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I. Summary 

To promote and support the global uptake of hydrogen, the European Union advocates 

for a gradual transition in the transport sectors, such as railways and buses sector. The 

success of this shift strongly depends on the development of cost- and environmental- 

effective hydrogen energy systems at local, regional, and national levels. Furthermore, 

the local availability of renewable energy sources like wind farms and biomass could 

aid in achieving sustainability goals. However, the main barrier to adopting hydrogen 

fuel cell trains and hydrogen fuel cell-electric buses is the lack of adequate supply chain 

infrastructures and local systems, i.e., hydrogen refueling stations. This issue requires 

comprehensive analyses to ensure the project's sustainability and provide stakeholders 

with reliable tools for decision-making and planning. This multi-level analysis should 

integrate different time and space resolutions to assess both local and more geographic-

distributed hydrogen systems while considering context-specific constraints as well as 

economic and environmental overall performances. 

Several studies have investigated a similar problem through different approaches, 

ranging from simulation to optimization models. Model-based optimization methods 

are widely used to design hydrogen supply chains that meet economic, technical, and 

environmental criteria. Optimization models, with higher space and time resolutions, 

are also widely implemented for identifying the best set of design and operation 
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decisions for local energy systems. Mixed-integer linear programming (MILP) 

represents the preferred modeling approach for both system types. To date, just a few 

works have addressed the optimal design and operation of hydrogen supply chains and 

refueling stations, specifically tailored to the passenger rail sector. 

Under these premises, this work proposed two optimization frameworks for the design 

and operations of two greenfield hydrogen energy systems, a hydrogen supply chain 

and a hydrogen refueling station. Both optimization models utilize the MILP approach, 

differing in time and spatial resolutions as well as in their algebraic formulations of 

constraints and objectives. The models have been applied and validated on three case 

studies in Sicily. A post-optimal analysis has been conducted where different key 

metrics have been formulated and calculated from the optimization outputs to gain 

important insights into the technical, economic, and environmental performances of 

each hydrogen system. Specifically, Case Study #1 proposed a multi-objective 

optimization model, minimizing both total daily costs and emissions, for designing 

greenfield hydrogen supply chains with wind and solid biomass as primary energy 

sources. External analysis tools were integrated with the algebraic model to assess local 

wind energy availability and to conduct an accurate cash flow analysis of different 

types of forecourt hydrogen refueling stations. Similarly, Case Study #2 addressed the 

economic optimization of hydrogen supply chain design only already existing wind 

farms and the national power grid under different demand-level scenarios. Finally, 
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Case Study #3 focused on dynamically optimizing a hydrogen refueling station with 

on-site electrolysis, considering various input power configurations: the power grid 

(with and without renewable power purchase agreements) and a photovoltaic plant. 

Demand-response and linearization techniques as well as novel algebraic constraints 

were formulated to capture the specific dynamics and operations of some hydrogen 

systems’ technological units. 

Key findings from the three case studies highlighted that the exploitation of biomass 

wastes and wind energy in Sicily could potentially meet hydrogen demand needs from 

the public transport sector. The last can be covered by the establishment of two large-

scale centralized biomass-based plants, with a maximum capacity of 18.000 kgH2/day, 

and a few wind-sourced on-site electrolysers for residual demands. Even with 

economies of scale, hydrogen's levelized dispensing cost (6–9 €/kgH2) remains 

significantly higher than gasoline's (2.2 €/kg). Regarding the hydrogen delivery stages, 

there are greater economic and environmental gains associated with gaseous hydrogen 

deliveries over liquid. For a hydrogen refueling station serving a railway track, the 

hydrogen unit cost per train kilometer is 1.95 €/km, compared to diesel's 2.18 €/km. 

Under a renewable power purchase agreement approximately 207 kg of CO2-eq 

emissions per day can be potentially avoided. 

Thus, the proposed optimization frameworks have proven to be capable of providing 

data-driven insights for designing and operating different hydrogen systems. Economic 
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and environmental analyses underline context-specific factors to further leverage on 

and challenges that are still significantly hindering the massive introduction of 

hydrogen in the transportation sector. 
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II. Nomenclature 

List of acronyms 

EU European Union 

MI(N)LP Mixed-Integer (Non-)Linear Programming 

PNRR Italian National Recovery and Resilience Plan 

GIS Geographic Information System 

GHG Greenhouse Gases 

NREL National Renewable Energy Laboratory 

WGS Water-Gas Shift 

RME Rapeseed Methyl Ester 

DFB Dual Fluidized Bed 

MEA Monoethanolamide 

DEA Diethanolamine 

MDEA Methyl diethanolamine 

PSA Pressure Swing Adsorption 

IEA International Energy Agency 

PES Primary Energy Source 

FCMU Fuel Cell-Electric Multiple Units 
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DMU Diesel Multiple Units 

FCEB Fuel Cell-Electric Buses 

(C)GH2 (Compressed) Gaseous Hydrogen 

LH2 Liquid Hydrogen 

dtpd dry tons per day 

UoM Unit of Measure 

ALKEL Alkaline water Electrolyser 

PEMEL Proton Exchange Membrane Electrolyser 

HRS Hydrogen Refueling Station 

HSC(N) Hydrogen Supply Chain (Network) 

TP Technological Pathway 

BSR Biogas Steam Reformer 

HDRSAM Heavy-Duty Refueling Station Analysis Model 

DoE Department of Energy 

LHV Lower Heating Value 

LCOH Levelized Cost of Hydrogen 

D&O Desing and Operations 

RFNBO Renewable Fuel of Non-Biological Origins 

AFIR Alternative Fuels Infrastructure Regulation 

TEN-T Trans-European Network - Transport 



14 

 

Model’s symbols - Case Study #1 & #2 

Indexes and sets  

p ∈ P ∶ {electrolysis, biogas reformer} Type of production technology 

g ∈ G ∶  {g1, g2, . . . } Geographic grid of the network 

j ∈ J ∶ {
small distributed, small centralized,
medium centralized, big centralized

} Size of a production facility 

i ∈ I ∶ {LH2, GH2@300, GH2@20} 
Physical form of hydrogen during 

transportation 

 

Subsets 
 

PIJ ⊆ P × I × J 
Subsets of all feasible technological 

pathways for hydrogen 

 

Parameters 

DH2
 Daily hydrogen demand kgH2/d 

FE Fuel economy of hydrogen kgH2/km 

HU Number of hydrogen vehicles (trains or buses) # 

pccpij 
Capital cost of a production facility of type p and size j 

producing hydrogen in the physical form i 
€ 

pocpij 
Operating cost for producing hydrogen in physical form i 

in a production facility of type p and size j 
€/kgH2 

pecpij 

Specific primary energy consumption of a production 

facility of type p and size j producing hydrogen in 

physical form i 

kg/kgH2 

or 

kWh/kgH2 

pefpij 
Emission factor of a production facility of type p and 

with size j producing hydrogen in physical form i 
kgCO2-eq/kgH2 

pcappij
min 

Minimum production capacity of a production facility of 

type p and size j producing hydrogen in physical form i 
kgH2 d⁄  

pcappij
max 

Maximum production capacity of a production facility of 

type p and size j producing hydrogen in physical form i 
kgH2 d⁄  
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windg
max 

Maximum daily availability of electricity from wind 

farm in grid g for hydrogen production 
kWh/d 

biog
max 

Maximum daily availability of solid biomass at grid g 

for hydrogen production 
kg/d 

payloadi
max 

Maximum payload of a transport unit transporting 

hydrogen in physical form i 
kgH2 

speedi 
Average speed of a transport unit transporting hydrogen 

in physical form i 
km/h 

lutimei 
Loading/unloading time of a transport unit transporting 

hydrogen in physical form i 
h 

tavai 
Time availability of a transport unit transporting 

hydrogen in physical form i 
h/d 

dci 
Driver cost of a transport unit transporting hydrogen in 

physical form i 
€/h 

mci 
Maintenance costs of a transport unit transporting 

hydrogen in physical form i 
€/km 

fci 
Fuel consumption of a transport unit transporting 

hydrogen in physical form i 
km/l 

tucci 
Capital cost of a transport unit transporting hydrogen in 

physical form i 
€ 

tefi 
Emission factor of a transport unit transporting hydrogen 

in physical form i 
kgCO2-eq/km 

fpi 
Fuel price for a transport unit transporting hydrogen in 

physical form i 
€/l 

flowi
min 

Minimum hydrogen flow rate for a transportation link 

when hydrogen is in physical form i 
kgH2 d⁄  

flowi
max 

Maximum hydrogen flow rate for a transportation link 

when hydrogen is in physical form i 
kgH2 d⁄  

distmax Maximum delivery distance for a transportation unit km 

rcci 
Capital costs of a hydrogen refueling station receiving 

hydrogen in physical form i 
€ 

roci 
Operating cost of a refueling station receiving hydrogen 

in physical form i 
€/kgH2 

refi 
Emission factor of a refueling station receiving hydrogen 

in physical form i 
kgCO2-eq/kgH2 

rcapi
max 

Maximum daily capacity of hydrogen refueling station 

receiving hydrogen in physical form i 
kgH2 d⁄  
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hdemg Total daily demand of hydrogen at grid g kgH2 d⁄  

distgg′ Transport distance between location g and g’  km 

resg
max 

Maximum production capacity of hydrogen from 

renewable energy sources at location g 
kgH2 d⁄  

M Big number for import/export constraints - 

α Annual operating period of the supply chain d/y 

crf Capital recovery factor - 

ω Weight factor for the multi-objective function - 

ϑ 
Penalty factor for emission impact (European carbon 

credit cost) 
€/kgCO2-eq 

wef Emission factor of electricity from wind farm kgCO2-eq/kWh 

bef 
Emission factor of thermochemical processing of solid 

biomass 
kgCO2-eq/kWh 

gef 
Emission factor of electricity from the national power 

grid 
kgCO2-eq/kWh 

ucw Unit cost of electricity from wind €/kWh 

ucb Unit cost of solid biomass €/kg 

ucg  Unit cost of electricity from power grid €/kWh 

cf Wind curtailment factor for the sensitivity analysis - 

 

Continuous variables 
 

HFgg′i 
Daily flow from grid g to grid g’ of hydrogen in physical 

form i 
kgH2 d⁄  

HPRgpij 
Production rate of a production facility of type p and size 

j producing hydrogen in physical form i at grid g 
kgH2 day⁄  

WINDg Amount of electricity taken from wind farm at grid g kWh 

GRIDg Amount of electricity taken from the power grid at grid g kWh 

BIOg Amount of biomass consumed at grid g kg 

HDEMgi Covered demand of hydrogen in physical form i at grid g kgH2 d⁄  
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Z Objective function to minimize €/d 

TDC Total daily cost of the supply chain network €/d 

TDE Total daily emissions of the supply chain network kgCO2-eq/d 

SOPEX Primary energy source operating costs €/d 

PCAPEX Production facilities capital costs € 

POPEX Production facilities operating costs €/d 

TCAPEX Transportation capital costs € 

TOPEX Transportation operating costs €/d 

RCAPEX Refueling stations capital costs € 

ROPEX Refueling stations operating costs €/d 

TMC Transport maintenance cost €/d 

TLC Transport driver cost €/d 

TFC Transport fuel cost €/d 

TGC Transport general cost €/d 

TES Total daily emissions from primary source consumption kgCO2-eq/d 

TEP 
Total daily emissions from primary energy source 

consumption 
kgCO2-eq/d 

TET Total daily emissions from the production stage kgCO2-eq/d 

TER Total daily emissions from the refueling station stage kgCO2-eq/d 

 

Binary variables  
 

Ygg′i 
1 if a transportation link between grid g and grid g’ is 

established, 0 otherwise 
- 

EXPgi 
1 if grid g exports hydrogen in physical form i to some 

other grids, 0 otherwise 
- 

IMPgi 
1 if grid g imports hydrogen in physical form i from 

some other grids, 0 otherwise 
- 
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Integer variables 
 

NPpgij 
Number of production facilities of type p and size j 

producing hydrogen in physical form i at grid g 
# 

NDELgg′i 
Number of deliveries of hydrogen in physical form i 

from grid g to grid g’ 
# 

NTRgg′i Number of trucks of the supply chain network # 

NRSgi 
Number of refueling stations receiving hydrogen in 

physical form i at grid g 
# 
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Model’s symbols - Case Study #3 

Indexes and sets 

t ∈ T ∶ {t1, t2, . . . , t168} Time step 

i ∈ I ∶ {i1, i2, . . . , i8} Dispensing schedule 

u ∈ U ∶ {elek, grid, comp, … }  Technological unit of the hydrogen refueling station 

 

Subsets 

T′ ⊆ T ∶ {t2, t3, . . . , t168} Time steps for storage dynamics 

 

Superscripts 

pv photovoltaic array 

grid power grid 

ems energy management system 

bop balance of plant components 

elek electrolyzer 

elec electricity (or power) 

comp compressor 

stor storage 

o&m operation and maintenance activities 

 

Parameters 

∆t Time step duration h 

crf Capital recovery factor 1/y 

i Annual discount rate of the investment 1/y 

n Number of years within the investment horizon - 

ρ Penalty factor for the CO2-eq emissions €/kgCO2-eq 
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α Operating days in a year d/y 

ef grid 
Average emission factor of the power grid (equal to 

zero if a PPA is considered) 

kgCO2-

eq/kWh 

revt
grid

 Unit revenues from selling electricity to the grid  €/kWh 

uct
grid

 
Unit cost of buying electricity from the power grid 

(different if a PPA is considered) 
€/kWh 

capgrid,max Maximum contracted power with the power grid kWout 

invgrid Annual investment cost for the power grid contract (€/kWout)/y 

equippv Normalized capital cost for buying PV equipment €/kWn 

instpv  
Capital cost for installing PV equipment, as a 

percentage of the total equipment cost 
% 

σpv,o&m 
Annual cost for operation and maintenance activities 

for the PV as a percentage of total equipment cost 
% 

pt
pv,out

 
Electric power generated by the PV normalized by its 

nominal power 
kW/kWn 

cappv,min Minimum nominal capacity allowed for the PV kWn 

cappv,max Maximum nominal capacity allowed for the PV kWn 

ηems Global efficiency for the energy management system % 

ηdc/ac 
Efficiency for conversion of direct current to alternat 

current for power grid and PV exchanges 
% 

ηbop 
Global balance of plant electricity consumption as a 

percentage of total input power to the station 
% 

equipelek 
Normalized capital cost for buying electrolyzer 

equipment 
€/kWn 

instelek 
Capital cost for installing electrolyzer equipment, as a 

percentage of the total equipment cost 
% 

σelek,o&m 

Annual cost for operation and maintenance activities 

for the electrolyzer as a percentage of total equipment 

cost 

% 

capelek,min 
Minimum nominal capacity allowed for the 

electrolyzer 
kWn 

capelek,max 
Maximum nominal capacity allowed for the 

electrolyzer 
kWn 
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loadelek,min 
Minium operating partial load for the electrolyzer as a 

percentage of the nominal capacity 
% 

loadelek,max 
Maximum operating load for the electrolyzer as 

percentage of the nominal capacity 
% 

υelek Weekly utilization factor of the electrolyzer % 

μelek,elec 
Specific consumption of electricity for the electrolysis 

process 
kWh/kgH2 

μelek,water 
Specific consumption of water for the electrolysis 

process 
liter/kgH2 

ucwater Unit cost of buying water for the electrolysis process €/liter 

equipcomp 
Normalized capital cost for buying compressor 

equipment 
€/kWn 

instcomp 
Capital cost for installing compressor equipment, as a 

percentage of the total equipment cost 
% 

σcomp,o&m 

Annual cost for operation and maintenance activities 

for the compressor as a percentage of total equipment 

cost 

% 

μcomp,elec 
Specific consumption of electricity for the 

compression process 
kWh/kgH2 

ηcomp Mechanical efficiency of the compressor % 

inststor Normalized capital cost for buying storage equipment €/kWn 

equipstor 
Capital cost for installing storage equipment, as a 

percentage of the total equipment cost 
% 

σstor,o&m 
Annual cost for operation and maintenance activities 

for the storage as a percentage of total equipment cost 
% 

stormin Minimum hydrogen content for the storage kgH2 

capstor,max 
Maximum nominal capacity allowed for the high-

pressure storage 
kgH2 

μstor,elec 
Hourly constant consumption of electricity of the 

hydrogen storage 
kWh 

demt,i 
Hydrogen demand at time step t when the refilling 

daily schedule i is selected 
kgH2 

M Large number for the linearization technique - 
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Continuous variables 

Z Objective function to minimize €/d 

TDC Total daily costs of the HRS €/d 

TDE Total daily emissions of the HRS kgCO2-eq/d 

fixCAPEX Fixed capital expenditures € 

varCAPEX Variable capital expenditures € 

GRID 
Annual fixed capital expenditures for power grid 

contract (with and without considering a PPA) 
€/y 

fixOPEX Annual fixed operating expenditures €/y 

varOPEX Weekly variable operating expenditures €/week 

CAPgrid 
Nominal contracted power with the power grid (with 

and without considering a PPA) 
kWout 

CAPpv  Installed nominal capacity of the PV kWin 

CAPelek  Installed nominal capacity of the electrolyzer kWin 

CAPcomp  Installed nominal capacity of the compressor kWin 

CAPstor Installed nominal capacity of the storage kgH2 

Pt
grid,ems

 
Electric power flowing from the power grid to the 

energy management system during time step t 
kW 

Pt
pv,out

 Power generated by the PV during time step t kW 

Pt
pv,ems

 
Power flowing from the photovoltaic array to the 

energy management system of the hydrogen hub 
kW 

Pt
pv,grid

 
Electric power flowing from the PV to the power grid 

during time step t 
kW 

Pt
elek,in

 Power to the water electrolyzer during time step t kW 

Pt
comp,in

 Power to the compressor during time step t kW 

Pt
stor,in

 Power to the storage during time step t kW 

Ht
elek,out

 
Hydrogen flow exiting the water electrolyzer during 

time step t 
kgH2 
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Ht
stor,in

 Hydrogen flow entering the storage during time step t kgH2 

Ht
stor,out

 Hydrogen flow exiting the storage during time step t kgH2 

HCt
stor Hydrogen content of the storage during time step t kgH2 

WCt
elek 

Water consumption for the electrolysis process during 

time step t 
liter 

Lt New linearized variable - 

 

Binary variables 

Xt
elek,on

  1 if electrolyzer is active at time step t, 0 otherwise - 

Xi
dem  1 if dispensing schedule i is selected, 0 otherwise - 
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1. Introduction 

This chapter offers an in-depth overview of the challenges and opportunities of 

hydrogen as a clean energy carrier, emphasizing its potential to decarbonize public rail 

transport. It covers the European and Italian hydrogen markets and discusses hydrogen 

production technologies like steam methane reforming, biomass gasification and water 

electrolysis, along with their benefits and challenges. This chapter also highlights the 

policy landscape driving hydrogen adoption, focusing on the European and Italian 

contexts. It emphasizes the need for effective optimization in designing and operating 

hydrogen systems, differentiating supply chains from local refueling stations. In the 

last paragraph, the scope and structure of this document are outlined, setting the stage 

for the proposed optimization frameworks. 
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1.1. Background 

It is undeniable that, in the last couple of years, hydrogen has been gathering growing 

attention from politicians, industry, and academia itself. This potentially carbon-free 

energy carrier could play a pivotal role in the transition to sustainable energy and 

decarbonization across various sectors. [1]. While hydrogen has historically been used 

primarily for chemical production and oil refining, the idea of utilizing it as an energy 

vector was initially explored in the 1970s [2]. Hydrogen is characterized by a 

gravimetric energy density (33.3 kWh/kg of H2) three times higher than that of common 

fossil fuels, such as gasoline and diesel [3]. When used as an energy vector, rather than 

in processes like oil refining or fertilizers synthesis, hydrogen offers higher energy 

content per unit of mass. Using hydrogen in fuel cells or turbines produces only water 

vapor, offering a cleaner alternative to high-GHG energy sources [4]. Finally, clean 

hydrogen production and usage could bolster the energy security of states by increasing 

energy independence, mitigating price volatility, and providing a flexible and 

decentralized energy system through diversification [5]. The urgency for hydrogen 

adoption grows during energy crises, such as those caused by pandemics or wars. Most 

of the European countries heavily rely on oil and gas for electricity production and 

these markets are the most volatile ones, posing serious concerns for global economies 

[6]. On the other hand, 2023 has seen an unprecedented 50 % increment in the global 

production capacity of renewable electricity, reaching 510 GW in total [7].  According 
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to the same report of the International Energy Agency (IEA), under existing policies 

and market conditions, the global renewable power capacity is foreseen to grow to 7300 

GW by 2028. Solar photovoltaic and wind will be the predominant technologies 

accounting for 95 % of the expansion and, thus, becoming the largest source of global 

electricity generation [7]. This renewable wave could promote the production of clean 

hydrogen while also leveraging on some of the technological advantages it provides, 

such as the opportunity of storing excess, and fluctuating, electric production though 

liquid or gaseous hydrogen storage. 

