ 𝑦𝑟𝑖,  𝑟 ∈ 𝐑2, 𝑖 ∈ 𝐈𝑟 ,  𝑖′ ∈ 𝐈𝑟 , 𝑖 ≠ 𝑖′, 𝑎𝑟𝑖𝑖′ ∈ 𝐀𝑟          (31) 

∑ 𝑢𝑟𝑖𝑖′𝑎𝑟𝑖𝑖′∈𝐀𝑟𝑖
≤ 1, 𝑖 ∈ 𝐈𝑟 , 𝑟 ∈ 𝐑2                 (32) 

∑ 𝑢𝑟𝑖𝑖′𝑎𝑟𝑖𝑖′∈𝐀𝑟𝑖
= ∑ 𝑢𝑟𝑖′𝑖𝑎𝑟𝑖′𝑖∈𝐀𝑟

, 𝑖 ∈ 𝐈𝑟 , 𝑟 ∈ 𝐑2            (33) 

⌈
∑ 𝑙𝑟𝑖𝑖∈𝐈𝑟

𝐿
⌉ 𝛽𝑟 ≤ ∑ 𝑢𝑟𝑖𝑖′𝑎𝑟𝑖𝑖′∈𝐀𝑟

, 𝑟 ∈ 𝐑2                (34) 

𝑢𝑟𝑖𝑖′ ∈ {0,1},  𝑟 ∈ 𝐑2, 𝑖 ∈ 𝐈𝑟 ,  𝑖′ ∈ 𝐈𝑟 , 𝑖 ≠ 𝑖′, 𝑎𝑟𝑖𝑖′ ∈ 𝐀𝑟        (35) 

𝑦𝑟𝑖 ∈ {0,1}, 𝑟 ∈ 𝐑, 𝑖 ∈ 𝐈𝑟                   (36) 

𝛾𝑝 ∈ {0,1}, 𝑝 ∈ 𝐏                      (37) 

𝛽𝑟 ∈ {0,1}, 𝑟 ∈ 𝐑                      (38) 

Under the projected mean value of future funding, the maximum number of ships 

with available hydrogen energy can be calculated as follows: 

ℎ(𝛃, 𝛄) = max ∑ 𝐷𝑟𝑟𝜖𝐑 𝛽𝑟
′                   (39) 

subject to 

𝛽𝑟
′ ≤ 1 − 𝛽𝑟 , 𝑟 ∈ 𝐑                     (40) 

∑ 𝛾𝑝
′

𝑝∈𝐏 ≤ 𝑁                        (41) 

𝛾𝑝 + 𝛾𝑝
′ ≤ 1, 𝑝 ∈ 𝐏                     (42) 

𝑦𝑟𝑖
′ = 𝛾𝑝𝑟𝑖

+ 𝛾𝑝𝑟𝑖

′ , 𝑟 ∈ 𝐑, 𝑖 ∈ 𝐈𝑟 , 𝑝 ∈ 𝐏             (43) 

𝛽𝑟
′ ≤ ∑ 𝑦𝑟𝑖

′|𝐈𝑟|
𝑖=1 , 𝑟 ∈ 𝐑1                   (44) 
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𝑢𝑟𝑖𝑖′
′ ≤ 𝑦𝑟𝑖

′ , 𝑟 ∈ 𝐑2, 𝑖 ∈ 𝐈𝑟 , 𝑖′ ∈ 𝐈𝑟 , 𝑖 ≠ 𝑖′, 𝑎𝑟𝑖𝑖′ ∈ 𝐀𝑟       (45) 

∑ 𝑢𝑟𝑖𝑖′
′

𝑎𝑟𝑖𝑖′∈𝐀𝑟𝑖
≤ 1, 𝑟 ∈ 𝐑2, 𝑖 ∈ 𝐈𝑟              (46) 

∑ 𝑢𝑟𝑖𝑖′
′

𝑎𝑟𝑖𝑖′∈𝐀𝑟𝑖
= ∑ 𝑢𝑟𝑖′𝑖

′
𝑎𝑟𝑖′𝑖∈𝐀𝑟

, 𝑟 ∈ 𝐑2, 𝑖 ∈ 𝐈𝑟         (47) 

⌈
∑ 𝑙𝑟𝑖𝑖∈𝐈𝑟

𝐿
⌉ 𝛽𝑟

′ ≤ ∑ 𝑢𝑟𝑖𝑖′
′

𝑎𝑟𝑖𝑖′∈𝐀𝑟
, 𝑟 ∈ 𝐑2             (48) 

𝑢𝑟𝑖𝑖′
′ ∈ {0,1}, 𝑟 ∈ 𝐑2, 𝑖 ∈ 𝐈𝑟 , 𝑖′ ∈ 𝐈𝑟 , 𝑖 ≠ 𝑖′, 𝑎𝑟𝑖𝑖′ ∈ 𝐀𝑟       (49) 

𝑦𝑟𝑖
′ ∈ {0,1}, 𝑟 ∈ 𝐑, 𝑖 ∈ 𝐈𝑟                   (50) 