1.1.1 Challenges and actual market 

A seamless transition from the present fossil fuel economy to a hydrogen economy 

would, nonetheless, poses several challenges [8], ranging from economic and 

environmental to logistic and technological related aspects. A synthesis of the current 

state of the global hydrogen market is shown in Figure 1. The global hydrogen demand 

level is around 95 million tons (Mt) per year, used in oil refining and in the chemical 

industries, i.e., ammonia and methanol synthesis. Only a residual part is used in the 

metallurgy sector. The predominant processes for hydrogen production are Steam 

Methane Reforming (62 % of global production) and coal gasification (19 % of global 

production), followed by by-product hydrogen (18 % of global production). Based on 

the current state of hydrogen production, i.e., with close-to-zero production from 

renewable electricity, the average emission intensity is in the range of 12-14 kg CO2-
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eq/kg of H2 [7]. Additionally, capital and operational costs related to renewable 

hydrogen production are still too high to compete with those of common production 

processes. SMR is the cheapest way of producing hydrogen, with an average levelized 

unit cost of 1-3 €/kg of H2 [9]. This cost is at least three times lower than that of 

producing hydrogen employing water electrolysis processes powered by wind- or 

solar- based energy [10]. 

 

Figure 1: Global hydrogen production by technology and demand by final sector in 2022 [4] 

Nevertheless, once pure and renewable hydrogen is produced, a new set of issues arises 

regarding its delivery to the point of final use. In fact, hydrogen is characterized by a 

very low volumetric density ranging from 0.0818 kg/m³ at 1 atm and 20 °C, i.e., in its 

gaseous phase, to 70.9 kg/m³ at -252.9 °C, i.e., in its liquid phase [11]. For this reason, 

it is technically and logistically difficult to deliver high H2 quantities with limitations 
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on volumes and weights on transportation vehicles, such as tube trailers and tanker 

trucks. Additionally, most of the times H2 represents a not so convenient solution, 

economically and energetically wise, when the newly required transformation steps 

(compression and liquefaction) are specifically considered. Nevertheless, the potential 

role of hydrogen in future energy systems depends on more than just costs and 

emissions. The competitiveness of hydrogen also depends on the availability of the 

infrastructure needed to transport and deliver it at relevant scales [12]. It is clear that 

the hydrogen revolution is just in its early stages, thus, practitioners and researchers 

must deal with fundamentally sparse and yet-to-be-validated experimental data due to 

the lack of operating H2 infrastructures at each stage of its value chain [13]. 

1.1.2 Hydrogen for the transport sector 

The geographic context, with its local resources, together with final applications could 

become pivotal factors in determining hydrogen wide convenience as a new energy 

carrier solution. The introduction of hydrogen as an alternative fuel in public transport 

sectors is one possible and novel application. The transportation sector, both for 

passenger and freight, is a major contributor to GHG emissions in the European Union 

(EU). In particular, it is responsible for around 25 % of the EU's total GHG emissions 

[14] while being heavily dependent on the oil market. Additionally, fossil fuel-based 

transport activities also cause higher levels of air pollution, noise pollution, and habitat 

fragmentation [15]. Finally, the urgency for an energy transition in this field is further 
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driven by the expected increase by 2030 in the percentage of total passengers choosing 

trains and buses for their commuting activities [16]. Prototypes and market-ready 

solutions have already proved the technical feasibility of substituting fossil fuels with 

hydrogen by installing a fuel cell or a hydrogen-ready internal combustion engine on 

board of a mobile unit, such as cars, boats, and planes [17]. Despite significant progress 

in electrifying the transport sector, battery electric vehicles (BEVs) still face limitations 

in range and battery pack size [18], hindering their suitability for heavy-duty (HD) road 

transport applications such as buses, trucks, and rails. Hydrogen-powered technologies 

offer a promising alternative to these technologies, especially in the rail sector. Fuel 

cell-electric multiple units (FCMUs) are at a mature stage with international companies 

already entering this new market niche ([19] [20] [21]). In fact, these technologies 

exhibit a potential to compete with diesel-powered trains in terms of both energy 

efficiency and emissions intensity on a well-to-wheel basis [22]. This potential is 

particularly evident in scenarios where hydrogen can be produced by harnessing excess 

electricity from non-dispatchable renewable energy sources, such as wind and solar. 

The European regulatory scenario encourages the exploitation of FCMUs, especially 

on long non-electrified routes where the investment costs for catenary electrification 

would be prohibitively high, up to 2.8 M€ per kilometer of rail track [23] [24]. Instead, 

from an economic viewpoint, hydrogen-based rails surpass catenary electrification in 

cases of low service frequencies and with rail tracks longer than 100 km [25], while 
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also overcoming the technical limitations of electric batteries by offering longer 

operating ranges and fast refueling capabilities, with lingering times of approximately 

15 minutes [26]. The adoption of hydrogen in the rail sector will not only contribute to 

reducing carbon emissions but also offer a flexible, carbon-neutral, and noise-free 

alternative [27]. Similarly, fuel cell-electric buses (FCEBs) could prove to be more 

cost-efficient than their fully electric and diesel counterparts due to the following 

considerations: i) they offer operating ranges of up to 300-400 km on a full tank, and 

ii) rapid refueling takes on average 10 minutes compared to over 1 hour for a fully 

electric bus [28]. Shorter downtimes at the station could significantly streamline the 

planning needed to refuel entire bus fleets in shorter periods, e.g., overnight, 

particularly in cases where a high number of buses serve densely populated urban areas. 

Moreover, FCEBs provide all the advantages associated with an electric propulsion 

engine, including zero tailpipe emissions, low levels of noise pollution, and enhanced 

passenger comfort due to reduced mechanical vibrations [29].  

To support and promote higher market penetrations of hydrogen-fueled vehicles, 

research and practitioners should simultaneously trace a technically and economically 

path for the deployment of proper hydrogen energy systems, such as hydrogen 

refueling stations (HRS) [30]. HRSs can adopt various configurations, largely 

influenced by the hydrogen demand requirements and the location of their production 

technologies, whether on-site or off-site at centralized or semi-centralized hydrogen 
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production facilities [31]. The overall complexity of each configuration is determined 

by the number and type of technological units and their subsequent integration at the 

station site. The main elements of interest for the development of hydrogen-based 

projects are the integration and operation of hydrogen production, distribution and 

storage, and its final uses [32]. Additionally, the design and operation also require 

systematic planning to achieve both energetic, economic, and environmental targets 

while satisfying context-specific requirements and external constraints. 

1.1.3 European and Italian context 

To effectively guide research efforts, it is essential to understand the targets and 

strategies established by policymakers. In the European Union (EU) the exploitation of 

hydrogen has been intensively encouraged by current and past directives, regulations, 

and high-level visions [33]. For instance, with the REPowerEU Plan, the EU aims at 

drastically reducing fossil fuel imports by reaching the target of 20 Mt of renewable 

hydrogen circulating within its borders by 2030, half imported and half of domestic 

production [34]. To support the EU domestic production of hydrogen, at least 6 GW 

and 40 GW of renewable hydrogen electrolyzers should be installed by 2024 and 2030, 

respectively [35]. The Italian goal for new installed electrolysis capacity is set at 5 GW 

by 2030 [36]. Specific targets for the introduction of hydrogen in different final sectors 

have been set in the revised Renewable Energy Directive (RED II). Particularly, the 

directive calls for a massive increase of green hydrogen usage, considered as a 
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renewable fuel of non-biological origins (RFNBO), for the rail, road, and maritime 

transport sectors, as well as for the hard-to-abate industries [37]. 

To support the above transport-related targets, the adoption of hydrogen-powered 

vehicles must proceed simultaneously with the deployment of hydrogen-based 

infrastructures at each stage of the supply chain (SC), especially of HRSs. In this 

perspective, the Alternative Fuels Infrastructure Regulation (AFIR) will ensure the 

rollout of different types of HRSs across the EU [38]. According to the AFIR, each 

member state must deploy at least one HRS with a daily dispensing capacity of 1 ton 

of gaseous hydrogen (GH2) at 700 bar, spaced 200 km apart along the TEN-T core 

network and at each urban node of the same network. Regarding the rail sector, the 

AFIR states that: “Member States shall assess the development of alternative fuel 

technologies and propulsion systems for rail sections that cannot be fully electrified 

for technical or cost-efficiency reasons, such as hydrogen- or battery-powered trains, 

and, if relevant, any recharging and refueling infrastructure needs”. 

Also in Italy, hydrogen-related high-level policies allocate a substantial amount of 

investment towards research and development activities to promote experimental 

efforts and numerical investigation in the field of innovative electrolyzers and 

hydrogen supply chain designs. The National Recovery and Resilience Plan (PNRR), 

established under the NextGenerationEU (NGEU) European program, dedicates a 

significant portion of funding to research centers and industries [39]. Specifically, 
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PNRR gives financial support to research bodies and universities to foster the 

development of hydrogen production facilities. Furthermore, Component C2 of 

Mission M2 explicitly promotes the development of hydrogen-based mobility 

infrastructures, especially for the regional railway networks. In these networks, 

FCMUs are planned to replace diesel-powered trains on longer non-electrified rail 

tracks – as is the case of 40 % of the entire Italian national railway, particularly in the 

south [40]. Finally, specific actions are allocated for other means of transport, including 

metro systems, trams, and buses for both metropolitan and regional routes, with 

particular attention to the South of Italy [39]. To meet AFIR targets, Italy should deploy 

at least 70 new hydrogen refueling stations by 2030, while at the moment only one 

HRS is operational, in Bolzano [41].  

1.2. Technologies for hydrogen energy systems 

The following paragraphs include a detailed description of the main technologies used 

to produce hydrogen, namely steam methane reforming (SMR), biogas reforming (BR), 

and water electrolysis (ELEK). These units represent the main technological 

components of every hydrogen energy system.  

1.2.1 Steam methane reforming 

The Steam Methane Reforming (SMR) process is responsible for more than 60 % of 

the global hydrogen production, see Figure 1. SMR is a thermochemical process 
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producing pure hydrogen from natural gases, mostly methane [42]. The typical process 

flow chart of a generic SMR plant is shown in Figure 2. The entire process can be 

divided into three sub-processes: desulphurization of feed, reforming, and hydrogen 

purification. 

 

Figure 2: Typical process flow chart of a generic Steam Methane Reforming plant. 

P.1.: Desulphurization of feed 

This first phase is needed to eliminate the presence of sulfur from the feed, which can 

be liquid butane, methane, or an appropriate mixture of the two [42]. Both may contain 

traces of sulfur which could potentially poison the catalyst used in the reactor furnace 

of the reformer [43]. Desulfurization of feed occurs in two steps: hydrogenation and 

chemical adsorption. In the first step a catalyst and recirculating hydrogen from the 

purification phase are used to capture sulfur molecules forming hydrogen sulfide (H2S) 

[44]. In the second step, a zinc/potassium oxide catalyst is used for the chemical 

adsorption of H2S [45]. 

The desulfurized process gas, at operating pressures of 30-40 barg, is then mixed with 

process steam just before entering the reforming furnace [45]. This mixing takes place 
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at the process point called Mix Point in Figure 2. The amount of steam that is 

introduced into the process is defined through the S/C (steam to carbon ratio) parameter 

which is a key process parameter for each SMR plant, typically in the range of 2-4 [46] 

[44]. 

P.2.: Reforming 

After desulfurization, the reforming represents the core process of any SMR plant. In 

this phase syngas, a mixture of hydrogen (H2), carbon monoxide (CO), and water vapor 

(H2O), is produced from the reaction of hot steam and process gas exiting the preceding 

desulphurization step [47]. Specifically, three chemical reactions can be distinguished 

during the reforming sub-process: pre-reforming, reforming, and the water-gas shift (or 

CO-shift) reaction [48]. The main purpose of the pre-reforming reaction is to transform 

all the heavier hydrocarbons of the process gas, i.e. butane or butane/methane, into 

hydrogen (H2) and carbon monoxide (CO) [49]. This reaction is endothermic and 

allows to feed the furnace with a homogeneous charge, or process gas, over time. The 

chemical reaction is formulated with Eq. (1). 

 

CnHm + nH2O + heat ↔ nCO + (n +
m

2
) H2  (1) 

 

After the pre-reforming reaction, the process gas is sent into the reformer furnace in 

which most of the hydrogen production takes place [50]. Typically, the furnace consists 
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of a radiant chamber made of refractory material and multiple rows of catalytic tubes 

[45]. Nickel-based catalysts are often preferred for their low costs [50]. Heat is 

typically provided through the combustion of a mixture of fuel, mostly methane and 

waste gases from the succeeding purification steps. The combustion takes place in a set 

of burners arranged in rows on the side walls of the furnace [45]. Inside the furnace, 

methane (CH4) and hot steam (H2O) react together to form carbon monoxide (CO) and 

hydrogen (H2), see Eq. (2). This reaction is highly endothermic, with temperature in 

the range of 600-1000 °C [51]. The outflow gas from the furnace is generally called 

syngas and it is made of a mixture of H2, CO, H2O with small amounts of CH4 and CO2 

[47]. 

 

CH4 + H2O + heat ↔ CO + 3H2  (2) 

 

In order to maximize the overall hydrogen production yield of the process, a water-gas 

shift (WGS) reaction takes place in a smaller reactor located at the exit gate of the 

furnace [45]. This exothermic reaction, represented by Eq. (3), involves the conversion 

of carbon monoxide (CO) and steam (H2O) into carbon dioxide (CO2) and hydrogen 

(H2) [52]. The equilibrium constantly decreases with temperature; therefore, high 

conversion rates are preferred at low temperatures [53]. Studies indicate that the 
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hydrogen yield can increase by up to 22 % compared to when no CO-shift reaction 

occurs [54]. 

 

CO + H2O ↔ CO2 + H2 + heat  (3) 

 

P.3.: Purification of hydrogen 

To obtain hydrogen with purity levels of at least 99 %, its separation from other syngas 

components needs to be carried out [50]. A commonly implemented technology is 

Pressure Swing Adsorption (PSA) [55]. The syngas leaving the cooling section, with 

operating conditions of 30 °C and 20-30 barg, is sent to the PSA section [56]. Here 

hydrogen is separated using different combinations of pressure levels and adsorption 

capacities of the reactor beds [57]. The interaction between the gas and adsorbent 

depends on the gas component, its partial pressure, type of adsorbent, and temperature. 

Residual tail gas, or off gas, can be used as the fuel for the combustion occurring in the 

reforming furnace [45]. PSA is a state-of-the-art process for gas separation and is 

widely used on a commercial scale for different applications, such as air separation, 

hydrogen production, and biogas upgrading. 

1.2.2 Biogas reformer 

This subsection encompasses the description of the components and processes 

characterizing a plant producing hydrogen through the gasification of biomass. As 
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depicted in Figure 3, the system is formed by two separate zones: i) a gasifier, where 

the lignocellulosic biomass and hot steam are fed and ii) a combustor, where part of 

the char from the gasification and additional biomass-derived energy is supplied to 

produce the heat required for the gasification reactions. No oxygen is fed in the 

gasification reactor, causing an endothermic reaction.  

 

Figure 3: Process flow diagram of a dual fluidized bed technology [58]. 

Table 1 displays the volumetric composition of the raw gas derived from olive stones. 

The main components of the producer gas must be converted to hydrogen as much as 

possible, and the remaining components must be removed to obtain almost pure 

hydrogen. For the gas-cleaning section of Figure 3, the following sub-processes can be 

distinguished: steam reforming, water-gas shift unit, rapeseed oil methyl ester scrubber, 
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amine scrubber, and pressure swing adsorption (PSA) [53] [58]. While the first two 

and the last sub-processes are equivalent to those of a typical SMR plant, the others 

need further descriptions. 

Table 1: Raw gas composition of the olive stones (biomass feedstock). 