𝛾𝑝
′ ∈ {0,1}, 𝑝 ∈ 𝐏                      (51) 

𝛽𝑟
′ ∈ {0,1}, 𝑟 ∈ 𝐑.                     (52) 

Based on the optimal solution 𝛃∗ and 𝛄∗ from the current stage, we can further 

solve for the optimal solution value ℎ∗(𝛃∗, 𝛄∗, s) if scenarios 𝑠 is finally realized in 

the second stage in the future, shown as in model (13)–(26). The final objective function 

value for this two-stage deterministic programming model is ∑ 𝐷𝑟 𝑟∈𝐑 𝛽𝑟
∗ +

∑ 𝛼𝑠 ∑ 𝐷𝑟 𝑟∈𝐑 𝛽𝑟,𝑠
∗

𝑠∈𝐒 . 

While the two-stage deterministic strategy accounts for future uncertainties and 

guides decision-makers toward prudent long-term choices, it can overlook substantial 

future fluctuations, and extreme conditions or marked variations across scenarios can 

be challenging. Thus, a more adaptive and comprehensive method is required. We 

therefore introduce the two-stage stochastic strategy. This recognizes the 

unpredictability of future scenarios and enables decision-makers to formulate strategies 

that are resilient to various possible outcomes. 
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4.3. Two-Stage Stochastic Strategy and its Model 

The two-stage stochastic strategy not only takes into account the current stage and 

the second stage in the future and their interrelated impacts, but also incorporates 

various future scenarios. This approach enables decision-makers to navigate future 

uncertainties more effectively while holistically considering all stages.  

The current-stage model is as follows: 

max ∑ 𝐷𝑟𝛽𝑟𝑟∈𝐑 + ∑ 𝛼𝑠 ∙ ℎ(𝛃, 𝛄, 𝑠)𝑠∈𝐒                   (53) 

subject to 

∑ 𝛾𝑝𝑝∈𝐏 ≤ 𝑀                         (54) 

𝑦𝑟𝑖 = 𝛾𝑝𝑟𝑖
, 𝑟 ∈ 𝐑, 𝑖 ∈ 𝐈𝑟 , 𝑝 ∈ 𝐏                 (55) 

𝛽𝑟 ≤ ∑ 𝑦𝑟𝑖
|𝐈𝑟|
𝑖=1 , 𝑟 ∈ 𝐑1                     (56) 

𝑢𝑟𝑖𝑖′ ≤ 𝑦𝑟𝑖,  𝑟 ∈ 𝐑2, 𝑖 ∈ 𝐈𝑟 ,  𝑖′ ∈ 𝐈𝑟 , 𝑖 ≠ 𝑖′, 𝑎𝑟𝑖𝑖′ ∈ 𝐀𝑟         (57) 

∑ 𝑢𝑟𝑖𝑖′𝑎𝑟𝑖𝑖′∈𝐀𝑟𝑖
≤ 1, 𝑖 ∈ 𝐈𝑟 , 𝑟 ∈ 𝐑2                (58) 

∑ 𝑢𝑟𝑖𝑖′𝑎𝑟𝑖𝑖′∈𝐀𝑟𝑖
= ∑ 𝑢𝑟𝑖′𝑖𝑎𝑟𝑖′𝑖∈𝐀𝑟

, 𝑖 ∈ 𝐈𝑟 , 𝑟 ∈ 𝐑2          (59) 

⌈
∑ 𝑙𝑟𝑖𝑖∈𝐈𝑟

𝐿
⌉ 𝛽𝑟 ≤ ∑ 𝑢𝑟𝑖𝑖′𝑎𝑟𝑖𝑖′∈𝐀𝑟

, 𝑟 ∈ 𝐑2               (60) 

𝑢𝑟𝑖𝑖′ ∈ {0,1},  𝑟 ∈ 𝐑2, 𝑖 ∈ 𝐈𝑟 ,  𝑖′ ∈ 𝐈𝑟 , 𝑖 ≠ 𝑖′, 𝑎𝑟𝑖𝑖′ ∈ 𝐀𝑟       (61) 

𝑦𝑟𝑖 ∈ {0,1}, 𝑟 ∈ 𝐑, 𝑖 ∈ 𝐈𝑟                     (62) 

𝛾𝑝 ∈ {0,1}, 𝑝 ∈ 𝐏                        (63) 

𝛽𝑟 ∈ {0,1}, 𝑟 ∈ 𝐑.                       (64) 

We define decision variable solutions at the current stage as 𝛃 = (𝛽1, . . . , 𝛽𝑟 , . . . , 𝛽|𝐑|) 

and 𝛄 = (𝛾1, . . . , 𝛾𝑝, . . . , 𝛾|𝐏|) . The objective function (53) consists of two parts: 
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∑ 𝐷𝑟𝛽𝑟𝑟∈𝐑  denotes the number of ships using hydrogen energy when the maximum 

number 𝑀  of hydrogen refueling hubs can be deployed in the current stage; 𝛼𝑠 ∙

ℎ(𝛃, 𝛄, 𝑠) denotes the number of ships using hydrogen energy when the occurrence 

probability of the scenario 𝑠 (𝑠 ∈ 𝐒) is 𝛼𝑠 , and ℎ(𝛃, 𝛄, 𝑠) is the optimal objective 

function value under scenarios 𝑠 for the second stage in the future. 