Component Formula Value [% vol] 

Hydrogen H2 38 

Carbon monoxide CO 25 

Carbon dioxide CO2 23 

Methane CH4 9 

Ethylene C2H4 3 

Impurities - 2 

 

Rapeseed oil methyl ester scrubber 

The gas product generated by the dual fluidized bed (DFB) gasification system 

contained a significant amount of tar. Tar is an undesired by-product of gasification as 

it may negatively affect a downstream unit or catalyst. To remove tar and condense 

steam by lowering the gas temperature, a wet scrubber can be employed. Rapeseed 

methyl ester (RME) scrubbers are typically constructed as scrubber units filled with 

structured packing. The cooled RME wets the packings while flowing downwards and 

is thus in good contact with the product gas that passes in the counter-current mode.  

Amine scrubber 

The CO2-rich gas stream was in contact with the aqueous amine solution. The amine 

solvent reversibly reacts with CO2 to form water-soluble salts. Due to the high affinity 
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of CO2 to the used solvents, aqueous solutions of monoethanolamide (MEA), 

diethanolamine (DEA), and methyl diethanolamine (MDEA), the operating pressure of 

amine scrubbers can be maintained at ambient levels. Hydrogen sulfide can also be 

chemically absorbed, but higher temperatures are required during regeneration.  

Finally, Table 2 presents the outcomes of the biomass input, hydrogen generation, and 

efficiency based on the lower heating value (LHV) of the thermochemical process. The 

calculations used to populate this table are based on the theoretical model proposed in 

[58]. Olive stone was selected because it is an abundant waste generated by the olive 

oil industry in Sicily [59]. Nevertheless, this study can be extended to other types of 

lignocellulosic residues generated in the olive tree processing sector, such as pruning 

[60]. 

Table 2: Results in terms of biomass input and hydrogen generation. 

Component Value  

Biomass input (olive stones) 10 dry-ton/h 

Biomass to hydrogen efficiency (LHV based) 60 % 

H2 output 25 MWout 

 

1.2.3 Water electrolysis 

Due to the increasing penetration of low-carbon electricity production technologies, 

water electrolysis solutions are being developed at an unprecedented pace [61]. Water 

electrolysis is an electrochemical process for the production of pure gaseous hydrogen 
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from the splitting of water molecules using a direct current [62]. No combustion occurs, 

and the only products of the reaction are H2 and molecular oxygen (O2), making it a 

potentially carbon-free production process. Nevertheless, to assess the actual carbon 

intensity of a water electrolysis process, an attentive investigation of the input power’s 

primary sources must be carried out, whether these fossil-fuel based or not [63]. 

Various technological alternatives with diverse Technology Readiness Levels (TRLs) 

are being investigated by researchers and practitioners. These technologies are 

distinguished based on the material types used as the electrolyte: Alkaline Water 

Electrolyser (ALKEL), Polymer Membrane Electrolyser (PEMEL), Solid Oxide 

Electrolyser (SOEC), and Anion Exchange Membrane Electrolyser (AEMEL). The 

actual market is dominated by ALKEL and PEMEL [64]. In fact, the former currently 

represents a market-ready solution with also multi-MW scale plant options [67]. A 

market niche is also occupied by SOEC. In fact, the last represents an interesting 

solution since it could provide flexibility to the system by using it in reversible mode, 

i.e., as a fuel cell [65]. Additionally, SOEC could also work with methane and ammonia 

as feed. One downside is that they require high temperatures, in the range of 500-

900 °C, to support the reaction kinetics within the ceramic electrolytes [66]. Even 

though, ALKEL technologies dominates the electrolyser market, with fluctuating 

electricity production, such as from wind or solar, PEMEL proved to be more energy 

efficient due to its faster dynamics [68]. Table 3 shows a comparison between ALKEL 
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and PEMEL in terms of various economic and technical parameters. ALKEL and 

PEME are the two technologies that will be modeled in the optimization frameworks 

proposed later in this work. 

Table 3: Main figures for ALKEL and PEMEL for the European market [62] [69] [70].  

Description ALKEL PEMEL 

Market status Mature Commercial 

Market share 90 % 10 % 

Dynamics weak good 

Temperature 20-120 °C 20-90 °C 

Outlet pressure of GH2 10-30 bar 30-70 bar 

Unit CAPEX 370-800 €/kWin 250-1280 €/kWin 

Specific electrical consumption 48-63 kWh/kgH2 45-55 kWh/kgH2 

Specific water consumption 15 liter/kgH2 15 liter/kgH2 

 

1.3. The need for optimization 

This section highlights the importance of mathematical optimization in designing and 

managing different hydrogen energy systems. Effective optimization integrates design 

and operational decisions to ensure high performance, cost effectiveness, and 
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sustainability, while addressing challenges specific to both local and regional hydrogen 

networks. 

1.3.1 Design and operation problems 

Hydrogen energy systems consist of various sub-components (or sub-units) required 

for the production, conversion, and transportation of the hydrogen energy carrier across 

both space and time. Each sub-component plays a different role in influencing the 

overall system’s performance across economic, environmental, logistical, and 

technical dimensions. At these initial stages of the hydrogen uptake, the optimal design 

and operations (D&O) of greenfield hydrogen energy systems represents the biggest 

challenge, especially during the decision-making process of the H2 project’s 

stakeholders. The optimal design of any energy system can be defined as the set of 

decisions regarding the configuration of a system of interest [71]. For each component, 

the main design decisions are sizes, locations, and technology types, if various 

alternatives coexist. In other words, the design of a system represents those 

characteristics and qualities that mostly belong to the space domain, thus static. On the 

other hand, decisions related to the operations of a system are those concerning the 

management of the system over time, such as daily production and conversion rates, 

energy flows between sub-components, and downtimes. Thus, operations are 

associated with the intrinsic dynamics of the system sub-processes and belonging to 

the time domain. Both design and operation decisions must be addressed to guarantee 
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the deployment of a system capable of achieving high-performance levels while 

maintaining low total costs and satisfying external requirements (or constraints). The 

identification of effective D&O decisions can be accomplished through a mathematical 

model-based optimization approach. This quantitative approach is of critical 

importance to aid the decision-making process of relevant stakeholders when facing 

the challenge of implementing a new hydrogen energy system, such as a supply chain 

or a refueling station. 

1.3.2 Local and regional hydrogen systems 

In this thesis, the D&Os of two different hydrogen systems for the rail sector will be 

optimized: a hydrogen supply chain (HSC) and a hydrogen refueling station (HRS). 

While both systems comprise similar technologies for the production, transformation 

(or conditioning), and transport of hydrogen; modeling approaches and, thus, 

optimization outputs, are conceptually different. Supply chains are large-scale and 

spatially distributed logistic systems “encompassing all those activities associated with 

moving goods and value-adding from the ray material stage through to the end-user” 

(Quinn, 1997). The optimization of hydrogen supply chains falls within the supply 

chain management (SCM) field. SCM is a branch of operations research that focuses 

on logistics and tackles the challenge of designing and managing a supply chain 

network to meet specific goals (economic, environmental, social, etc.) within a well-

defined external context [72]. The process of optimizing the design of supply chains 
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can be easily grasped by visualizing a generic supply chain superstructure like the one 

depicted in Figure 4. A supply chain superstructure is the overarching graphical scheme 

capturing all the possible alternatives and interactions between the various components 

from different echelons (or stages) of the supply chain itself. Starting from a known 

superstructure, the optimization model can search for the best technological pathway 

by eliminating the existence of units and the links between different technological units 

[73]. A technological pathway (TP) is, by definition, the combination obtained when 

only one technology is selected at each stage of the SC. Additionally, each TP exhibits 

two levels of variability i) a technological variability given by the range of specific 

technologies and sizes for each technological unit, and ii) a geographic variability 

arising from the spatial distribution quality of supply chains. Different TPs are 

associated with different performances in terms of costs, emissions, logistic operations, 

and energy efficiencies. The D&O problem of an HSC is not a trivial task as it is 

structured as a combinatorial problem where the optimization algorithm searches and 

identifies the best TP minimizing (or maximizing) a pre-declared metric, i.e., the 

optimization’s objective function. 
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Figure 4: Generic superstructure of a three-echelon hydrogen supply chain serving the 

transport end-sector. 

Differently, local (hydrogen) energy systems, as the name suggests, are small- to 

medium- scale systems for which the geographic distribution of technological sub-

components is usually neglected in the modeling process. The two main examples of 

hydrogen-based local systems are hydrogen refueling stations with on-site production 

and hydrogen valleys. Local hydrogen systems should ideally cover the entire HSC’s 

stages, i.e., production, storage, distribution, and final use, in the same location or, at 

least, in its proximity [74]. The technologies are identical to those modeled in a supply 

chain optimization process but the time resolution, or granularity, is higher (hourly or 

sub-hourly). Optimization efforts are directed to the operation of the system over time, 

which in turn affects its optimal design. Thus, for local systems, the various dynamics 
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of each sub-component, like startups and shutdowns, must be carefully modeled to 

derive insightful and reliable directions from the optimal solution. 

1.4. Literature review 

Thus far, several studies have investigated different modeling approaches for the 

optimization and simulation of hydrogen systems, both supply chains and local ones. 

Their research effort, novelties, and insights are presented in the following two 

paragraphs. 

1.4.1 Hydrogen supply chain modeling 

Model-based optimization methods are commonly used to design HSCs, optimizing 

economic, safety, and environmental goals [75]. Mixed-integer linear programming 

(MILP) represents the preferred modeling approach due to its ability to handle two 

distinct sets of decision variables [76]. To gain an insightful view of supply chain 

network optimization, Li et al. [77] listed the most implemented decision variables and 

objective functions. Almansoori and Shah [78] were pioneers in this field proposing a 

foundational general-purpose optimization model for the design of a hydrogen-based 

automotive supply chain. The optimization model was formulated as a static MILP 

aiming at minimizing both the capital and operating costs of the HSC. The same authors 

published a follow-up work with an extended multi-period optimization [79]. Also, 

Wickham et al. [80] dealt with the design of an HSC for the transport sector but focused 
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on the optimization of the purification and separation stages. These stages are, in fact, 

necessary to achieve the purity requirements for hydrogen-based automotive 

applications. Similarly, purification technologies are modeled in the work of Yoon et 

al. [81]. The authors propose a multi-period optimization of an HSC with by-product 

hydrogen and natural gas pipelines for distribution. These studies have proved the 

adaptability of the MILP modeling approach to different SC configurations and 

contexts. Ehrenstein et al. [82] uniquely emphasized the importance of sustainability 

impact assessments in HSCs, particularly for passenger cars. The authors formulated 

the objective function to minimize the levels of planetary boundary transgression. A 

conceptually different approach has been proposed in [83]. Here the overall costs are 

minimized, while novel constraints on total emissions have been posed to guarantee 

low environmental impacts of the HSC. Differently, the environmental impacts of the 

hydrogen network could be assessed through a life cycle assessment (LCA) approach 

for a more comprehensive evaluation [84]. 

Over the years, a shift toward the optimization of low-carbon HSCs has been registered. 

The coupling with non-programmable renewable energy sources gives rise to the need 

to include storage systems to overcome supply-demand mismatches over time. In this 

direction, Seo et al. [85] proposed an optimization model explicitly accounting for the 

advantages and drawbacks of both centralized and distributed hydrogen storage 

systems. Their results clearly show the cost-effectiveness of implementing central 
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storage of large volumes of liquid hydrogen. On the other hand, risks and challenges 

associated with large-scale storage and transportation of liquid hydrogen were analyzed 

in [86]. Some of the main challenges registered are technological gaps between liquid 

hydrogen (LH2), operating at cryogenic temperature, and liquid natural gases (LNG), 

larger boil-off rate due to underdeveloped insulation systems, lack of scaled-up designs, 

and availability of reliable experimental data. 

To promote and support the gradual transition from fossil-based to renewable energy 

sourced HSCs, numerous studies have focused on the optimal mix of primary energy 

sources (PES) for the hydrogen production stage. Emphasis has been placed on 

biomass-based technologies. For instance, Woo et al. [87] developed a MILP model to 

optimize logistics operations needed for the introduction of biomass as a primary 

energy source into an HSC. A mixed-integer non-linear programming (MINLP) 

approach was coupled with a geographic information system (GIS) to achieve accurate 

results for the effective energy planning of a hydrogen supply chain with biomass 

feedstock [88].  

De Léon Almaraz et al. [89] compared single- and multi-objective optimization 

strategies for biomass-based HSC using Hungary as a case study. A multi-objective 

MILP optimization with a multi-criteria decision-making approach is proposed in [90]. 

The authors aimed to evaluate the economic and environmental impacts of using 

biomass wastes for power generation and its implications on the national energy grid. 

https://www.sciencedirect.com/topics/engineering/insulation-system
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Biomass from the oil palm production processes coupled with solar energy is 

considered as the primary energy source to produce hydrogen needed for mobility and 

power generation [91]. The impact of biomass on the optimal design of HSCs was 

studied in [92] through a scenario-based multi-objective optimization, for which carbon 

capture and storage (CCS) technologies were also taken into account. In contrast, a 

comparison of the levelized costs of energy was carried out for green gas produced by 

bio-methanation and green hydrogen to cover the residential heating demand [93]. 

Finally, the National Renewable Energy Laboratory (NREL) conducted a thorough 

economic assessment, offering cost estimates for each technological component of a 

generic biomass-based hydrogen supply chain [94]. 

Implications of the spatially explicitness of HSC systems should be considered in the 

modelling phase. A recent study introduced an optimization framework integrating a 

geographic information system with the algebraic model to effectively design a 

photovoltaic-based hydrogen-electricity supply chain [95]. Their innovative approach 

allows for the simultaneous satisfaction of vehicle fuel and electricity demands while 

also identifying suitable geographic locations for each supply chain stage. Moreover, 

this study suggests modeling HSC not as isolated realities but as the joining link for the 

interaction between hydrogen and electricity systems. Similarly, with proper coding, 

an algebraic MILP can interface with external analysis tools that allow for in-depth 

modeling of some of the SC infrastructures. For instance, Shamsi et al. [96] carried out 
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an accurate calculation of unit production and distribution costs utilizing two publicly 

available software, HDRSAM and H2A [97]. 

Frameworks for the modeling and optimization of supply chains may change 

significantly based on the final sector considered. For example, airports can be 

conceived as demand points where hydrogen could be produced and consumed for 

different end-use applications. The modeling of a supply chain specifically serving an 

airport ecosystem is presented in [98]. Different end-uses and ecosystems are also 

studied in [99], where a renewable HSC is integrated into the waste management 

process of an industrial cluster. The coupling of demands from mobility and residential 

heating is covered in [100], where a MILP model was developed to optimize the 

levelized cost of hydrogen for different network configurations. 

Thus far, some of the presented studies formulated both single-objective and multi-

objective optimization of HSCs. The need for considering more than just one impact 

of such systems cannot be overstated. A multi-objective optimization framework of 

HSCs is described by De-Léon Almaraz et al. [101]. In particular, the authors compared 

two different optimization strategies, one based on the lexicographic method and the 

other on the ε-constraint method. The objective functions minimized were total daily 

costs, global warming potential, and safety risk. The latter is taken into consideration 

also in [102], where the authors propose a multi-objective MILP model with demand 

uncertainty dynamics handled with a fuzzy logic procedure. Risk-related issues of 
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HSCs are included in the analysis done by Bique et al. [103]. The authors presented a 

strategy for the design of a hydrogen supply chain network minimizing both daily 

supply costs and mitigation costs of CO2 while maximizing network safety levels. 

Differently, a Delphi method was applied in [104] to identify 43 risk factors for HSC 

serving the hard-to-abate sectors. In general, when multi-objective and stochastic 

variables are implemented, the modeler must cope with the high computational efforts 

required by the optimal solver to find a solution. To solve this issue, Moreno-Benito et 

al. [105] proposed a hierarchical solution procedure to solve a computationally intense 

MILP problem. In a similar modeling fashion, Cantú et al. [106] addressed the multi-

objective optimization of HSCs through a bi-level formulation and a metaheuristic as 

the optimal solver. Their work introduced some important novelties to the field, such 

as continuous capacities and learning rates. On the other hand, multi-objective 

formulations can also be tackled by tailored genetic algorithms as done in [107].  

Much of the literature presented above focuses on the distribution of pure hydrogen. 

However, different alternatives exist as proposed by Hurskainen et al. [108]. The 

authors conducted an in-depth techno-economic analysis of the delivery of liquid 

organic hydrogen carriers (LOHCs), i.e., Dibenzyl toluene (DBT), to a single industrial 

customer. Key results show that LOHCs can significantly reduce long-distance 

delivery costs. In this perspective, an optimization of a multi-modality delivery stage 
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for HSCs in Italy is formulated in [109]. Potential synergies between the following 

delivery modalities are optimized: pipelines, gaseous trucks, and liquid trucks. 

In the modeling of supply chain systems, temporal resolution could play a significant 

role in capturing the dynamics of critical processes such as the fluctuating nature of 

renewable electricity production and hydrogen storage. The study in [110] introduced 

a bi-level optimization framework integrating multi-timescale and time-delay decision-

making, emphasizing the importance of temporal resolution in realistic supply chain 

analyses. Finally, a two-stage MILP is built in [111] to strategically identify optimal 

locations and sizes for hydrogen refueling station networks. 

Thus far, the literature reviewed primarily addresses light- and/or heavy-duty transport 

sectors. However, as Herwatz et al. [112] emphasize, considering and aggregating 

hydrogen demand from various applications, such as fuel-cell trains, could be strategic 

for capitalizing on greater economies of scale in hydrogen production processes. To 

the Author’s knowledge, Xu et al. [113] conducted the only study optimizing HSCs 

specifically for the railway sector, focusing on the U.K. market. 

1.4.2 Hydrogen refueling station modeling 

Optimization models are widely applied to determine optimal design and operation 

strategies for local energy systems, such as hydrogen hubs, valleys, and refueling 

stations [114]. Like HSC optimization, MILP is a popular choice due to its ability to 

effectively handle both integer and continuous variables related to design and operation 
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decisions [115]. The concept of hydrogen hubs has been introduced in [116], where a 

MILP is formulated to conduct a techno-economic optimization of an off-grid 

renewable ammonia systems within diverse hydrogen hubs localized in Australia. This 

study also demonstrated how modeling local energy systems allows for higher time and 

spatial resolutions and, thus, greater accuracy during the system's operational phase. 