In the second-stage model, for scenario 𝑠 (𝑠 ∈ 𝐒), the maximum number of ships 

with available hydrogen energy can be calculated as follows: 

ℎ(𝛃, 𝛄, 𝑠) = max ∑ 𝐷𝑟 𝑟∈𝐑 𝛽𝑟,𝑠
′                    (65) 

subject to 

𝛽𝑟,𝑠
′ ≤ 1 − 𝛽𝑟 , 𝑟 ∈ 𝐑                       (66) 

∑ 𝛾𝑝,𝑠
′

𝑝∈𝐏 ≤ 𝑁𝑠                         (67) 

𝛾𝑝 + 𝛾𝑝,𝑠
′ ≤ 1, 𝑝 ∈ 𝐏                       (68) 

𝑦𝑟𝑖,𝑠
′ = 𝛾𝑝𝑟𝑖

+ 𝛾𝑝𝑟𝑖,𝑠
′ , 𝑟 ∈ 𝐑, 𝑖 ∈ 𝐈𝑟 , 𝑝 ∈ 𝐏              (69) 

𝛽𝑟,𝑠
′ ≤ ∑ 𝑦𝑟𝑖,𝑠

′|𝐈𝑟|
𝑖=1 , 𝑟 ∈ 𝐑1                     (70) 

𝑢𝑟𝑖𝑖′,𝑠
′ ≤ 𝑦𝑟𝑖,𝑠

′ , 𝑟 ∈ 𝐑2, 𝑖 ∈ 𝐈𝑟 , 𝑖′ ∈ 𝐈𝑟 , 𝑖 ≠ 𝑖′, 𝑎𝑟𝑖𝑖′ ∈ 𝐀𝑟         (71) 

∑ 𝑢𝑟𝑖𝑖′,𝑠
′

𝑎𝑟𝑖𝑖′∈𝐀𝑟𝑖
≤ 1, 𝑖 ∈ 𝐈𝑟 , 𝑟 ∈ 𝐑2               (72) 

∑ 𝑢𝑟𝑖𝑖′,𝑠
′

𝑎𝑟𝑖𝑖′∈𝐀𝑟𝑖
= ∑ 𝑢𝑟𝑖′𝑖,𝑠

′
𝑎𝑟𝑖′𝑖∈𝐀𝑟

, 𝑖 ∈ 𝐈𝑟 , 𝑟 ∈ 𝐑2          (73) 

⌈
∑ 𝑙𝑟𝑖𝑖∈𝐼𝑟

𝐿
⌉ 𝛽𝑟,𝑠

′ ≤ ∑ 𝑢𝑟𝑖𝑖′,𝑠
′

𝑎𝑟𝑖𝑖′∈𝐀𝑟
, 𝑟 ∈ 𝐑2             (74) 

𝑢𝑟𝑖𝑖′,𝑠
′ ∈ {0,1}, 𝑎𝑟𝑖𝑖′ ∈ 𝐀𝑟 , 𝑟 ∈ 𝐑2, 𝑖 ∈ 𝐈𝑟 , 𝑖′ ∈ 𝐈𝑟 , 𝑖 ≠ 𝑖′       (75) 

𝑦𝑟𝑖,𝑠
′ ∈ {0,1}, 𝑟 ∈ 𝐑, 𝑖 ∈ 𝐈𝑟                    (76) 

𝛾𝑝,𝑠
′ ∈ {0,1}, 𝑝 ∈ 𝐏                       (77) 
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𝛽𝑟,𝑠
′ ∈ {0,1}, 𝑟 ∈ 𝐑.                       (78) 

The objective function (65) represents the maximum number of ships that can use 

hydrogen energy under scenario 𝑠. Constraints (66)– (78) ensure adherence to resource 

limitations and the stipulation that whether routes are compatible with hydrogen energy. 

These constraints mandate that the deployment of hydrogen refueling hubs aligns with 

the establishment of “hydrogen-energy-capable routes”. 

The two-stage stochastic strategy has the advantage of providing a framework that 

considers resource constraints not only in the current stage but across a range of 

possible future scenarios. This comprehensive approach guarantees that planning 

decisions are adaptive and resilient and can manage various changes in future. Thus, it 

effectively reconciles immediate needs with long-term goals, and by achieving a 

balance, it can often outperform traditional models.  

5. Case Study 

In this section, we consider a real-world case study and conduct computational 

experiments to evaluate the efficacy of the three strategies. Our comparative analysis 

yields essential managerial insights, providing actionable guidance for real-world 

operations. Our models were constructed and executed in the Python programming 

environment, and the optimization models were solved by Gurobi 9.1.0.  
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5.1. Parameter Setting 

We focus on the shipping network along the Yangtze River, which comprises 13 

ports (their full names and abbreviations are given in Table A.1 of Appendix A), as 

shown in Figure 4. The waterway consists of 14 shipping routes that connect these ports, 

as indicated in Table 2 (Wang et al., 2022). The traveling distances between any two 

ports along the river are provided in Table 3. 