Moving to hydrogen refueling stations, Pivetta et al. [117], proposed a multi-objective 

MILP optimization of an HRS for the decarbonization of a port industrial area. Carbon 

taxes were included in the objective function and constraints on the utilization of the 

electrolyzers were formulated. Results show a levelized cost of hydrogen (LCOH) 

hovering around 7.6 €/kg of H2. Roth et al. [118] advanced a sensitivity analysis 

resulting in lower sensitivity levels of component sizes to CO2 emission prices against 

hydrogen unit costs. Ghaithan et al. proposed two frameworks for the optimization of 

D&O decisions tailored for HRSs serving light-duty vehicles in Saudi Arabia, [119] 

and [120]. The life cycle cost of the refueling station is minimized through a MILP 

model accounting for various system elements, such as on-grid PV and on-site water 

electrolyzer as well as power system reliability and land availability. Their results show 

a levelized hydrogen cost of 4.97 $/kg for an HRS with a 152 kg/day dispensing 

capacity. 

Higher fidelity levels result in higher computational effort for the solver due to a 

substantial increase in the total number of decision variables. To address this challenge 
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different reduction techniques have been proposed in literature. Variable reduction 

through the selection of typical days is the most used technique when RES technologies 

are considered, such as wind and solar. This technique has been integrated with a MILP 

model to optimize the design and operations of power-to-hydrogen systems in 

Germany [121]. Similar to some of the presented HSC studies, the optimization of the 

design and operation of local hydrogen systems has been explored by applying rule-

based and meta-heuristics, such as the swarm optimization algorithm proposed in [122]. 

Mixed-integer non-linear programs (MINLP) have been employed for more complex 

configurations and modeling choices, including power-to-gas technologies, storage 

units, and demand response (DR) techniques [123]. The latter is also integrated into a 

multi-objective MINLP for the optimal day-ahead scheduling of a hydrogen-based 

energy hub [124]. A simple augmented ε-constrained method is coupled with a 

stochastic multi-attribute decision-making approach.  

Addressing uncertainties in renewable energy production and demand is crucial when 

accuracy in operation planning is demanded. A MILP model integrating uncertainties 

through a robust chance-constrained optimization is proposed in [125] for the 

management of energy hubs in the presence of various mass flows and energy vectors: 

electrical, heating, and cooling. On the other hand, novel data-driven approaches can 

be implemented to characterize uncertainty factors arising from the integration of 

hydrogen refueling stations and microgrid scheduling [126]. Finally, a few studies have 
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also addressed an energy hub planning problem with a model predictive control (MPC) 

approach, i.e., [127] and [128].  

While numerous studies have proposed different modeling approaches for optimizing 

and simulating different hydrogen energy systems, few have specifically formulated 

novel MILP constraints with the aim of modelling new dynamics of their technological 

sub-units. Moreover, to date, just a few studies in the literature have focused on the 

optimal design and operation of a HRS, i.e., [120] and [129]. None of the reviewed 

studies proposed an optimization model for a HRS located along a public rail track. 

1.5. Scope and structure 

Aligning with the reviewed literature and identified research gaps, this work proposes 

two modeling frameworks for devising the optimal design and operations of both local 

and regional hydrogen energy systems serving the public rail sector, i.e., hydrogen 

refueling stations and hydrogen supply chains. The same MILP approach is adopted to 

develop the two optimization models but with different time and spatial resolutions as 

well as different algebraic techniques for constraints formulation. Three case studies 

for the Sicilian railway network are examined to validate the effectiveness of each 

model. During the post-optimal analysis, different key metrics are calculated from the 

optimization outputs to gain important insights into the technical, economic, and 
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environmental performances of each hydrogen system. The research gaps and related 

goals of this work are described for each system in the following paragraphs. 

1.5.1 Hydrogen supply chain optimization 

As mentioned before, while most papers focus solely on light-duty fuel cell-electric 

vehicles (FCEVs), the proposed HSC optimization model included fuel cell-electric 

multiple units (FCMUs) and fuel cell-electric buses (FCEBs) as final applications. 

Aggregating hydrogen demands from regional passenger trains and urban buses is 

legitimate from an operational standpoint, as both applications feature onboard storage 

of compressed gaseous hydrogen at 350 bar, thus requiring similar SC infrastructures 

and technologies. Another advantage of coupling hydrogen demands from FCMUs and 

FCEBs within the same HSC is the ease of computing their daily demands. Indeed, 

these values can be considered deterministic and predictable throughout the whole 

operating year. 

Most discussions in the HSC literature contemplate the production of hydrogen from a 

broad spectrum of technological processes, encompassing both renewable (wind-

/solar- powered electrolysis, biogas reforming) and non-renewable (coal gasification, 

steam methane reforming) ones. Hydrogen could significantly contribute to the 

sustainable energy transition, especially when produced using renewable primary 

energy sources. In our study, only renewable energy sources, such as wind-powered 

electrolysis and biogas reforming plants, are considered to produce low-carbon 
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hydrogen at each production site. This choice is particularly pertinent in Sicily, given 

the opportunity to exploit the high availability of wind energy and biomass crops as 

local resources. Additionally, the optimization model is formulated to include already 

existing wind farms in Sicily. This is different from the cited literature envisioning the 

construction of new renewable plants. In fact, one of the Author’s aims is to leverage 

on already existing energy production facilities to bring down total costs. This design 

choice significantly reduces the investment costs of installing new production facilities 

for the HSC, while maximizing the utilization of already available and localized 

resources at the hydrogen production sites. Thus, a mapping and simulation of wind 

farms in Sicily is operated. This was followed by an SC-tailored procedure to estimate 

the availability of daily electricity for hydrogen production under different wind 

curtailment factors in Sicily. Regarding new installations, economies of scale are 

explicitly considered by adding a cost-capacity relationship to the optimization model. 

Additionally, in this study the proposed MILP model is integrated with an external 

analysis tool capable of deriving infrastructure’s costs with higher accuracies. 

Specifically, the Heavy Duty and Refueling Station Analysis Model (HDRSAM) [130] 

is employed to carry out a detailed discounted cash flow for different types of HRSs. 

The HDRSAM’s techno-economic results were fed into the optimization model to 

improve its accuracy. Finally, a novel constraint is formulated to restrict the activation 

of hydrogen delivery routes posing an upper limit on delivery distances. 



59 

 

1.5.2 Hydrogen refueling station optimization 

The second optimization framework comprises a time-indexed MILP model to 

determine the optimal D&O of an HRS located along a rail track in Sicily and featuring 

an on-grid photovoltaic array for the on-site production of H2. As mentioned in the 

literature review section, great emphasis is put on the formulation of novel algebraic 

constraints to model units’ dynamics. Specifically, partial load operations of the 

electrolyzer and its state (on/off, active/inactive) were captured in the same constraint. 

For the latter, a linearization technique was implemented. Furthermore, this 

formulation allows for the inclusion of electrolyzer downtime periods through an 

upper-bound constraint on its utilization factor. To better focus on the operation phase 

of the HRS, the selection of optimal schedules for hydrogen dispensing activities is 

embedded in the algebraic model by adding a demand response (DR) technique. In 

these perspectives, a scenario analysis is conducted for different utilization factors of 

the electrolyzer, seasons for PV production, and different configurations of power 

inputs.  

  



60 

 

1.5.3 Document structure 

This doctoral dissertation is structured as follows: 

• This “Introduction” chapter provides an overview of hydrogen challenges and 

opportunities as well as on the European and Italian policy and regulatory context. 

Three hydrogen production technologies are modeled in this work and a detailed 

description of each process is presented in this section. The need for optimization 

and the differences between hydrogen supply chains and hydrogen-based local 

energy systems and their modeling approaches are also detailed here. The literature 

review along with the scope and novelties of this work are presented at the end of 

the section distinguishing between the two optimization frameworks, i.e., between 

hydrogen supply chains optimization and hydrogen local systems optimization. 

• The “Materials and Methods” chapter includes the two optimization frameworks, 

including a detailed description of the algebraic models, with their objective 

functions, decision variables, and constraints. These optimization frameworks are 

termed 'HSC optimization' for supply chains and 'HRS optimization' for refueling 

stations. 

• The “Case Studies” chapter comprises the three case studies that were modeled and 

optimized using the two frameworks proposed in the “Materials and Methods” 

chapter. Descriptions and results are included in three main sections of the chapter, 

namely “Case Study #1”, “Case Study #2” and “Case Study #3”. The HSC 
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optimization framework is used for the first two case studies, while the HRS 

optimization framework is used for the third one. 

• In the “Conclusions” chapter, a synopsis of key findings and discussions from the 

comparison of the specific results from the three Case Studies is presented. 

Moreover, some main research directions are proposed to support and promote 

further advances in this wide research field. 

• In the “Appendices” sections, all the input data and support calculations are 

collected for the three Case Studies. The “Nomenclature” sections containing 

acronyms, symbols and description of all indexes, parameters and variables can be 

consulted, for the two optimization models, at the beginning of this document. 
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2. Materials and Methods 

This chapter presents the optimization models for designing and operating hydrogen 

supply chains (HSC) and refueling stations (HRS). The HSC model uses a mixed-

integer linear programming (MILP) approach to optimize the configuration and 

operation of supply chains for public rail and bus networks in Sicily. The model 

integrates design and operational variables while addressing economic and 

environmental objectives. It also includes constraints to ensure feasible hydrogen 

production, transport, and refueling. The HRS model optimizes a dynamic greenfield 

refueling station for hydrogen-powered trains, employing a time-indexed MILP 

approach to account for operational dynamics like electrolyzer’s active periods, power 

inputs, and refueling schedules. Scenarios and sensitivity analyses explore variations 

in geographic and operational conditions, offering insights into system performances 

under diverse configurations. The chapter also details algebraic formulations, and tools 

like HDRSAM, used to improve model accuracy. 
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2.1. Supply chain optimization 

The first model identifies the optimal design and operation of an HSC, focusing on the 

number, size, and location of hydrogen production facilities, along with production 

rates, and the network’s active routes along with daily flows. It can serve as a valuable 

quantitative tool for relevant stakeholders, assisting them in the decision-making 

process concerning the cost- and emission- effectiveness of new hydrogen supply chain 

infrastructures within the regional context. 

2.1.1 Modeling framework 

The HSC optimization framework is tailored for rail and buses end-sectors, leveraging 

hydrogen production potentials from existing wind farms and prospective biomass 

plants. As already anticipated, among various modeling approaches, MILP is often 

preferred due to its quality of utilizing two distinct sets of decision variables. The first 

set consists of design variables, which are integers, i.e., binary or discrete, and it 

determines the activation or deactivation of supply chain infrastructures across 

different locations (or grid nodes) and routes (or links) of the HSC network. The second 

set includes continuous operation variables controlling supply chain’s processes like 

hydrogen production rates and flows between network’s nodes. The optimization 

algorithm identifies the best values for decision variables, optimizing user-defined 



64 

 

objectives. Figure 5 illustrates a synopsis of the framework used for the implementation 

of the HSC optimization model. 

 

Figure 5: An overview of the adopted workflow. 

The optimization workflow can be divided into four steps. The first step involves 

declaring the complete set of potential technological pathways (TPs) for hydrogen. 

This includes enumerating all feasible combinations of facilities and infrastructures at 

and between each stage of the SC, i.e., primary energy source, production, distribution, 

and refueling. At this step, one must list all alternatives in terms of technological types, 

sizes, and, in certain cases, location dependencies. Once all TPs have been identified 
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and defined, a graphical representation, known as the superstructure of the supply chain, 

is created (Step 1.1). The specific superstructure of the HSC presented in this study is 

shown in Figure 6. Diving into further detail, in addition to biomass plants, the HSCN 

includes the existing wind farms in Sicily. This study favors polymer electrolyte 

membrane electrolysis (PEMEL) over alkaline water electrolysis (ALKEL) for two 

main reasons: i) PEMEL exhibits higher efficiency, particularly when dealing with 

intermittent power sources [131] and ii) it is better suited for dynamic operation 

because of its quick start-up time and a wide range of load flexibility [132]. Given the 

inherent fluctuations in wind availability, hydrogen production may be supplemented 

with electricity from the main grid to maintain a constant nominal power supply to 

electrolyzers. The national power grid also supplies auxiliary electricity to all 

technological components at each stage, namely compression or liquefaction units and 

hydrogen refueling stations. Depending on whether hydrogen is transported as a 

compressed gas or liquid, the production plant requires either a compressor or a 

liquefier, located in proximity to the production site itself. The compressor increases 

the hydrogen pressure from 20 to 320 bar for transport in tube trailer trucks with a net 

hydrogen payload of 1,100 kg H2 [133]. Conversely, hydrogen liquefaction, which 

operates at approximately 20 K, is a more complex and expensive process than gaseous 

compression. Liquid hydrogen (LH2) is transported by tanker trucks with a capacity of 

approximately 4,300 kg of H2 [134]. The final stage of the HSCN includes storage and 
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dispensing operations at the refueling station, which is typically located near a rail or 

bus depot. Following transportation, the compressed hydrogen at 320 bar is stored and 

further compressed to 350 bar through cascade dispensing to match the FCMU or 

FCEB onboard tank pressure level [135] [136]. For liquid hydrogen, an evaporator and 

compressor were installed at the refueling station to achieve the same dispensing 

conditions. 

 

Figure 6: The specific three-echelon HSC superstructure. 

The primary aim of the superstructure is to have a visual of all potential alternatives, 

i.e., technological pathways (TPs), within the HSC and thus aid the process of 

formulating the constraints of the optimization model. Starting from the superstructure, 

the MILP transposition of a set of TPs can be straightforwardly derived for Step 2.1. 
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The algebraic formulation is covered later in this section. In fact, in a typical supply 

chain optimization problem, feasible TPs are algebraically represented through the 

definition of specific subsets of the basic sets (or supersets). Each set is used to define 

the domain of the associated index over which a constraint or a variable is expanded. 

Consequently, subsets ensure that all unfeasible TPs are excluded by the optimal solver. 

This modeling approach is well expressed in the mass-balance constraint of Eq. (26). 

Starting from the superstructure in Figure 6, Table 4 shows the tabular representation 

of the TPs’ subset, called PIJ (see Nomenclature table). The latter is constructed as a 

subset of the Cartesian product of three basic sets: i) production process types, P, ii) 

hydrogen physical forms, I, and iii) production facility sizes, J. Looking at Table 4, it 

can be noted this the model differentiates between distributed, or on-site, and 

centralized, or off-site, production facilities with respect to points of utilization, i.e. 

refueling stations. The former includes small-scale sites producing gaseous hydrogen 

at 20 bar. These sites are located next to a refueling station, thereby eliminating the 

need for transportation trucks. The latter encompasses larger-scale production sites 

producing compressed or liquid hydrogen. Contrary to onsite, hydrogen needs to be 

delivered to nearby geographic grids via tanker or tube-trailer trucks covering longer 

distances. The sizes in kg of H2 produced daily are detailed in Appendix A.1. 
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Table 4: Tabular representation of the feasible technological pathway’s subset PIJ. 

Production  

process type (p) 

Physical form 

of hydrogen (i) 

Production facility size (j) 

small-

distributed 

small-

centralized 

medium-

centralized 

big-

centralized 

Electrolysis LH2 no yes yes no 

electrolysis GH2 at 300 bar no yes yes no 

electrolysis GH2 at 20 bar yes no no no 

biogas reformer LH2 no yes yes yes 

biogas reformer GH2 at 300 bar no yes yes yes 

biogas reformer GH2at 20 bar yes no no no 

 

Moving back to the workflow of Figure 5, Step 1.2 involves gathering input data and 

context-specific requirements for the tailored formulation of the model’s constraints. 

Technical, economic, and environmental parameters are collected and linked to each 

unit of the HSC. It is worth underlining here that, maximum capacities, CAPEX, OPEX, 

and emission factors of different hydrogen production sites have been calculated by 

adding single contributions of all technological sub-components. To scale the capital 

cost of similar facilities with different sizes, the cost-capacity relationship, expressed 

in Eq. (78) in Appendix A., was used. The latter considers different scale factors sf to 

explicitly consider economies of scale gains for the establishment of new production 

sites. Additionally, since this is a spatially explicit model, some data are geographically 

referenced, such as the maximum availability of a primary energy source and hydrogen 
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demand at all locations. Initially, a geographic breakdown of the area where the HSC 

is to be designed must be conducted. In our case studies, Sicily has been divided into 

nine zones following a municipal criterion where each zone, or grid, represents one of 

the nine provinces of the island, see Figure 10. For distance calculations between grids, 

each of them was identified geographically by the coordinates of its main municipality. 

It is important to underline that all infrastructure-related parameters are aggregated 

across the provincial area. Some important input data are the maximum and minimum 

capacities, capital and operating expenditures, and emission factors for infrastructures 

at each stage of the HSC. The model is demand-driven and the daily demand of 

hydrogen for each grid and each final application, 𝐷𝐸𝑀𝑔, was calculated with Eq. (4). 

The last encompasses the average covered distance, 𝐷𝐼𝑆𝑇𝑔, the number of FCMU or 

FCEB units operating in each grid g, 𝑁𝑈𝑔 , and the fuel efficiency of FCMUs and 

FCEBs, 𝐹𝐸, fixed to 30 kgH2/100km [137] and 8.9 kgH2/100km [138], respectively. 

Fuel efficiency represents the mass of fuel a vehicle consumes to cover 100 km under 

normal driving conditions. 

 

DEMg = DISTg ⋅ FE ⋅ NUg,   ∀g ∈ G  (4) 

 

Step 2.2 of Figure 5 underlines the integration of the MILP model with an external 

software called HDRSAM [130], as also anticipated in the “Scope” paragraph. This 
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tool facilitated the modeling of a complex system, like an HRS, comprising various 

interconnected components such as storage, compressors, evaporators, pipes, and 

dispensers. The HDRSAM was used to perform a detailed cash flow analysis, from 

which capital and unit operating costs are calculated for different HRS types, i.e., 

accommodating hydrogen in different physical forms from either centralized or 

distributed facilities. The definition of scenarios by varying some of the configuration 

parameters, such as the maximum traveled distance for hydrogen delivery, and wind 

curtailment factors are contemplated in Steps 3.1 and 3.2, respectively. The simulation 

procedure to calculate the availability of wind energy based on the curtailment factor 

will be described in the “Case Study” section. Finally, Step 4. calls for the 

implementation of the multi-objective optimization with pertinent software. For this 

work, GAMS 37.1.0 [139] and CPLEX 20.1.0.1 [140] were employed as the algebraic 

modeling language and the optimal solver, respectively. Although SC systems can vary 

significantly based on the specific context in which they operate, this optimization 

framework can be generalized and applied to different case studies with minor 

adaptations. 

2.1.2. Algebraic formulation 

In this section, all equations and constraints of the proposed MILP optimization model 

are formulated and described. To enhance their interpretability, variables are in 

uppercase symbols, while parameters are in lowercase symbols. A complete list of all 
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sets, subsets, parameters, and decision variables can be consulted in the Nomenclature 

section at the beginning of this document. 

2.1.2.1 Objective function 

Eq. (5) represents a multi-objective function that minimizes the sum of total daily cost, 

TDC, and total daily emissions, TDE. The latter term is multiplied by a penalty factor, 

ϑ, reflecting the unit cost of one ton of CO2-eq in the European Union carbon trading 

system. Each term is then weighted with the weight factor, ω, which is varied to 

generate Pareto solutions. TDC was calculated, using Eqs. (6)-(9), as the sum of the 

capital, CAPEX, and operating, OPEX, expenditures across the three echelons of the 

HSC, i.e., production, transportation, and refueling. Capital investments, namely 

PCAPEX, TCAPEX, and RCAPEX, are annualized using a capital recovery factor, crf, 

calculated with Eq. (7). Annualized costs are then converted into daily costs by dividing 

them by the number of operating days in a year, α. Like capital expenditures, operating 

ones are calculated as the sum of the cost of consuming primary energy sources, such 

as wind-based electricity or solid biomass, SOPEX, operating costs of the production, 

transportation, and refueling, respectively labeled as POPEX, TOPEX, and ROPEX. 

The total daily emission term in Eq. (5) was determined using Eq. (10). This equation 

accounts for the daily emissions from each stage of the HSC: primary energy source, 

TES, production, TEP, transportation, TET, and refueling, TER, thus providing a 

comprehensive assessment of the HSC environmental impact. 
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min Z =  TDC ∙ ω + ϑ ∙ TDE ∙ (1 − ω)  (5) 

 

TDC =  
CAPEX ∙ crf

α
+ OPEX (6) 

 

crf =
i ∙ (1 + i)n

(1 + i)n − 1
 (7) 

 

CAPEX = PCAPEX + TCAPEX + RCAPEX   (8) 

 

OPEX = SOPEX + POPEX + TOPEX + ROPEX (9) 

 

TDE =  TES + TEP + TET + TER  (10) 

 

Delving deeper, capital and operating costs of production processes were calculated 

using Eqs. (27)-(12). These equations involve multiplying the number of production 

facilities, NPgpij, and their daily hydrogen production rates, HPRgpij, by their specific 

costs, namely pccpij for capital expenses and pocpij for operating expenses. For the 

refueling stages, the capital and operating costs are accounted for with Eqs. (13)-(14). 

The number of refueling stations, NRSgi, is multiplied by the unit investment cost, rccgi. 
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On the other hand, the daily capacity (or demand) of hydrogen in different physical 

forms, DEMgi, is multiplied by the unit cost of dispensing, rocgi. 

 

PCAPEX = ∑ ∑ ∑ ∑ pccpij ∙  NPgpij

j∈Ji∈Ip∈Pg∈G

 (11) 

 

POPEX = ∑ ∑ ∑ ∑ pocpij ∙  HPRgpij

j∈J

  

i∈Ip∈Pg∈G

 (12) 

 

RCAPEX = ∑ ∑ rccgi

i∈Ig∈G

∙  NRSgi (13) 

 

ROPEX = ∑ ∑ rocgi

i∈Ig∈G

∙  DEMgi (14) 

 

The operating expenses associated with the consumption of primary energy sources, 

SOPEX, are calculated in Eq. (15). This cost item is simply the multiplication of the 

amount of primary energy consumed in each grid g (WINDg, GRIDg, BIOg), by the 

respective unit cost of consuming that source. These unit costs are denoted as 𝑢𝑐𝑤 for 

wind farms, 𝑢𝑐𝑔 for the power grid, and 𝑢𝑐𝑏 for solid biomass. 

 

SOPEX = ∑(ucw ∙ WINDg + ucg ∙ GRIDg + ucb ∙ BIOg)

g∈G

 (15) 
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For the transportation stage a specific constraint block is added, Eqs. (16)-(27), 

showing a different structure from the previous ones. As expressed in Eq. (16), capital 

investments in transportation, TCAPEX, are derived from the cost of acquiring a single 

transportation unit, tucci, multiplied by the total number of units in the network, NTRi. 

On the other hand, Eq. (17) shows the operating cost calculation. They are included as 

the sum of four distinct cost items: fuel cost, TFC, driver labor cost, TLC, maintenance 

cost, TMC, and general transportation costs, TGC. Eqs. (18)-(27) represent the 

equation block of the transportation cost model, which was originally formulated by 

Almansori et al. [78]. The newly added term NDELgg′i  refers to the number of 

deliveries of hydrogen with physical form i, liquid or gaseous, from grid g to grid g’. 

It is important to underline that this number is not the same as the total number of 

operating trucks in the network, NTRi, whose calculation will be presented later in the 

model, see Eq. (38). All cost items in Eq. (17) strongly depend on the traveled distance 

term, distgg′.  

 

TCAPEX =  ∑ tucci ∙ NTRi 

i∈I

 (16) 

 

TOPEX =  TFC + TLC + TMC + TGC (17) 
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The transport fuel cost depends on the unit price of fuel, fpi, the fuel consumption per 

kilometer, fci , the number of deliveries, NDELgg′i , all indexed for each hydrogen 

physical form i, as well as on the round-trip distance covered for each delivery route, 

2 ∙ distgg′. Each driver is paid per hour of driving, thus, Eq. (19), also incorporates the 

average speed of the vehicle, speedi, and the loading/unloading time of the cargo, 

lutimei in h/trip 

 

TFC =  ∑ ∑ ∑ fpi ∙ (
NDELgg′i ∙ 2 ∙ distgg′

fci
)

i∈Ig′∈G,g′≠gg∈G

 (18) 

 

TLC =  ∑ ∑ ∑ dci ∙ (NDELgg′i ∙ (
2 ∙ distgg′

speedi
+ lutimei))

i∈Ig′∈G,g′≠gg∈G

 (19) 

 

Eq. (20) and (27) show a similar structure to Eq. (18) and (19), respectively, except for 

conversion factors of maintenance, mci, and general, gci, unit costs. 

TMC = ∑ ∑ ∑ mci ∙

i∈Ig′∈G,g′≠gg∈G

(NDELgg′i ∙ 2 ∙ distgg′) (20) 

 

TGC = ∑ ∑ ∑ gci ∙

i∈Ig′∈G,g′≠gg∈G

 (NDELgg′i ∙ (
2 ∙ distgg′

speedi
+ lutimei)) (21) 
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To complete the objective function block, Eqs. (27)-(24) are added to the model to 

calculate the total daily CO2-eq emissions at each stage of the HSC, i.e. term TDC in 

Eq. (5). Each of these equations includes the emission factor associated with each stage 

of the supply chain. For the primary source stage, TES, emission factors for wind, grid, 

and biomass consumption are multiplied by the related primary energy source 

consumption in Eq. (27). Similarly, to derive total emissions from production and 

refueling stages, TEP and TER, emission factors are multiplied by production rates and 

covered hydrogen demands, respectively in Eq. (23) and Eq. (24). Finally, emissions 

due to the operation of diesel-powered trucks for the transportation of hydrogen, i.e., 

TET, are calculated by considering the total distance traveled by these trucks, as shown 

in Eq. (25). 

 

TES = ∑(wef ∙ WINDg + gef ∙ GRIDg + bef ∙ BIOg)

g∈G

 (22) 

 

TEP = ∑ ∑ ∑ ∑ pefpgi ∙ HPRgpij

j∈Ji∈Ip∈Pg∈G

 (23) 

 

TER = ∑ ∑ refi ∙ DEMgi

i∈Ig∈G

 (24) 
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TET = ∑ ∑ ∑ tefi ∙ (NDELgg′i ∙ 2 ∙ distgg′)

i∈Ig′∈G,g′≠gg∈G

 (25) 

 

2.1.2.2 Mass balance constraints 

Moving to the proper model of a SC structure, Eqs. (26)-(28) ensure the hydrogen mass 

balance throughout the entire network. It is the core equation block of the optimization 

model as it ensures that the local demand of each grid, DEMgi, and the hydrogen outflows, 

(∑ HFgg′ig′∈G,g′≠g ), are covered by on-site production plants, (∑ ∑ HPRgpijjp ), or by 

hydrogen inflows from neighboring grids, (∑ HFg′gig′∈G,g′≠g ), that is through off-site 

large production sites. The application of subset PIJ in Eq. (26) guarantees that this 

constraint is applied only to feasible TPs, as explained in previous sections. It is worth 

noting that decision variables not belonging to the subset PIJ are forced to be zero, thus 

being neglected from the optimization algorithm. Through proper utilization of the 

index notation, Eq. (27), forces production rates of small-scale and distributed 

production facilities not to exceed the local hydrogen demand in the same grid g. In 

other words, local hydrogen demand can be covered by on-site production plants only 

if they are of small size type, i.e., j = small distributed. Finally, Eq. (28) serves for 

the disaggregation of final hydrogen demand for each physical form of hydrogen. It 

ensures that the total amount of hydrogen received in different physical forms by all 
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refueling stations of any grid g, ∑ DEMgii , is equal to the total hydrogen demand 

registered in the same grid, demg. The last is a fixed input parameter of the model.  

 

∑ ∑ HPRgpij

jp

+ ∑ HFg′gi

g′∈G,g′≠g

=  DEMgi + ∑ HFgg′i

g′∈G,g′≠g

, ∀(p, i, j) ∈ PIJ (26) 

 

HPRpgij ≤ HDEMgi,   j = small distributed, ∀p ∈ P, ∀i ∈ I, ∀g ∈ G   (27) 

 

∑ DEMgi

i∈I

= demg,   ∀g ∈ G (28) 

 

2.1.2.3 Capacity constraints 

Eqs. (29) and (30) are added to determine the number, type, and size of production 

facilities, NPgpij, and refueling stations, NRS gi, that must be established in each grid in 

the optimal configuration. These variables are controlled by the specified lower and 

upper capacity limits for production plants, pcappij
minand pcappij

max, and for refueling 

stations, rcapi
max. 

 

pcappij
min ∙ NPgpij ≤ HPRgpij ≤ pcappij

max ∙ NPpgij,   ∀g ∈ G, ∀(p, i, j) ∈ PIJ (29) 

 

DEMgi ≤ NRS gi ∙ rcapi
max,   ∀g ∈ G, ∀i ∈ I (30) 



79 

 

Eqs. (31)-(33) represent the constraints associated with the consumption of primary 

energy sources, specifically electricity and solid biomass, in each grid of the network. 

The total electricity and solid biomass consumed are calculated, respectively, with Eq. 

(31) and Eq. (32), by considering the primary energy conversion factors, pecpij. Eq. 

(33) ensures that the amount of solid biomass consumed, BIOg, is below the daily 

maximum availability in the same grid g, biog
max. Additionally, Eq. (34) expresses the 

mechanism applied in this study to balance energy flows between wind farms and the 

national power grid. This constraint allows water electrolyzer plants to withdraw 

electricity also from the national power grid, provided that this amount does not exceed 

the total potential energy generated from wind farms, windg
max. This was signaled by 

a connection symbol in the superstructure of Figure 4. Indeed, Eq. (34) guarantees the 

sustainable and feasible exploitation of the electricity generated by wind farms. 

 

∑(HPRgpij ∙ pecpij)

i,j

= WINDg + GRIDg,   ∀g ∈ G, p = electrolysis, ∀(p, i, j) ∈ PIJ (31) 

 

∑(HPRgpij ∙ pecpij)

i,j

= BIOg,   ∀g ∈ G, p = biomass, ∀(p, i, j) ∈ PIJ (32) 

 

BIOg ≤ biog
max,   ∀ g ∈ G (33) 
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WINDg + GRIDg ≤ windg
max,   ∀ g ∈ G (34) 

 

2.1.2.4 Transportation constraints 

The following block of equations, Eqs. (35)-(38), pertains to the transportation stage 

of the HSC. They provide clear examples of how integer and continuous variables can 

be coupled to model typical SCs’ situations. Specifically, Eq. (35) establishes a link 

between the binary variable controlling the activation/deactivation of network routes, 

Ygg′i, and the continuous variable expressing hydrogen flows between grids, HF gg′i. 

This ensures that daily hydrogen flows stay within specified minimum and maximum 

levels, denoted as flowi
minand flowi

max, respectively. If a transportation route is not 

activated, this constraint forces both the continuous and binary variables to be zero. 

The novel distance constraint is expressed in Eq. (36). It works by limiting the potential 

active transportation routes to those characterized by a distance lower than a user-

selected one, distmax. This can be set equal to the average distance among all potential 

links to have a balanced set of activated transportation routes within the network. The 

number of deliveries or trips for each route and each physical form of hydrogen is 

recorded with an integer variable, NDELgg′i . This is calculated with Eq. (37) 

considering the net hydrogen payload indexed for the physical form of hydrogen 

transported, payloadi
max. Accordingly, Eq. (38) calculates the total number of trucks, 
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of tube-trailers or tanker types, required to operate all the deliveries across the HSC 

network, NTRi. This integer variable is dependent on the daily time availability of each 

transportation unit, tavai, and on the calculated average hours of daily driving. 

 

flowi
min ∙ Ygg′i ≤  HF gg′i ≤ flowi

max ∙ Ygg′i,   ∀i ∈ I, ∀g, g′ ∈ G, g ≠ g′ (35) 

 

Ygg′i ∙ distgg′ ≤ distmax,   ∀i ∈ I, ∀g, g′ ∈ G, g ≠ g′ (36) 

 

NDELgg′i ≥  
HFgg′i

payloadi
max ,   ∀i ∈ I, ∀g, g′ ∈ G, g ≠ g′ (37) 

 

NTRi ≥  
NDELgg′i

tavai
∙ (

2 ∙ distgg′

speedi
+ lutimei),   ∀i ∈ I, ∀g, g′ ∈ G, g ≠ g′ (38) 

 

2.1.2.5 Coherence constraints 

Coherence constraints, Eqs. (39)-(42), are essential to model any SC optimization 

problem effectively and realistically. One key action is to force the unidirectionality of 

any hydrogen flow between two locations, which is addressed in Eq. (39). This 

equation ensures that hydrogen transport occurs in only one direction between any two 

given grids. Similarly, to prevent those cases where a single grid acts simultaneously 

as an importer and as an exporter of hydrogen, three additional constraints, featuring a 



82 

 

big-M formulation, are incorporated into the model, Eqs. (40)-(42). Finally, all decision 

variables must be non-negative. 

 

Ygg′i + Yg′gi ≤ 1,   ∀i ∈ I, ∀g, g′ ∈ G, g ≠ g′ (39) 

 

EXPgi ≥ (∑ Ygg′i

g′

) ∙
1

M
,   ∀i ∈ I, ∀g, g′ ∈ G, g ≠ g′ (40) 

 

IMPgi ≥ (∑ Ygg′i

g′

) ∙
1

M
,   ∀i ∈ I, ∀g, g′ ∈ G, g ≠ g′ (41) 

 

EXPgi + IMPgi ≤ 1,   ∀i ∈ I, ∀g, g′ ∈ G, g ≠ g′ (42) 

 

2.2.3 Definition of scenarios 

Figure 7 presents a diagram depicting all the scenarios optimized in this study. The 

diagram is structured to illustrate the various levels of variation, contributing to a 

comprehensive understanding of how different factors and parameters influence the 

performance of the HSC in the Sicilian context. 
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1. HSC’s configurations 

This level explores the impact of the maximum distance constraint, as formulated in 

Eq. (36), on the design and operation of the HSC. It assesses how this constraint 

influences the overall configuration of the network. 

2. Wind curtailment factors 

At this level, a sensitivity analysis is conducted on the curtailment factor parameter cf 

to examine how variations affect the production stage of the HSC. A more detailed 

procedure for the accounting of different wind curtailment factors were presented in 

the “Case Study #1” section. 

3. Pareto charts 

At this level, the Pareto chart of each scenario is generated. This is achieved by varying 

the weight factor ω of the objective function in the range 0-1 with a 0.1 step. This 

process enables the evaluation of trade-offs between the impact factors constituting the 

objective function of the model, Eq. (5). 

 

 

Figure 7: Scenario and sensitivity analysis performed in this study. 

  

Maximum distance constraint

• With max distance bound

• Without max distance bound

1. HSC configurations

Wind curtailment factor

• cf = 1 %

• cf = 2 %

2. HSC parameters

Weight factor

• Varying ω in the range 0 ÷ 1 
with a 0.1 step

3. Pareto solutions
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2.2. Hydrogen refueling station optimization 

2.2.1 Modeling framework 

The second framework proposed in this study comprises at its core a model-based 

optimization to address the design and operation problem of a greenfield HRS located 

along a future rail track served by a hydrogen-based fleet of FCMUs. The aim is to 

develop a quantitative tool focusing on aiding the operational management of an HRS 

from its owner's perspective. To achieve this, a time-indexed MILP was chosen as the 

modeling approach, incorporating the formulation of novel constraints and 

linearization techniques to better capture critical operation dynamics. For instance, a 

demand response technique is algebraically formulated to select the optimal train 

refueling program each day. The demand-driven optimization was validated using a 

real case study of a railway refueling station, representing a novel application for this 

research field. Scenarios and sensitivity analyses were conducted by varying the season 

of the year, the utilization factor of the electrolyzer, and the configuration of the power 

inputs of the refueling station. Finally, the energetic, environmental, and economic 

performances of the station were assessed using tailored metrics and compared to those 

of a diesel-based scenario. The optimization was run with an hourly time resolution 

and within a time horizon of one week. 
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Figure 8: Technological scheme of the HRS with energy flows and model’s boundaries. 

The HRS scheme adopted in this research is depicted in Figure 8, where solid light blue 

lines represent hydrogen flows, solid dark blue lines indicate oxygen and water flows, 

and orange dotted lines depict electricity flows. This scheme serves as the basis for the 

formulation of the algebraic equations and constraints modeling units and interactions 

among them. The process begins with a proton exchange membrane electrolyzer 

(ELEK) producing high-purity hydrogen at a 20 bar pressure level. The electrolyzer 

can be powered with electricity withdrawn from either the national power grid (GRID) 

or a newly installed photovoltaic array (PV). Furthermore, buying carbon-free 

electricity under a power purchase agreement (PPA) was considered a viable option for 
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the HRS owner. To account for energy dispatching and conversion losses an energy 

management system component (EMS) is included in the model scheme. 