 

 

Figure 4. Physical ports along the Yangtze River. 

 

Following the literature, we assume that ships deployed on the same shipping route 

arrive at each port of call at the same time each week (Meng et al., 2014), and the 

traveling speed of each ship is 10.5 knots (Wang et al., 2022; Elmi et al., 2023). The 

ships also have specific handling requirements in the ports, and the handling hours vary 
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according to the ports. The handling time at each port, denoted by 𝑂𝑝  (𝑝 ∈ 𝑃), is 

shown in Table A.2 of Appendix A. Thus, the number of ships deployed on each 

shipping route is influenced by the length of the shipping route and the handling hours 

of involved the ports of call, and is calculated as ⌈
∑ 𝑙𝑟𝑖𝑖∈𝐼𝑟 ÷10.5+∑ 𝑂𝑝𝑟𝑖𝑖∈𝐼𝑟

7×24
⌉ , 𝑖 ∈ 𝐼𝑟 , 𝑟 ∈ R, 

which is shown in Table A.3 of Appendix A. 

 

Table 2. Shipping routes along the Yangtze River. 

No. Route 

1 WH→HS→JJ→NJ→TC→SH→TC→NJ→JJ→HS→WH 

2 WH➝HS➝AQ➝NJ➝AQ➝HS➝WH 

3 WH→AQ→WH 

4 HS→JJ→WHU→SH→WHU→JJ→HS 

5 AQ→TL→TC→SH→TC→TL→AQ 

6 WHU→NJ→SH→NJ→WHU 

7 NJ→SH→NJ 

8 ZJ→ZJG→TC→ZJG→ZJ 

9 ZJ→TC→SH→TC→ZJ 

10 JY→ZJG→TC→SH→TC→ZJG→JY 

11 JY→TC→SH→TC→JY 

12 ZJG→NT→TC→SH→TC→NT→ZJG 

13 ZJG→NT→SH→NT→ZJG 

14 TC➝SH➝TC 
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Table 3. Traveling distances between ports (nautical miles) (Wang et al., 2022). 

Ports WH HS JJ AQ TL WHU NJ ZJ JY ZJG NT TC SH  

WH 0 77.2  145.2  233.8  285.6  344.0  395.8  442.8  505.9  515.7  538.3  579.8  607.5  

HS 77.2  0 68.0  156.6  208.4  266.7  318.6  365.6  428.7  438.5  461.1  502.6  530.2  

JJ 145.2  68.0  0 88.6  140.4  198.7  250.6  297.5  360.7  370.4  393.1  434.6  462.2  

AQ 233.8  156.6  88.6  0 51.8  110.2  162.0  209.0  272.2  281.9  304.6  346.0  373.7  

TL 285.6  208.4  140.4  51.8  0 58.3  110.2  157.1  220.3  230.0  252.7  294.2  321.8  

WHU 344.0  266.7  198.7  110.2  58.3  0 51.8  98.8  162.0  171.7  194.4  235.9  263.5  

NJ 395.8  318.6  250.6  162.0  110.2  51.8  0 47.0  110.2  119.9  142.6  184.0  211.7  

ZJ 442.8  365.6  297.5  209.0  157.1  98.8  47.0  0 63.2  72.9  95.6  137.0  164.7  

JY 505.9  428.7  360.7  272.2  220.3  162.0  110.2  63.2  0 9.7  32.4  73.9  101.5  

ZJG 515.7  438.5  370.4  281.9  230.0  171.7  119.9  72.9  9.7  0 22.7  64.2  133.3  

NT 538.3  461.1  393.1  304.6  252.7  194.4  142.6  95.6  32.4  22.7  0 41.5  69.1  

TC 579.8  502.6  434.6  346.0  294.2  235.9  184.0  137.0  73.9  64.2  41.5  0 27.6  

SH  607.5  530.2  462.2  373.7  321.8  263.5  211.7  164.7  101.5  133.3  69.1  27.6  0 

 

Following Bicer et al. (2018), we set the maximum distance a ship can travel after 

a full hydrogen fill-up as 260 nm. We evaluated various hydrogen refueling hubs and 

found that the most cost-effective in terms of construction cost was the externally 

supplied high-pressure hydrogen refueling hub (Baronas et al., 2018). We therefore 

regard the construction cost of this specific hub as the deployment cost, which is 

estimated at the current stage as approximately $2,000,000. 

5.2. Solutions of the Three Strategies 

Currently, a fund of $6,000,000 is available for the deployment of hydrogen 

refueling hubs. Given this budget, the maximum number of hubs that can be deployed 

at this stage is three. We assume that the maximum numbers of hydrogen refueling hubs 
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deployable under various future scenarios, along with the associated probabilities, are 

detailed in Table 4. 

 

Table 4. Maximum number of hubs and related probability in the future. 

 Scenario 1 Scenario 2 Scenario 3 Scenario 4 

Maximum number of hubs (𝑁𝑠) 0 1 2 3 

Probability (𝛼𝑠) 0.1 0.3 0.4 0.2 

 

In this case study, Table 5 presents both the number of ships associated with each 

route and the specific sets of physical ports needed to deploy each route as a “hydrogen-

energy-capable route”, as identified by the arc-based model. Importantly, there may be 

multiple sets of physical ports that enable a route to achieve the status of a “hydrogen-

energy-capable route”. 

 

Table 5. The set of physical ports and the number of ships for each route. 

Route Set of ports Number of ships Route Set of ports Number of ships 

1 {2,3,7,12} 3 8 {8,10}, {10,12} 1 

2 {1,4,7}, {2,4,7} 2 9 {8,12} 2 

3 {1,4}, {4} 1 10 {12} 2 

4 {3,6} 2 11 {12} 1 

5 {12}, {5} 2 12 {10}, {11}, {12}, {13} 2 

6 {7,13} 1 13 {10}, {11}, {13} 1 

7 {7,13} 1 14 {12} 1 

 

Figure 5 presents the results of the three strategies. The y-axis displays the number 

of ships using hydrogen energy across the strategies, reflecting both current and future 

scenarios. The x-axis denotes the various decision stages linked with the three strategies, 

including the current stage, potential future scenarios, and overall long-term effect. By 
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analyzing the weighted-sum objective function values for the overall long-term effect, 

we find that the two-stage stochastic strategy is superior. However, its performance in 

the current stage is inferior to that of the other strategies. This highlights the significant 

influence of future uncertainties on present-day planning. 

 

 

Figure 5. The results of three strategies. 

 

The optimal solutions for the three strategies are detailed in Table A.4 and A.5 of 

Appendix A, including both ports in which the hydrogen hubs should be deployed and 

the routes that enable ships to use hydrogen. In Table A.4 and A.5 of Appendix, a value 

of 1 indicates a decision to deploy a hydrogen refueling hub or to designate a route as 

hydrogen-energy-capable. These solutions offer the best choices for the deployment of 

hydrogen refueling hubs and the designation of hydrogen-energy-capable routes for the 

current stage and for potential future scenarios under the three strategies. Notably, the 

myopic strategy and the two-stage deterministic strategy yield identical results.  
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The difference observed in the two-stage stochastic strategy, as opposed to the 

other two, stems from unique decisions taken in the current phase. Specifically, the two-

stage stochastic strategy opts for hydrogen refueling stations at physical ports 7, 12, and 

13, enabling routes 5, 6, 7, 11, 12, 13, and 14 as hydrogen-energy-capable. In contrast, 

the myopic and two-stage deterministic strategies select physical ports 8, 10, and 12, 

making routes 5, 8, 9, 10, 11, 12, 13, and 14 hydrogen-energy-capable. Hence, at this 

stage, the divergences in outcomes across the scenarios primarily arise from routes 6 

and 7 versus routes 8 and 9. These initial decisions will significantly influence future 

choices. In the two-stage stochastic strategy, the current stage’s choices are 

intentionally made more flexible, paving the way for more adaptive and effective 

decision making in subsequent stages. 

5.3. Robustness Tests 

The two-stage stochastic strategy detailed in Section 5.2 outperforms the other 

strategies. To further test the robustness of our results concerning its superior 

performance, we conduct various groups of experiments by adjusting parameters such 

as the shipping networks, future uncertainty, and the probabilities of future scenarios. 

(1) Comparison under different shipping networks. 

We present a shipping network consisting of 14 routes in Section 5.1. We 

investigate other networks by selecting different numbers of routes from the original 14 

while keeping the other parameters consistent. The settings for the various groups of 
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routes are shown in Table A.6 of Appendix A. The solutions obtained from the three 

strategies are illustrated in Figure 6. 

 

 
Figure 6. Comparison of three strategies under different shipping networks. 

 

Across all groups, the two-stage stochastic strategy reliably surpasses the other two 

strategies in long-term performance. This advantage is sometimes achieved at the 

expense of immediate returns, as evidenced in Groups 1, 2, and 9. Conversely, there 

are groups where the two-stage stochastic strategy not only achieves short-term 

outcomes as good as those of the alternative strategies but also delivers significantly 

enhanced long-term benefits, as seen in Groups 3, 4, 5, and 6. Furthermore, in Group 7, 

the two-stage stochastic strategy not only matches the long-term benefits of the other 

strategies but also provides significantly superior short-term advantages. Consequently, 

the two-stage stochastic strategy maintains a distinct edge across varying route 

combinations, underscoring the model’s robustness and stability. 
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(2) Comparison under different situations without uncertainty 

We have organized the maximum number of hydrogen hubs (𝑁𝑠 ) that can be 

deployed in the future into seven distinct groups. Each group specifically enables the 

deployment of 1, 2, 3, 4, 5, 6, and 7 hydrogen hubs, respectively. For all groups, we 

assume a definite likelihood of reaching these maximum numbers, with a probability 

of 1. Actually, this represents that the two-stage stochastic strategy resembles the two-

stage deterministic strategy in these groups. Our focus is thus to compare the 

performance of myopic and two-stage strategies. The outcomes of the three strategies 

are illustrated in Figure 7. 