Compression from 20 bar, i.e., the common outlet pressure of a PEMEL, to 500 bar is 

operated using a reciprocating compressor (COMP). Compressed gaseous hydrogen is 

stored at 500 bar in a high-pressure storage system (STOR), constituted by cylindrical 

pressurized vessels. The choice of a 500 bar pressure level for hydrogen storage is 

justified by the following two main operational needs: i) minimizing the volume of the 

storage system to fit within the limited space typically available at train refueling 

stations, and ii) enabling cascade dispensing, which helps to prevent short peak 

compressor operations before final dispensing. To implement a cascade dispensing 

process pressures higher than those used in onboard hydrogen storage tanks, 350 bar 

for FCMUs, are required. Water consumption from the electrolysis process is modeled 

to account for its operation costs. It is worth noting that, even though oxygen 

production and, thus, its recovery/selling were not considered as a source of revenues 

in the objective function, oxygen flows are shown in Figure 8. Finally, it is important 

to underline that the dispenser’s size is not optimized since it was calculated based on 

the amount of hydrogen to be dispensed daily to trains, which is a fixed input parameter. 

Furthermore, in this configuration, i.e. gaseous dispensing, the dispenser unit is 

responsible for a negligible contribution to final capital and operating cost, see 

description of Figure 18. 
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2.2.2. Algebraic formulation 

In this section, the equations and constraints of the HRS optimization model are 

presented and described. To enhance their interpretability, variables are in uppercase 

symbols, while parameters are in lowercase symbols. A complete list of all sets, subsets, 

parameters, and decision variables can be consulted in the Nomenclature section at the 

beginning of this document. Additionally, equations are grouped in blocks, each 

referring to a different technological unit of the HRS as depicted in Figure 8, with the 

only exception of the objective function block. 

2.2.2.1 Objective function 

The first block encompasses those equations, Eqs. (43)-(48), needed to calculate each 

term included in the objective function of the optimization model, Eq. (43). This is 

composed of two impact factors, both to minimize: total daily costs, TDC, and total 

daily costs deriving from CO2-eq emissions released during the operation phase, 

(TDE ∙ ρ). The penalty factor ρ represents the specific cost of CO2-eq emissions in 

€/tCO2-eq, converting them into a cost term. It is worth noting that the minimization of 

costs associated with released emissions inherently leads to the minimization of the 

emission levels. The total daily cost of the HRS is calculated as the summation of fixed 

and variable operating expenditures, fixOPEX and varOPEX, fixed and variable capital 

expenditures, fixCAPEX and varCAPEX, and the investment cost for starting a 

medium- to high-voltage connection with the power grid, GRID, see Eq. (50). To 
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annualize total capital costs, a capital recovery factor, crf, is calculated as in Eq. (7). 

As in the HSC model, α represents the total number of operating days within a year and 

it is used to account for all cost items in €/day. For the same reason, a multiplication 

factor of 1/7 has been considered for operating costs, which are summed over a time 

horizon of one week in our case study. Finally, the total daily emissions, TDE, due to 

the power consumption of the station over time are calculated with Eq. (45), 

considering the specific emission factor of the national power grid, ef grid. 

 

min Z = TDC + ρ ∙ TDE (43) 

 

TDC =
(fixCAPEX + varCAPEX) ⋅ crf + GRID + fixOPEX

α
+ (varOPEX ∙

1

7
) (44) 

 

TDE = (∑ Pt
grid,ems

t∈T

∙ ∆t ∙ ef grid) ∙
1

7
 (45) 

 

The cost items above are calculated with Eqs. (46)-(48). Specifically, variable CAPEX 

are those associated with the cost of buying equipment for each component u, equipu, 

thus varying with the installed nominal capacity, CAPu, as expressed in Eq. (46). On 

the other hand, fixed CAPEX is those associated with the cost of installing equipment 

of each component u, instu, as expressed in Eq. (47). On the other hand, the variable 
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operating expenditures are included in Eq. (48). These cost items are those deriving 

from the buying of electricity and water to operate the station. The same equation 

considers the possibility of making revenues from selling excess PV energy to the 

power grid, Pt
pv,grid. Other incurred costs for minor operation and maintenance activities 

(o&m) are accounted for with Eq. (49). Finally, the initial investment cost related to the 

contracted power with the national grid, GRID, is expressed in Eq. (50). 

 

varCAPEX = ∑ CAPu ∙ equipu

uϵU

 (46) 

 

fixCAPEX = ∑ CAPu ∙ equipu ∙ instu

uϵU

 (47) 

 

varOPEX = ∑(Pt
grid,ems

∙ ∆t ∙ uct
grid

− Pt
pv,grid

∙ ∆t ∙ ηdc/ac ∙ revgrid + WCt
elek ∙ ucwater)

t∈T

 (48) 

 

fixOPEX = ∑ CAPu ∙ equipu ∙ σu,o&m

u∈U

 (49) 

 

GRID =  CAPgrid ∙ invgrid (50) 
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2.2.2.2 Power grid 

Although power grid infrastructures fall outside the scope of the model, as illustrated 

in Figure 8, the following two constraints are necessary to assign costs associated with 

initiating an electricity supply contract. Eq. (51) registers the peak power withdrawn 

during one week of the station operations. On the other hand, the upper bound in Eq. 

(52) is fixed to avoid too-high values of supplied power. 

 

Pt
grid,ems

≤ CAPgrid, ∀t ∈ T (51) 

 

0 ≤ CAPgrid ≤ capgrid,max (52) 

 

2.2.2.3 Photovoltaic array 

The following block of equations models the PV array size and its electricity flows, 

Eqs. (53)-(55). The total electricity produced each hour from the photovoltaic array is 

calculated in Eq. (53). These values were used in Eq. (54) to impose an upper bound 

on the sum of electricity that can be either sold to the power grid, Pt
pv,grid

, or used to 

power the station, Pt
pv,ems

. Maximum and minimum capacity constraints are expressed 

in Eq. (55). In this study a non-null lower bound is considered to force the installation 

of the PV array for scenarios without a PV installation. On the contrary, an upper bound 
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is calculated based on the available area that can be occupied by the PV modules at the 

train station. 

 

Pt
pv,out

= pt
pv,out

⋅ CAPpv,   ∀ t ∈ T (53) 

 

Pt
pv,ems

+ Pt
pv,grid

≤ Pt
pv,out,   ∀ t ∈ T (54) 

 

cappv,min ≤ CAPpv ≤ cappv,max,   ∀ t ∈ T (55) 

 

2.2.2.4 Energy Management System 

The electricity balance of the station is accounted for at the node where an energy 

management system is installed and depends on the configuration of the HRS. Two 

equations are defined: Eq. (56) when a PV array is installed and Eq. (57) when only 

the power grid connection is possible. In this model an efficiency parameter for the 

energy management system, ηems, is included to account for the energy losses due to 

the energy dispatching among technological components and to the conversion from 

alternating to direct current. Furthermore, the electric flows to power all technological 

components are intentionally slightly oversized, using ηbop, to account for power loads 

of balance of plant sub-components. The constant parameter μstor,elec has been added 
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to account also for the electricity input to the high-pressure hydrogen storage system. 

A minimum amount of electricity is nonetheless required to power the balance of plant 

components, the monitoring systems, and safety alarms of the storage system, 

particularly when characterized by high-pressure levels, such as 500 bar. 

 

(Pt
pv,ems

+ Pt
grid,ems

) ∙ ∆t ∙ ηems

= (Pt
elek,in + Pt

comp,in
) ∙ ∆t ∙ (1 + ηbop) + μstor,elec,   ∀t ∈ T 

(56) 

 

Pt
grid,ems

∙ ∆t ∙ ηems = (Pt
elek,in + Pt

comp,in
) ∙ ∆t ∙ (1 + ηbop) + μstor,elec,   ∀t ∈ T (57) 

 

2.2.2.5 Water electrolysis 

The water electrolysis process is modeled by Eqs. (58)-(62). The amount of hydrogen 

produced by the PEMEL is calculated in Eq. (58) using a conversion factor parameter, 

μelek,elec . On the other hand, Eq. (59) models simultaneously the state of the 

electrolyzer through the binary variable Xt
elek,on

; and the nominal size of the 

electrolyzer utilizing the continuous variable CAPelek. Furthermore, Eq. (59) allows 

considering partial load operations of the electrolyzer by adding the parameters 

loadelek,min  and loadelek,max . This equation introduces nonlinearity, which is 

addressed using a linearization technique described later in this section. The weekly 

utilization factor of the electrolyzer, υelek, is satisfied by adding Eq. (60), while a lower 
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and upper bound on the installed capacity is posed with Eq. (61). Finally, water 

consumption during the electrolysis process is modeled in Eq. (62). 

 

Ht
elek,out = Pt

elek,in ⋅ Δt ⋅
1

μelek,elec
,   ∀t ∈ T (58) 

 

loadelek,min ∙ CAPelek ⋅ Xt
elek,on ≤ Pt

elek,in ≤ CAPelek ⋅ Xt
elek,on ⋅ loadelek,max,   ∀t ∈ T (59) 

 

∑ Xt
elek,on

t∈T

≤ υelek ∙ 168,   ∀t ∈ T (60) 

 

capelek,min ≤ CAPelek ≤ capelek,max,    ∀t ∈ T (61) 

 

WCt
elek = Ht

elek,out ⋅ μelek,water,    ∀t ∈ T (62) 

 

2.2.2.6 Hydrogen compression 

The following block of constraints, Eqs. (63)-(65) models the hydrogen compressor 

unit. Eq. (63) clarifies that the hydrogen flow exiting the electrolyzer is immediately 

compressed by the hydrogen compressor before entering the storage. The hydrogen 

compressor outlet flows and, thus, nominal capacity is calculated with Eqs. (64) and 
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(65), based on the maximum power demanded by the compressor registered during one 

week of operation.  

 

Ht
elek,out = Ht

comp,in
= Ht

comp,out
= Ht

stor,in,   ∀t ∈ T (63) 

 

Pt
comp,in

∙ Δt = Ht
elek,out ⋅ μcomp,elec,   ∀t ∈ T (64) 

 

Pt
comp,in

ηcomp
≤ CAPcomp,    ∀t ∈ T (65) 

 

2.2.2.7 Hydrogen storage 

The hydrogen content of the high-pressure storage is registered at each time step, i.e., 

one hour, by accounting for each cycle of charging and discharging, as expressed in 

Eq. (66). Hydrogen leaks during these operations are considered negligible. To 

guarantee safe levels of discharge cycles from the storage, a minimum level of 

hydrogen, stormin, is always kept, as imposed in Eq. (67). This safe level is also needed 

to account for sub-hourly variabilities of the storage content. The size of the hydrogen 

storage is calculated with Eqs. (68)-(69) while Eq. (70) serves to ensure cyclical 

operations after each week. 
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HCt
stor = HCt−1

stor + Ht
stor,in − Ht

stor,out,   ∀t ∈ T′ (66) 

 

HCt
stor ≥ stormin,    ∀t ∈ T (67) 

 

HCt
stor ≤ CAPstor,   ∀t ∈ T (68) 

 

capstor,min ≤ CAPstor ≤ capstor,max (69) 

 

HCt=1
stor = HCt=168

stor  (70) 

 

2.2.2.8 Hydrogen demand 

The dispensing stage of the station is modeled using Eqs. (71)-(73). In this study, more 

than one daily schedule can be selected, thus optimized, for the refilling of trains. This 

is achieved by introducing set I, see the Nomenclature table, where each set element is 

associated with a distinct schedule for dispensing activities for one week. The last was 

algebraically formulated with the matrix presented in Eq. (73). Each column of the 

matrix is labeled with index i and it represents a different daily schedule for dispensing 

activities during the selected time horizon. The row dimension of the matrix is equal, 
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in this case, to 168, i.e., the total number of hours in one week. Accordingly, the 

hydrogen demand, demt,i , is defined as the amount of hydrogen that must be 

discharged from the storage to fill the train during each time step, when the dispensing 

program i is selected. The binary variable Xi
dem is responsible for the activation of the 

optimal dispensing schedule and the deactivation of the others, as expressed in Eq. (71). 

It follows that only one daily dispensing schedule i can be selected by the optimization, 

as formulated in Eq. (72). 

 

Ht
stor,out = ∑ demt,i ⋅ Xi

dem

i∈I

,   ∀ t ∈ T (71) 

 

∑ Xi
dem

i∈I

= 1 (72) 

 

demt,i = [

dem1,1 ⋯ dem1,|I|

⋮ ⋱ ⋮
dem|T|,1 ⋯ dem|T|,|I|

] (73) 

 

2.2.2.9 Linearization technique 

The non-linear multiplication of a binary and a continuous variable, introduced with 

Eq. (59), was linearized as described in [141], by applying the substitution expressed 

in Eq. (74) and by adding Eqs. (75)-(77) to the model. Finally, all decision variables 

must be non-negative. 
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Xt
elek,on ⋅ CAPelek ≡ Lt,   ∀t ∈ T (74) 

 

Lt ≤ CAPelek,   ∀t ∈ T (75) 

 

0 ≤ Lt ≤ M ⋅ Xt
elek,on,    ∀t ∈ T (76) 

 

Lt ≥ CAPelek + M ⋅ (Xt
elek,on − 1),   ∀t ∈ T (77) 

 

 

2.2.3 Definition of scenarios 

The labels for each scenario optimized in this study are detailed in Table 5. Two basic 

configurations are analyzed concerning: i) the installation of an on-grid photovoltaic 

system, namely scenario PV, and ii) the activation of a power purchase agreement to 

acquire emission-free electricity from the power grid, namely scenario PPA. It is worth 

underlining that in the latter scenario, no PV array is installed in proximity of the HRS. 
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Table 5: Label of each optimized scenario. 

Season 

GRID + PV GRID + PPA 

υelek =  0.8 υelek =  0.9 υelek =  0.8 υelek =  0.9 

Spring PV-0.8-spr PV-0.9-spr 

PPA-0.8 PPA-0.9 

Summer PV-0.8-sum PV-0.9-sum 

Autumn PV-0.8-aut PV-0.9-aut 

Winter PV-0.8-win PV-0.9-win 

 

For the configuration with on-grid PV, four PV weekly production profiles are fed into 

the optimization representing the seasons of the year, namely spring (spr), autumn (aut), 

winter (win), and summer (sum). These profiles, shown in Figure 9, have been 

generated with a 1-hour time resolution using the Renewables.ninja simulator [142] 

[143]. Finally, for each scenario, a sensitivity analysis is conducted by varying the 

weekly utilization factor of the PEM electrolyzer, υelek. This factor is defined as the 

percentage of hours in a week in which the electrolyzer is active.  
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Figure 9: PV weekly production profile for each season of the year. 
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3. Case Studies 

This chapter evaluates the optimization frameworks for hydrogen supply chains (HSC) 

and hydrogen refueling stations (HRS) through three case studies based in Sicily. Case 

Study #1 examines the feasibility and design of an HSC network utilizing local wind 

and biomass resources. Centralized hydrogen production, particularly at biomass-based 

plants, dominates due to economies of scale and low distribution costs, with PEM 

electrolyzers meeting residual demand locally. Case Study #2 complements the 

analysis by optimizing a Sicilian HSC with wind as the only primary energy source. 

This Case Study focuses on optimizing the network's locations and activated routes 

across various demand scenarios for rail and bus applications. The results highlight the 

importance of considering the geographic distribution of H2 demand across the whole 

island. Finally, Case Study #3 validates the HRS optimization model by replacing a 

diesel-based rail refueling station with a hydrogen-powered alternative. Figures 

highlight the economic and environmental benefits of hydrogen, particularly when 

sourced through renewable power purchase agreements (PPA). 
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3.1. Case Study #1 

3.1.1 Description 

This section details the Sicilian case study used to validate the HSC optimization model, 

including input parameters and scenario definitions. Sicily, an island in the southern 

part of Italy, covers 25,711 km², and has significant potential for low-carbon hydrogen 

production from wind, solar, and biomass [144]. The concentration of Italian wind 

plants in the south, particularly in Sicily, is notable, with an installed capacity that is 

expected to nearly double by 2030 [145]. According to recent data, the total nominal 

capacity of wind farms installed in Sicily stands at 2,260.0 MW. This capacity is 

delivered by more than 914 operating turbines and accounting for over 18 % of Italy’s 

total wind capacity [146]. More than 95% of all wind farms are characterized by 

nominal capacities greater than 1 MW [147]. 

In addition to wind power, Sicily is abundant in biomass materials with an estimated 

annual yield of almost 4 million dry tons [147]. Using existing wind farms and solid 

biomass is essential to advancing low-carbon hydrogen mobility in Sicily in the short 

term. Sicily could be the major clean energy hub able to connect European and African 

countries [148]. For this study, Sicily has been divided into nine zones following a 

municipal criterion where each zone, or grid, represents one of the nine provinces of 

the island with different municipal authority administrations. This geographic division 

https://www.enelgreenpower.com/learning-hub/renewable-energies/wind-energy/wind-power-italy
https://www.enelgreenpower.com/learning-hub/renewable-energies/wind-energy/wind-power-italy
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is depicted in Figure 10, where each province is assigned a label, serving as the grid 

index for the optimization model. 

 

Figure 10: Geographic breakdown of Sicily with labels used for optimization. 

3.1.2 Wind and biomass availability 

The total installed nominal capacities for each province in Sicily were derived from the 

ATLAIMPIANTI database [147] and are detailed in the bar chart depicted in Figure 

11. It is important to highlight that only existing wind plants with a nominal capacity 

higher than 1 MWout have been included in the analysis. This specific threshold was 

chosen to ensure a close-to-nominal production of hydrogen from PEMEL units. 

Specifically, it ensures compatibility with the smallest PEMEL size that can be selected 

by the optimization model, which is equal to 1 MWin. 
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This study assumes that not all electricity generated by wind farms can be exploited for 

hydrogen production. To this scope, it is assumed that only the curtailed electricity can 

be used to power water electrolyzers in the network. Two curtailment factor 

percentages, i.e., 1 % and 2 %, were selected [149]. Based on these values, the 

calculation of the daily average electricity flowing from wind farms to electrolyzers in 

each province involves the application of the following steps: 

1. The total nominal capacity of wind farms in each province was gathered, focusing 

on those with a nominal capacity greater than 1 MWout, matching the smallest 

electrolyzer size in the model, as previously explained. The resulting values are 

shown in Figure 11. 
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Figure 11: Total installed wind nominal capacities for each Sicilian province. 