 

 

Figure 7. Comparison of three strategies different situations without uncertainty. 

 

The performance of the three strategies remains consistent in situations where the 

funding for establishing hydrogen refueling hubs is either severely limited or 

exceptionally abundant, as seen in Groups 1, 2, 6, and 7. This uniformity stems from 
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the lack of room for improvement under extreme resource constraints or overabundance. 

In resource-scarce conditions, the limited funds do not allow for significant strategic 

variation, while in resource-abundant situations, the saturation of “hydrogen-energy-

capable routes” eliminates the need for distinct strategies. 

However, in other situations, like Groups 3, 4, and 5, the two-stage deterministic 

and stochastic strategies exhibit significant benefits. Despite similar results in the 

present stage across all strategies, these two strategies stand out in their long-term 

effects. This is because they integrate current stage considerations into future strategy, 

leading to identical results in scenarios with no future uncertainty (i.e., where only one 

future scenario is considered). This finding highlights the necessity of considering 

future-stage impacts in deploying hydrogen hubs. It emphasizes that strategic planning 

should extend beyond immediate effects to include potential future scenarios, 

underscoring the need for a comprehensive approach that encompasses both present 

circumstances and future possibilities. 

(3) Comparison under different situations with uncertainty 

We maintained the same parameter settings as those in case (2) of Section 5.3 but 

established two scenarios for the number of hydrogen hubs in future deployment. Each 

scenario is characterized by a probability of 0.5, as detailed in Table A.7 of Appendix 

A. Following these adjustments, we readdressed the problem. The results obtained from 

employing the three strategies under these new settings are illustrated in Figure 8. 
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Figure 8. Comparison of three strategies under different situations with uncertainty. 

 

When the impact of uncertainty is not considered, the two-stage deterministic and 

stochastic strategies display identical performance, both outperforming the myopic 

strategy. However, when simple probabilities are introduced, a divergence in the 

performance of the two-stage deterministic and stochastic strategies becomes evident. 

For instance, in Groups 2, 4 and 6 in Figure 8, the two-stage stochastic strategy 

demonstrates superior long-term performance (across all stages), despite potential 

minor sacrifices in the current stage. This observation indicates that when future 

uncertainty exists, a phased deterministic model (like the two-stage deterministic 

strategy) may not be able to produce efficient outcomes. It highlights the need for 

further considering uncertainty to enhance decision making in two-stage problems. 

(4) Comparison under different probabilities 

We preserved the parameter settings of Groups 2, 3, and 4 as specified in case (3) 

of Section 5.3 but varied the probability of the cost for hydrogen hubs’ deployment to 
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further examine its impact on the three strategies. This adjustment is detailed in Table 

A.8 of Appendix A. The results derived from these revised conditions are depicted in 

Figure 9. 

 

 

Figure 9. Comparison of three strategies under different probabilities. 

 

In case (3) of Section 5.3, the two-stage stochastic strategy demonstrates superior 

performance over the other two strategies in Groups 2 and 4. However, in Group 3, the 

two-stage stochastic and deterministic strategies exhibit identical performance. This 

pattern of similarity is maintained under the revised conditions, as depicted in Figure 9. 

This consistency suggests that variations in the probabilities do not significantly impact 

the relative effectiveness of the strategies. Furthermore, while these probability changes 

do not significantly alter the strategies’ relative effectiveness, they do result in 

fluctuations in the optimal value of the objective function across all groups. 



43 

 

5.4. Policy Implications 

5.4.1 Strategic Framework for Financial Planning 

1. Adaptive financial strategy in uncertain investment climates. 

The maritime industry’s transition towards green shipping, specifically through the 

integration of hydrogen fuel in inland waterways, presents both operational and 

financial challenges. Our study’s two-stage stochastic strategy emphasizes the need for 

flexible and robust financial planning in this context. This approach outperforms the 

myopic and deterministic strategies by accommodating uncertain investment climates 

and ensuring the economic viability of hydrogen integration. 

⚫ Policy Recommendation: Governments and maritime authorities should adopt this 

two-stage stochastic framework for financial planning in hydrogen hub 

deployment. This method considers the unpredictability of future funding and 

allows for adjustments according to changing financial landscapes. By doing so, it 

mitigates the risk of suboptimal investments and maximizes the utilization of 

available funds. 

2. Phased implementation strategy. 

Given the operational constraints and financial limitations, a phased approach to 

deploying hydrogen refueling hubs is prudent. This strategy allows for the gradual 

rollout of infrastructure, in alignment with available funding and operational readiness. 