2. The hourly production profiles for a standard 1 MWout wind turbine were simulated 

using Renewable.ninja simulation tool [142] [143]. The specific choice of a 1 

MWout turbine size was made to generate normalized production profiles. An 

illustrative profile from this step is shown in Figure 12 by plotting the daily 

capacity factor over one year for a 1 MWout wind farm located in Catania. 
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Figure 12: Daily capacity factor over one year for a wind farm located in Catania. 

3. The energy that could be transferred from the wind turbine to the PEMEL was 

calculated hourly over an operating year, based on the lower partial operating load 

of PEMEL. The latter is fixed equal to 10 % [150] of the nominal capacity of the 

electrolyzer, i.e., 100 kW for a 1 MWin PEMEL unit. The average daily energy 

output was then computed in electrical kWh per day. 

4. The curtailment factor cf was applied to determine the potential energy for 

hydrogen production that would otherwise be wasted because not requested from 

the regional power grid. 

5. Finally, the total electricity available for hydrogen production in each province 

was calculated by multiplying the total installed nominal capacities, from step 1, 

by the values calculated in step 4. 
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It is worth remembering that, as depicted in Figure 4, all electrolyzers are connected to 

the power grid. This connection is crucial as it allows the power grid to compensate for 

the intermittent nature of wind production, thereby ensuring that the electrolyzer 

consistently receives nominal power throughout the day. It is worth remembering that 

this model adopts an energy-balancing mechanism approach between wind farms and 

the national power grid. This is mathematically formulated as an inequality constraint 

through Eq. (34) of the HSC model. Results of the above simulation are shown in Table 

6 for each province.  

Table 6: Maximum available electricity from wind farms after curtailment for each province 

in [kWh/d]. 

Grid cf = 1 % cf = 2 % 

g1 13893.0 27787.0 

g2 1999.0 3998.0 

g3 8926.0 17853.0 

g4 4249.0 8498.0 

g5 9173.0 18347.0 

g6 13661.0 27321.0 

g7 90.0 181.0 

g8 6805.0 13609.0 

g9 16581.0 33162.0 

 

Regarding biomass-based plants, Table 7 exhibits the data utilized to derive input 

parameters for the optimization model. A daily maximum consumption of 300 dry tons 

of solid biomass per day (dtpd) has been fixed for each province. The decision to cap 
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daily biomass availability at 300 dry tons per province was grounded in three factors: 

i) a maximum availability limit for primary energy sources is necessary to avoid 

unrealistic sizing of supply chain infrastructures, ii) for supply chain logistics, this 

restriction allows the installation of at most one centralized large-scale biomass-based 

hydrogen production plant within each grid, and iii) based on available data, this 

represents the average daily availability of biomass per province. On the other hand, 

the size of a distributed small-scale plant has been selected for a maximum daily 

production output of 1,800 kg of H2. All capital investments were normalized based on 

a reference plant with a production capacity of 37,500 kg of H2 per day [94]. The last 

figure is specific to this optimization model. The reference capacity was used to 

calculate the capital expenditure for the four sizes, utilizing the cost-capacity 

relationship outlined in Appendix A.1, serving as a basis for the cost assumptions used 

in this analysis. This approach was needed to derive the capital costs of different sized 

plants in the absence of available and reliable data, as in the case of biomass-sourced 

hydrogen production plants in Sicily. 
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Table 7: Main parameters for biomass-based hydrogen production plant [94]. 

Description Value 

Maximum availability per province (biog
max) 300 dtpd 

Unit OPEX for thermochemical processing of biomass 6 €/kgH2 

Unit OPEX for biogas steam reforming 5 €/kgH2 

Specific consumption of biomass 80 kgH2/dry-ton 

Unit CAPEX for a reference biomass plant 5,364.0 €/(kgH2/d) 

 

3.1.3 Hydrogen demand 

The HSC optimization model is structured to be demand-driven, meaning it is designed 

to meet the final demand of hydrogen-fueled applications in each of the identified grids. 

As shown in Table 8, the total daily hydrogen demand for each province, presented in 

the last column of the table, is calculated as the sum of the demands from FCMUs and 

FCEBs. These demand values are derived using Eq. (4), where the fuel economy, FE, 

for FCMUs and FCEBs has been set equal to 30 kgH2/100km [137] and 8.9 

kgH2/100km [138], respectively. For calculating the average distance traveled by 

FCMUs, the lengths of non-electrified railways routes in each province in Sicily are 

used, distg. Conversely, for FCEBs, a fixed daily average covered distance of 250 km 

per bus is assumed [151]. The total number of operating train and bus units, HUg, is 

derived from public transport company official websites. Additional details on the non-



109 

 

electrified railway lines in Sicily and the daily demands for FCMUs can be found in 

Appendix A.1. 

Table 8: Hydrogen daily demand from FCMUs and FCEBs for each province. 

Grid 

label 

H2 demand from  

FCMUs 

[kgH2/day] 

H2 demand from  

FCEBs 

[kgH2/day] 

H2 demand from  

FCMUs and FCEBs 

[kgH2/day] 

g1 312 2295 2607 

g2 0 153 153 

g3 1499 7548 9047 

g4 0 127.5 127.5 

g5 0 2652 2652 

g6 333 16167 16500 

g7 312 1275 1587 

g8 147 2295 2442 

g9 63 2295 2358 

 

3.1.4 Results 

The initial analysis of the scenarios involves comparing the optimal Pareto charts 

generated by varying the weight factor ω as shown in Figure 13. Specifically, ω is 

varied within the range of 0 to 1, at intervals of 0.1. Notably, the extreme values of ω=0 

and ω=1 practically transform the multi-objective function in Eq. (4) into a mono-

objective function, focusing solely on minimizing either the total daily emission cost 

or the total daily cost of the entire HSCN. An interesting observation from the four 

charts of Figure 13 is that the optimal Pareto curves for the two configurations of the 
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network, with and without the maximum distance constraint, are identical. This 

indicates that the maximum distance constraint does not significantly impact the 

optimal design and operation of the network. This outcome can be attributed to two 

main factors: the optimal supply-demand matching and the role of the transportation 

stage. Referring to the first aspect, the specific structure of the network may allow for 

optimal matching of supply and demand through the activation of transportation links 

between neighboring grids, where relative distances are below the maximum threshold. 

Hence, the maximum distance constraint does not notably influence this optimal 

configuration. The transportation stage might not be a critical factor if a significant 

portion of the hydrogen demand is met locally by distributed production facilities 

situated near the refueling stations. However, in examining the centralization degree of 

the HSCN across the four scenarios, it appears that the first factor plays a more 

significant role in this specific case study. In fact, the degree of centralization of the 

optimal HSCN, which reflects the percentage of total network demand met by 

centralized production, ranges between 95 % and 96 % in both scenarios. This suggests 

that the centralized production facilities predominantly satisfy the demand. This pattern 

is particularly relevant in island contexts like Sicily, where centralized production is 

often preferred due to higher economies of scale and relatively lower distribution costs 

over shorter delivery distances. Given these insights, the HSCN demonstrates an 

optimal configuration even when a maximum distance constraint is applied. The 
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similarity in results across different scenarios is a common outcome in MILP models 

due to the discrete nature of the integer decision variables. Based on these 

considerations, subsequent analyses in this study will focus only on scenarios that 

include the maximum distance constraint. 
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Figure 13: Optimal Pareto charts a) with maximum distance and cf = 1 %, b) with maximum 

distance and cf = 2 %, c) without maximum distance and cf = 1 % and d) without maximum 

distance and cf = 2 %. 

Observing the two Pareto charts Figure 13, a) and b), it is noticeable that the number 

of points on the optimal curves is fewer than the total number of weight factors, i.e., 

10. This occurrence is due to the overlapping of most optimal points, particularly when 

the weight factor ω ranges from 0.2 to 0.9. According to Eq. (4), whenever ω > 0, the 

total daily cost TDC is considered by the objective function. The shapes of the two 
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optimal curves exhibit similar patterns. They appear almost perpendicular to the x-axes 

when 0.1 ≤ ω ≤ 1. However, as ω changes from 0 to 0.1, there is a noticeable change 

in both curves, showing significant variations in TDC and TDE. Specifically, the 

marginal change, i.e., steepness of the curve, for TDC is higher than that for TDEC. 

This pattern suggests that the optimization procedure prioritizes the minimization of 

daily costs over emissions, even at lower values of ω, leading to a diminished impact 

of the weight factor on the overall optimization outcome. Despite their similar shapes, 

the same optimal Pareto charts, i.e., a) and b) of Figure 13, depict notable differences 

in their scales, as better illustrated in Figure 14. For instance, at a reference point of ω 

= 0.5, increasing the wind power availability for hydrogen production from a 

curtailment factor cf = 1 % to cf = 2 %, leads to reductions of 12 % and 15 % in total 

daily emission costs and total daily network costs, respectively. This significant impact 

of the curtailment factor on the network’s performance is further corroborated by the 

two bar charts presented in the following figure. 
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Figure 14: Pareto optimal charts for scenarios with maximum distance constraint for cf = 1 % 

and cf = 2 %. 

The bar charts proposed in Figure 15 provide a clearer understanding of the 

contributions to TDE and TDE from the four different stages of the HSC: primary 

energy source consumption, hydrogen production, transportation, and refueling. 

Additionally, each chart compares data between the two curtailment factors scenarios. 

A key observation is that the proportions and magnitudes of costs and emissions are 

mostly consistent across the four stages, except for the primary energy consumption 

stage, which contributes more significantly to total costs than it does to total emissions. 

Emissions from primary energy source consumption due to wind and biomass are 
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considerably lower than those from other stages, which are predominantly associated 

with electricity consumption from the national power grid, as indicated in the tables in 

Appendix A.1. However, the most substantial contributors to both daily costs and 

emissions are the production and refueling ones. On the other hand, the contributions 

from the transportation stages to both daily costs and emissions can be considered 

negligible when compared to other stages. Thus, in the context of the optimization 

procedure, the production and refueling stages emerge as the primary drivers, 

significantly influencing the optimal design and operation of the HSC. This insight 

highlights the critical importance of these stages in achieving both cost-effectiveness 

and emission reduction in any HSC design. 

 

Figure 15: Different HSC stage contributions a) to total daily cost and b) to total daily 

emission for cf = 1 % and cf = 2 % (with ω = 0.5) 

Complementing the insights from Figure 15, Table 9 provides a detailed breakdown of 

costs by separating daily CAPEX from daily OPEX for each stage of the HSC. It is 
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worth noting that these values do not consider costs deriving from released emissions. 

Consistent with earlier observations, the daily OPEX for the production and refueling 

stages contributes more to the total values than the daily CAPEX. These OPEX are 

associated with the network operating variables, such as production rates, 

transportation flows, and final dispensing rates. Moving back to Figure 15, a notable 

trend can be observed regarding the differences in daily costs and emissions when 

varying the curtailment factor cf. Specifically, when cf is increased from 1 % to 2 %, 

there is an overall improvement in the HSCN performance, as previously indicated in 

Figure 14. This improvement occurs because of an increase in costs and emissions in 

the source and refueling stages, coupled with a decrease in the production stage. This 

shift suggests that a deeper exploration of the optimized values for the key operational 

variables could provide further insights into the observed trends. Such an analysis is 

undertaken in the subsequent Figure 17 and Figure 18, which delve into the operational 

aspects of the network under different scenarios. 
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Table 9: Breakdown of total costs as a percentage of the TDC with ω = 0.5. 

HSC stage 
Curtailment factor 

cf = 1 % cf = 2 % 

Primary source 9.4% 22.3% 

    Daily capex 0.0% 0.0% 

    Daily opex 9.4% 22.3% 

Production 61.0% 42.0% 

    Daily capex 16.7% 16.1% 

    Daily opex 44.4% 25.9% 

Transport 1.2% 1.3% 

    Daily capex 0.0% 0.1% 

    Daily opex 1.1% 1.2% 

      Fuel 0.4% 0.5% 

      General 0.1% 0.2% 

      Driver 0.5% 0.5% 

      Maintenance 0.1% 0.1% 

Refueling 29.4% 34.4% 

    Daily capex 9.0% 9.6% 

    Daily opex 20.4% 24.8% 

 

The stacked bar chart depicted in Figure 16 showcases the daily hydrogen production 

rates in kg of H2 across all Sicilian provinces, differentiating between production 

technology types and the physical form used in the transportation stage. Additionally, 

it compares the two data series corresponding to different curtailment factors. 

Reflecting the high degree of centralization in the HSCN, a significant portion of 

hydrogen production is attributed to centralized facilities, particularly two large-scale 

biomass-based plants located in grids g3 and g6. The production from these biomass-

based plants accounts for 96 % and 94 % of the total hydrogen production for cf = 1 % 

and cf = 2 %, respectively. These outcomes highlight the critical role of biomass plants 
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in meeting the hydrogen demand in Sicily, especially from the public sector, under the 

given curtailment factors. However, increased wind availability leads to slightly higher 

production rates from distributed PEMEL and lower rates from centralized biomass 

plants. This indicates enhanced daily cost and emission performances when distributed 

PEMEL are installed in the network. The optimization model thus maximizes biomass-

based hydrogen production while meeting any residual local demand through 

distributed PEMEL sites. The only exception is the establishment of a small-scale 

centralized PEMEL plant with a nominal capacity of 5 MWin, at grid g1 when cf = 2 % 

for an optimal supply-demand matching across the network. 

Conversely, the model does not consider the transportation of liquid hydrogen. This 

decision stems from the first conditioning step of hydrogen, whether produced by 

PEMEL or BSR. The specific electricity consumption for hydrogen liquefaction is four 

times higher than that for centralized compression, as shown in Appendix A.1, leading 

to higher emissions from the power grid and, more importantly, higher daily OPEX. In 

this network, the relative weight of the transport stage costs does not justify the 

economic viability of extensive liquid hydrogen production, despite the potential 

reduction in unit distribution costs due to the significantly higher net H2 payloads of 

tanker trucks compared to tube trailer trucks. 
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Figure 16: H2 production rates from different production technologies for each province. 

To evaluate the primary energy consumption of the entire network, specific conversion 

factors were established: 80 kg of H2 per one dry ton of olive stones and 55 kWh of 

electricity per one kg of H2, see Appendix A.1. The centralized BSR plants in the 

network consume a total of nearly 482 and 475 dry tons of solid biomass for curtailment 

factors cf = 1 % and cf = 2 %, respectively. In contrast, the distributed PEMEL sites 

consume 81,246 kWh and 109,002 kWh of electricity (sourced from either wind farms 

or the regional power grid) for cf = 1% and cf = 2%, respectively. Figure 17 focuses 

only on the production through water electrolysis. The clustered chart distinguishes 

whether the electricity for hydrogen production is sourced from the power grid or 
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generated by a wind farm. A key observation is the necessity of a direct connection to 

the regional power grid, especially at cf = 1 %, to supplement wind-based hydrogen 

production in grids g4, g6, and g9. However, when cf increases to 2 %, the HSCN 

becomes almost entirely independent from the power grid, indicating that wind power 

alone is sufficient to meet the demands of most distributed PEMEL plants. An increase 

in wind-based electricity availability for hydrogen production results in a decrease of 

6 % in costs and 90 % in emissions. While the economic benefits might appear modest, 

the substantial reduction in emissions is pivotal for achieving low-carbon distributed 

hydrogen production. This decrease in emissions is particularly significant in the 

context of carbon credit costs, which is a crucial discriminant factor for forecourt HRSs 

owners aiming at minimizing their carbon footprint. 
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Figure 17: Clustered bar chart of power consumption from grid and wind farms in each grid. 

To complement the analysis, Figure 18 provides a summary of the results obtained 

using the HDRSAM external tool, specifically focusing on the refueling stage of the 

HSCN. In particular, the figure depicts the contributions of individual components to 

the levelized cost of hydrogen final dispensing. The input parameters used to perform 

cash flow analysis of each HRS type are collected in Appendix A.1. Three types of 

HRS configurations are modeled based on the physical form of hydrogen received at 

the gate of the station: i) stations receiving compressed gaseous hydrogen, CGH2, at 

300 bar through tube-trailer trucks; ii) stations receiving gaseous hydrogen, GH2, at 20 

bar from on-site centralized plants such as BSR or PEMEL units; and iii) stations 

receiving liquid hydrogen, LH2, via tanker trucks. In all three configurations, the 
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hydrogen is dispensed to final applications, i.e., FCMUs or FCEBs, in its compressed 

gaseous form at a 350 bar pressure level. The physical form in which hydrogen arrives 

at the HRS significantly affects both the configuration and total costs of the station. 

Figure 18 shows that for an HRS receiving LH2, the dispenser accounts for 60% of the 

total cost. The dispenser needs to perform evaporation and an additional compression 

of hydrogen before being dispensed. On the contrary, for an HRS receiving CGH2 at 

300 bar, the compressor is responsible for 58% of the total cost while the dispenser cost 

can be considered negligible. Since cascade storage is selected as the dispensing 

technique, high costs of compression occur even when hydrogen is received at 300 bar. 

Cascade dispensing necessitates storing hydrogen at higher pressure levels than the 

final one, i.e., 350 bar. This facilitates the natural flow of hydrogen from higher-

pressure zones to lower ones. Notably the refueling station with on-site production, 

namely GH2 at 20 bar, despite being the most expensive option due to high costs 

associated with the on-site compressor, offers a unique advantage in terms of efficient 

use of low-carbon and cost-effective energy, particularly from local wind farms, 

especially when covering complementing biomass-based centralized production during 

peak demand periods. 
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Figure 18: Portions of dispensing levelized cost at the refueling stage for different HRS types. 
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3.2. Case Study #2 

3.2.1 Description 

The HSC optimization model was also applied to a slightly different Sicilian case study, 

but with a higher focus on the design of the HSC network in terms of the number, 

location, and size of facilities, as well as of hydrogen flows. For this case study the 

objective function was formulated as to minimize only the total cost of the SC. Though 

total CO2-eq emissions are not considered by the objective function, their impacts were 

studied during an environmental post-optimal analysis. Figure 19 presents the specific 

HSC superstructure that was optimized. Differently from Case Study 1, it can be noted 

from the superstructure that no biomass-based plants are included. 

 

 

Figure 19: Specific HSC superstructure optimized in Case Study #2. 

Another significant difference from Case Study 2 lies in the definition of scenarios. In 

this case study three scenarios were declared by optimizing the demand levels 

associated with final applications, FCMUs and FCEBs, as illustrated in Figure 20. 
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Figure 20: Geographic breakdown of Sicily with distribution of H2 demand for buses and 

trains. 