⚫ Policy Recommendation: Implementing a phased strategy for hydrogen hub 

deployment would enable maritime sectors to progressively adapt to green 
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shipping initiatives. This approach should be guided by a detailed anticipatory 

planning process that accounts for both current financial constraints and potential 

future funding scenarios, as demonstrated in our case study with the Yangtze River 

shipping network. 

5.4.2 Aligning with Environmental Goals 

1. Sustainable transition to renewable energy sources. 

This study proposes a viable method for integrating renewable energy sources, 

such as hydrogen, into the maritime sector. In the early phases, these renewable energy 

sources are particularly apt for inland waterway transport, considering the complex 

interplay of interests among different nations for international shipping. To facilitate 

the adoption of hydrogen as a fuel source in more ships, this study has developed an 

arc-based model that is anchored in a network of frequently used shipping routes. 

Moreover, the adoption of renewable energies often confronts substantial financial 

challenges and investment uncertainties. The phased stochastic approach outlined in 

this study offers a strategy to alleviate financial burdens while concurrently enhancing 

the utilization of renewable fuels in the maritime sector. 

⚫ Policy Recommendation: Policymakers are advised to develop a framework that 

facilitates the maritime industry’s shift to renewable energy sources, such as 

hydrogen. This framework should encompass not only financial incentives but also 

regulatory policies that motivate the implementation of eco-friendly technologies 

and practices. These initiatives will ensure a sustainable transition, while also 
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guaranteeing the economic and operational feasibility of adopting renewable fuel. 

6. Conclusions and Future Research Directions 

In this study, we propose a viable approach for integrating hydrogen energy into 

maritime transport within inland waterway systems. The critical aspect of our approach 

is the seamless integration of hydrogen refueling hubs within existing port 

infrastructures, aligning them with the prevailing shipping networks and timetables to 

ensure a continuous demand fulfillment. Our research proposes an arc-based model 

designed to sustain uninterrupted operations within the existing maritime network. 

To address the challenges posed by the variability and uncertainty in future, our 

study introduces and compares three strategic approaches: a myopic strategy, a two-

stage deterministic strategy, and a two-stage stochastic strategy. We utilize data from 

the Yangtze River shipping network for an in-depth comparative analysis of these 

strategies. The results indicate that the two-stage stochastic strategy is superior, offering 

a robust and comprehensive framework for long-term planning in the sector. This 

strategy adeptly navigates future uncertainties, effectively reducing the financial load 

on governmental bodies and curtailing resource wastage. Our approach not only 

amplifies the environmental benefits but also presents a scalable and adaptable solution 

for incorporating various other renewable energy sources into the maritime industry. 

We provide three future research areas below. Firstly, an in-depth examination of 

the multifaceted nature of uncertainty in funding is essential. The potential variations 

in investment scenarios, driven by shifts in the environmental landscape, present a 
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significant challenge in accurately predicting the outcomes. Furthermore, the 

implementation of hydrogen refueling hubs across multiple ports will likely necessitate 

a phased planning approach, adding layers to the financial complexity. Future studies 

should aim to develop a model that more accurately reflects the challenges and 

uncertainties of such large-scale infrastructure projects in the maritime sector, 

potentially including predictive analytics and scenario planning to better prepare for 

various future states. 

Secondly, the study’s scope could broaden from inland waterway transportation to 

encompass international shipping, necessitating a strategic exploration of the complex 

negotiations among nations with diverging interests. An in-depth analysis within this 

expanded context is crucial for developing feasible and adaptable strategies that support 

the international maritime industry’s transition to clean energy.  

Furthermore, our present study concentrates on strategic considerations from the 

government’s viewpoint, deliberately without optimizing the ship type, fleet size, and 

ship speed from the perspective of shipping companies. Future research could explore 

the design of shipping networks and the scheduling of shipping operations for shipping 

companies. This could be done in a two-level model that simultaneously consider 

government initiatives and shipping company responses. Such a shift in perspective 

will allow for a more detailed and company-specific approach to maritime operations 

within the evolving framework of hydrogen fuel infrastructure. 
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Appendix A. Auxiliary Information of Case Study 

Table A.1. Ports along the downstream of Yangtze River (Wang et al., 2022). 

Index Port 

1 Wuhan (WH) 

2 Huangshi (HS) 

3 Jiujiang (JJ) 

4 Anqing (AQ) 

5 Tongling (TL) 

6 Wuhu (WHU) 

7 Nanjing (NJ) 

8 Zhejiang (ZJ) 

9 Jiangyin (JY) 

10 Zhangjiagang (ZJG) 

11 Nantong (NT) 

12 Taicang (TC) 

13 Shanghai (SH) 
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Table A.2. Port handling time. 

Index Port Handling Time (Hours) 

1 WH 24.54  

2 HS 31.38  

3 JJ 29.70  

4 AQ 16.44  

5 TL 13.20  

6 WHU 31.26  

7 NJ 16.08  

8 ZJ 19.20  

9 JY 15.06  

10 ZJG 7.68  

11 NT 22.20  

12 TC 43.92  

13 SH 44.10  

 

Table A.3. Length of routes and number of ships. 

No. Length (nm) Number of ships 

1 1214.90 3 

2 791.58 2 

3 467.58 1 

4 1060.48 2 

5 747.32 2 

6 527.00 1 

7 423.32 1 

8 274.08 1 

9 329.36 2 

10 203.02 2 

11 203.02 1 

12 183.58 2 

13 183.58 1 

14 55.28 1 
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Table A.4. The optimal hydrogen refueling hub deployment for three strategies. 
  1 2 3 4 5 6 7 8 9 10 11 12 13 

Two-stage 

stochastic 

strategy 

Current stage 0 0 0 0 0 0 1 0 0 0 0 1 1 

Scenario 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

Scenario 2 0 0 0 0 0 0 0 1 0 0 0 0 0 

Scenario 3 0 1 1 0 0 0 0 0 0 0 0 0 0 

Scenario 4 0 1 1 1 0 0 0 0 0 0 0 0 0 

Myopic 

strategy 

Current stage 0 0 0 0 0 0 0 1 0 1 0 1 0 

Scenario 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

Scenario 2 0 0 0 1 0 0 0 0 0 0 0 0 0 

Scenario 3 0 0 0 0 0 0 1 0 0 0 0 0 1 

Scenario 4 0 0 0 1 0 0 1 0 0 0 0 0 1 

Two-stage 

deterministic 

strategy 

Current stage 0 0 0 0 0 0 0 1 0 1 0 1 0 

Scenario 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

Scenario 2 0 0 0 1 0 0 0 0 0 0 0 0 0 

Scenario 3 0 0 0 0 0 0 1 0 0 0 0 0 1 

Scenario 4 0 0 0 1 0 0 1 0 0 0 0 0 1 
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Table A.5. The optimal Hydrogen-energy-capable route for three strategies. 
  1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Two-stage 

stochastic 

strategy 

Current stage 0 0 0 0 1 1 1 0 0 1 1 1 1 1 

Scenario 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Scenario 2 0 0 0 0 0 0 0 0 1 0 0 0 0 0 

Scenario 3 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

Scenario 4 1 1 1 0 0 0 0 0 0 0 0 0 0 0 

Myopic 

strategy 

Current stage 0 0 0 0 1 0 0 1 1 1 1 1 1 1 

Scenario 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Scenario 2 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

Scenario 3 0 0 0 0 0 1 1 0 0 0 0 0 0 0 

Scenario 4 0 0 1 0 0 1 1 0 0 0 0 0 0 0 

Two-stage 

deterministic 

strategy 

Current stage 0 0 0 0 1 0 0 1 1 1 1 1 1 1 

Scenario 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Scenario 2 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

Scenario 3 0 0 0 0 0 1 1 0 0 0 0 0 0 0 

Scenario 4 0 0 1 0 0 1 1 0 0 0 0 0 0 0 
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Table A.6. No. of groups for different shipping networks. 

No. Shipping Network 

1 1,2,3,4,5,6,7,8,9,10,11,12,13,14 

2 1,3,4,5,6,7,8,9,10,11,12,13,14 

3 1,4,5,6,7,8,9,10,11,12,13,14 

4 1,6,7,8,9,10,11,12,13,14 

5 1,2,4,6,7,9,10,11,12,13,14 

6 1,2,4,6,7,9,11,12,13,14 

7 1,2,3,4,6,7,9,11,13,14 

8 1,2,3,4,7,9,11,13,14 

9 1,2,3,4,7,9,11,13 

10 1,2,4,7,9,11,13 

  



55 

 

Table A.7. No. of groups for different situations with uncertainty. 

No. Scenario (𝑠) Maximum number of hubs (𝑁𝑠) Probability (𝛼𝑠) 

1 1 0 0.5 

 2 2 0.5 

2 1 1 0.5 

 2 3 0.5 

3 1 2 0.5 

 2 4 0.5 

4 1 3 0.5 

 2 5 0.5 

5 1 4 0.5 

 2 6 0.5 

6 1 5 0.5 

 2 7 0.5 

7 1 6 0.5 

 2 8 0.5 
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Table A.8. No. of groups for different probabilities. 

No. Scenario (𝑠) Maximum number of hubs (𝑁𝑠) Probability (𝛼𝑠) 

1 1 1 0.9 

 2 3 0.1 

2 1 1 0.7 

 2 3 0.3 

3 1 1 0.5 

 2 3 0.5 

4 1 1 0.3 

 2 3 0.7 

5 1 1 0.1 

 2 3 0.9 

6 1 2 0.9 

 2 4 0.1 

7 1 2 0.7 

 2 4 0.3 

8 1 2 0.5 

 2 4 0.5 

9 1 2 0.3 

 2 4 0.7 

10 1 2 0.1 

 2 4 0.9 

11 1 3 0.9 

 2 5 0.1 

12 1 3 0.7 

 2 5 0.3 

13 1 3 0.5 

 2 5 0.5 

14 1 3 0.3 

 2 5 0.7 

15 1 3 0.1 

 2 5 0.9 

 

 