Hydrogen demand was calculated based on its spatial distribution across the network, 

as outlined in Eq. (4) and detailed in Table 8 for each final application and Sicilian 

province. It is notable that the grid 2, 4, and 5, corresponding to Caltanissetta, Enna, 

and Messina respectively, lack a hydrogen demand for FCMUs, as these provinces are 

already served by electrified rail tracks. The study considered three sizes of alkaline 

electrolyzers with power capacities of 1 MWin (small), 5 MWin (medium), and 20 MWin 

(large). Small electrolyzers can only be installed directly at the point of demand, i.e., 

in proximity to an HRS. For compressor-related calculations, hydrogen's inlet and 

outlet pressures were fixed at 20 bar and 200 bar, respectively. The specific energy 
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consumption for the compressor is calculated as in with Eq. (79), and is equal to 1.9 

kWh/kgH2. The specific electrical consumption of liquefaction unit is fixed equal to 11 

kWh/kgH2 [152], respectively. The specific capital cost for a hydrogen liquefaction 

unit is assumed equal to 5000 € per kgH2/day [152]. Based on these values, capital and 

operating costs are derived for each TP. For readability, their tables can be consulted 

in Appendix A.2, along with other supporting data. 

3.2.2 Results 

Hereafter, the optimized HSC configurations for the three identified scenarios in Table 

8 are presented and discussed. Optimization results are illustrated on maps, showing 

HSC network designs, activated transportation routes, as well as the sizes, numbers, 

and locations of production facilities. Consistent legends in the maps enable cross-

comparison. Specifically, electrolyzers are represented as squares, pentagons, and 

hexagons, corresponding to small (1 MWin), medium (5 MWin), and large sizes (20 

MWin), respectively. The optimal number of electrolyzers to be installed at each 

location is encapsulated within each of these mentioned shapes. Dotted or continuous 

red lines signal the gaseous or liquified transportation mode, via tube trailers or tanker 

trucks, respectively. Numbers above each arrows represent daily hydrogen flow rates 

in kgH2/day. The maps assume that installing an electrolyzer includes all required 

auxiliary services and components, such as compressors or liquefiers. Thus, each node 

marked with an electrolyzer symbol on the optimized maps signifies a fully operational 



127 

 

hydrogen production facility, equipped with all the requisite components to produce 

either liquid or gaseous hydrogen at 200 bar, as depicted in Figure 19. These optimized 

D&O variables strongly depend on two key determinants: the availability of primary 

energy from the wind farm and the level of hydrogen demand from the same grid. The 

optimized HSC design for Scenario #1, i.e., the scenario solely considering the 

hydrogen demand from FCMUs, is delineated in Figure 21.  

From an initial overview of the map, it is evident that the preferred transportation mode 

is tube trailers for CGH2 at 200 bar, a trend that extends to the subsequent two scenarios. 

Furthermore, except for subregions 1 and 6, the hydrogen supply is predominantly 

operated by the production facility situated in subregion 3, where the deployment of a 

medium-sized electrolyzer emerges as the most cost-effective solution, thereby 

centralizing hydrogen production for almost the entire network. The strategic decision 

to install a larger electrolyzer in subregion 3 and distribute hydrogen to the rest of the 

network, despite longer distances, seems to be the cost-optimal design choice. This is 

attributable to subregion 3, capable of serving as a hydrogen production hub for the 

entire Sicilian region, also under low demand levels of Scenario #1. The bulk of the 

demand is clustered around grid 3, see Table 8. Consequently, a larger electrolyzer is 

deployed there to cover any hydrogen local demand and allocate the surplus production 

to nearby grids 7 and 8, as well as to the further grid 9, which necessitates presents 

smaller daily hydrogen demands, 63 kgH2/day. Conversely, the installation of larger 
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electrolyzers in grids 1 and 6 would not have been cost-efficient due to the low level 

of their local demand. As an outcome of the optimization, having a dedicated small-

sized electrolyzer where the hydrogen demand is high is cost-effective since it allows 

for exploitation of the local satisfaction of demand. Complementary, long-distance 

transportation routes are leveraged to deliver excess production to other nodes in the 

network. 

 

Figure 21: Optimized HSC network for Scenario #1 (H2 demand from FCMUs).  

The HSC optimal network under Scenario #2 demand levels is presented in Figure 22. 

Like Scenario #1, transportation of CGH2 from points of production to points of use is 

chosen over the delivery of LH2 via tanker trucks to achieve the minimization of the 

total daily cost of the HSC. This stems from the fact that liquefaction units are 
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significantly more expensive than compression units in terms of both capital and 

operating costs, see the Description section of Case Study 2. In Scenario #2, grid 6 

manifests the highest demand, followed by grid 3, which explains why the largest 

production facilities are installed in these two provinces. Furthermore, transportation 

links with distances shorter than the activated ones are not activated due to an infeasible 

spatial match between supply capacities and demand levels. Should node 3 function as 

an exporter for grid 4, and not for grid 1, there would be no surplus production in the 

network to cover the demand of the latter. This implies that, in these cases, the 

optimization procedure favored the activation of a longer link between grids 3 and 1 to 

satisfy the supply and demand matching constraint, see Eq. (26). Analogous 

explanations can be given for other active routes in the network. 
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Figure 22: Optimized HSC network for Scenario #2 (H2 demand from FCEBs). 

Lastly, the aggregated hydrogen demands for FCMUs and FCEBs have been covered 

in Scenario #3, and optimized results have been reported in Figure 23. Due to higher 

demand levels, larger electrolyzers are installed to ensure appropriate hydrogen 

dispensing across all nine provinces. Interestingly, grid 8, emerges as a viable candidate 

as a hydrogen production hub. It could potentially meet the demands of the entire 

network, complementing some local production facilities, as in grids 1 and 3. The 

configuration of all hydrogen deliveries, leaving from one province in Scenario #3, is 

also a consequence of the high degree of centralization. The more decentralized a SC 

is, the more demand is being satisfied by local, or on-site, production. The degree of 

decentralization is calculated as the portion of the overall demand met by local 
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production, which stands at 80 %, 92 %, and 87 %, for Scenario #1, #2, and #3, 

respectively.  

 

Figure 23: Optimized HSC network for Scenario #3 (H2 demand from FCEBs and FCMUs). 

Based on the OPEX and annualized CAPEX, which are recorded in Table 10, final unit 

costs of dispensed hydrogen in each scenario were calculated, resulting in the following 

values: 9.02 €/kgH2, 6.34 €/kg H2, and 6.32 €/kgH2, respectively for Scenario #1, #2 

and #3. As expected, unit costs decrease with the increase in total demand levels. This 

is explained by the well-established principle of economies of scale. Final unit costs 

decrease as production volumes increase since capital investments are distributed on 

more “units” of the final product. This insight supports and promotes all those efforts 

aiming at increasing H2 demand levels through higher market penetrations of 
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hydrogen-based applications to leverage greater economies of scale. Scenarios #2 and 

#3 exhibit marginally different H2 unit dispensing costs since FCEBs demand already 

constitutes more than 93 % of that in Scenario #3. As a reference, the average Italian 

unit cost of gasoline is 1.7 €/liter, or 2.2 €/kg [153]. 

Table 10: Breakdown of the HSC daily costs for the three optimized scenarios. 

Cost item [€/d] 
Scenario 1  

(FMUs) 

Scenario 2  

(FCEBs) 

Scenario 3 

(FCMUs and FCEBs) 

Total daily cost 24,043.62 237,902.17 253,905 

    FCC 16,350,458.73 145,155,701.34 153,656,225.6 

    POC 7,441.93 101,039.86 107,647.09 

    TCC 1,690,650 3,944,850 5,071,950 

    TOC 125.8 697.42 1,300.73 

 

Optimized results are used to assess the environmental impacts of the established HSC 

in the three scenarios. Specifically, the total amount of avoided CO2-eq emissions at 

the production stage is calculated, as shown in the second row of Table 11. As assured 

by the balancing mechanism formulated in Eq. (34), all the electricity consumed for 

hydrogen production can be considered fully renewable. Under this assumption, the 

daily avoided emissions can be thought of as those emissions that would have been 

released if all energy used to power water electrolysis plants had been supplied by a 

power grid not coupled to regional wind farms. This calculation is performed by 

applying the average emission factor of the Italian power grid. Conversely, for the 
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distribution stage, the environmental analysis is pursued by calculating the total amount 

of released CO2-eq for the operation of diesel-fueled trucks. This quantity is determined 

by multiplying the distance covered by all transportation trucks within the network to 

their emission factor in kgCO2-eq/km. These results are reported in the first row of 

Table 11. The average emission factor per traveled kilometer for a diesel truck was 

assumed equal to 1.12 kgCO2-eq/km [154], while the emission factor of the Italian 

power was, at the time, equal to 536 kgCO2-eq/km [155]. It is evident that the carbon 

emissions due to the distribution stage increase with the increase in hydrogen demand 

levels. However, this increase is not comparable to the benefit in terms of avoided 

emissions achieved by exploiting electricity produced from already installed wind 

farms in Sicily. 

Table 11: Environmental metrics for the transportation and production stage in the three 

optimized scenarios. 

Description 
Scenario #1  

(FMUs) 

Scenario #2  

(FCEBs) 

Scenario #3 

(FCMUs and FCEBs) 

Emissions from transportation 

stage [kgCO2-eq/d] 

 

800.56 1,935.23 2,358.18 

Avoided emissions at 

production stage [kgCO2-eq/d] 
76,367.14 1,035,117.197 1,102,536.3 

  



134 

 

3.3. Case Study #3 

3.3.1 Description 

The HRS optimization model was validated through a hypothetical scenario in which 

an existing diesel-based train refueling station was replaced with a hydrogen refueling 

station featuring on-site hydrogen production. This train station is located along a 

railway line situated near the city of Catania, Sicily. The railway line spans 

approximately 111 km, circumnavigating Mount Etna. Moreover, it is an isolated route, 

lacking connections with other rail tracks, as illustrated in Figure 24 [156]. The line is 

served by a fleet of diesel multiple units and primarily designated for passenger 

transport. The introduction of catenary electrification is deemed impractical due to 

elevated costs and the difficult nature of the volcanic terrain. According to publicly 

available timetables, each train journey covers nearly half of the total line length 

multiple times per day [156]. 
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Figure 24: The selected railway track (red) and the train station (blue) for this case study. 

Upon completion of the optimization, several key performance indicators are computed 

to assess whether there are potential benefits resulting from the replacement. To 

conduct this assessment, the Coradia iLint FCMUs are employed as the hydrogen-

based alternative [137]. The basic technical parameters of this technology are collected 

in Table 12. The fuel efficiency of hydrogen was calculated by dividing the average 

operating range on a full tank by the total amount of hydrogen consumed. Actual values 

for fuel consumption of a typical DMU can vary significantly depending on the specific 

model of the train and its operating conditions, such as the load of the train, the terrain, 

and the driving style. However, drawing from literature values, an estimate of diesel 

consumption for a DMU sharing similar characteristics with the Coradia iLint model 
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is approximately 1.4 kg of diesel per kilometer traveled [157]. This is four times higher 

than 0.33 kgH2/km for hydrogen, as calculated in Table 12. These values will be used 

to compare the current diesel-based with the proposed future hydrogen-based scenario. 

To ensure a fair comparison, numeric values were normalized to a common basis, 

namely, the daily kilometer of distance traveled by the trains consuming an equivalent 

mass of fuel. 

Table 12: Technical parameters of the Alstom Coradia iLint train [158] [137]. 

Description Value 

Mass (empty train) 120 t 

Maximum speed 140 km/h 

Total length 54 m 

Total number of passengers 150 seated / 150 standing 

Operating range on a full tank  600-800 km 

Onboard tank capacity 2 x 94 kgH2 at 350 bar 

Fuel cell power system 2 x 314 kW 

Fuel efficiency (calculated) 0.33 kgH2/km 

 

The main input parameters for each HRS sub-component are shown in Table 13. 

Maximum capacities are needed to prevent the installation of excessively oversized 

systems. Fixed operating costs for maintenance activities are fixed equal to 3 % of the 

total equipment cost. The table does not present unit costs and revenues for the 
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purchase and sale of electricity, as they are defined as variable values based on Italian 

daily time zones. Nevertheless, a mean value of 0.15 €/kWh is set as unit revenues for 

the electricity produced by the PV array and sold to the power grid [159]. On the other 

hand, mean unit electricity costs are equal to 0.16 €/kWh [160] and 0.05 €/kWh [161] 

for scenarios with and without a PPA, respectively. The maximum nominal capacity 

for the PV plant, cappv,max, is calculated based on the available space at the station. Unit 

equipment costs, installation costs, and specific consumptions of each HRS component 

are derived from an online database [162]. The demand matrix, presented in Eq. (73) 

of the model, has been populated to ensure a daily dispensed amount of 125 kg of 

hydrogen to the train fleet. Specifically, each train undergoes dispensing with 25 kg of 

hydrogen within one hour, and consecutive dispensing can occur with a 2-hour delay. 

It follows that dispensing activities occur five times a day. No hydrogen dispensing 

occurs on Sunday. The various daily dispensing schedules are constructed by 

postponing them 1 hour forward multiple times. A one-week time horizon was chosen 

to capture the abovementioned fluctuations in the hydrogen dispensing profiles. 
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Table 13: Input parameters for each technological component of the HRS. 

Parameter Value UoM 

i 0.06 1/y 

n 20 [163] y 

ρ 0.08 [164] €/kgCO2-eq 

α 365 d/y 

ηems 0.98 - 

ηdc/ac 0.98 - 

ηbop 0.1 - 

Power grid 

ef grid 0.32 [165] kgCO2-eq/kWh 

capgrid,max 400 kWout 

invgrid 60 (€/kWout)/y 

equippv 1500 €/kWout 

instpv 90 % of tot. equip. cost 

cappv,min 3 kWout 

cappv,max 15 kWout 

Electrolyzer 

equipelek 1700 €/kWin 

instelek 70 % of tot. equip. cost 

capelek,max 4000 kWn 

loadelek,min 10 [166] % of nom. capacity 

loadelek,max 110 [166] % of nom. capacity 
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υelek 80-90 % of a week 

μelek,elec 58 kWh/kgH2 

μelek,water 15 liter/kgH2 

ucwater 0.004 [167] €/liter 

Compressor 

equipcomp 6000 €/kWin 

instcomp 80 % of tot. equip. cost 

μcomp,elec 2.9 kWh/kgH2 

ηcomp 0.8 - 

Storage 

equipstor 900 €/kgH2 

inststor 60 % of tot. equip. cost 

stormin 5 kgH2 

capstor,max 500 kgH2 

 

3.3.2 Results 

The optimal capacities of all technological components for each scenario are 

shown in Table 14. Starting from the top rows, the maximum output power of the grid, 

i.e., the contracted power, is primarily affected by the electrolyzer utilization factor. 

On the contrary, the contribution of a potential production of free and renewable 

electricity from a PV plant does not affect the contracted power with the grid. The 

required power for the electrolyzer is by far the primary driver. Its specific consumption 
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is more than 10 times higher than those of other technological components. Moving to 

the PV installed capacity, renewable and free production from a PV array is 

economically convenient during seasons with high solar irradiation. The optimization 

selects the maximum allowed nominal power for the PV plant, i.e., 15 kWn. On the 

contrary, the PV array is not convenient with low yield, as in the cases of autumn and 

winter seasons. In these scenarios, the model selects a nominal capacity for PV equal 

to the minimum allowed suggesting that it would be more convenient not to install it 

at all.  

Table 14: Optimal installed capacity for all technological units of the HRS in each scenario. 

Scenario 

Power grid 

[kWout] 

PV array 

[kWout] 

Electrolyser 

[kWin] 

Compressor 

[kWin] 

Storage 

[kgH2] 

PV-0.8-spr 370.4 15 285.3 19.6 70.7 

PV-0.9-spr 328.7 15 253.2 17.4 107.7 

PV-0.8-sum 370.4 15 285.3 19.6 70.7 

PV-0.9-sum 328.7 15 253.2 17.4 107.7 

PV-0.8-aut 370.4 3 285.3 19.6 65.3 

PV-0.9-aut 328.7 3 253.2 17.4 107.7 

PV-0.8-win 370.4 3 285.3 19.6 65.3 

PV-0.9-win 328.7 3 253.2 17.4 107.7 

PPA-0.8 370.4 0 285.3 19.6 61.9 

PPA-0.9 328.7 0 253.2 17.4 106.7 
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From now on only PV-0.8-sum and PPA-0.8 scenarios will be analyzed and 

compared against each other. This choice has been made for two reasons: i) lowest 

values of the objective function Z and ii) under real operating conditions is more likely 

to have a υelek closer to 0.8. The clustered bar chart depicted in Figure 25 serves to 

better compare these two scenarios in terms of cost portions of total daily cost. Looking 

at the chart, it can be noted that each cost item is lower under a PPA contract than it is 

when a PV is installed and without a PPA. Furthermore, no emissions are associated 

with such withdrawn electricity as can be seen by the absence of a yellow bar above 

the label TDE. As a second consideration, it is important to underline the major 

influence of variable costs, i.e., operating costs, over daily capital costs. These costs 

are responsible for more than 35 % and 45 % of the total cost for scenario PV-0.8-sum 

and PPA-0.8, respectively, thus, making the operation phase of the station more 

relevant when addressing cost-effective decisions. These values indicate that the main 

drivers for the minimization of daily costs of the HRS are the unit cost of buying 

electricity from the power and the emission factor associated with this power.  
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Figure 25: Portions of Z of each daily cost component for scenario PV-0.8-sum and PPA-0.8. 

The stacked bar chart depicted in Figure 26 serves as an additional visual comparison 

of these two scenarios but this time in terms of cost portions of each technological unit. 

Looking at the chart, two considerations can be made. Firstly, operating costs dominate 

over annualized capital expenditures in both scenarios. However, in scenario PV-0.8-

sum, OPEX constitutes a significantly larger proportion compared to scenario PPA-0.8. 

This substantial difference can be attributed to the fact that the unit cost of withdrawing 

electricity from the power grid without a PPA is at least 3 times higher than under a 

PPA. Secondly, turning to the portions of cost for each technological component, it is 

obvious the dominance of the PEM electrolyzer for both capital and operating costs. 

Focusing on the operating costs, the electrolyzer is responsible for 74 % and 51 % of 
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total daily costs in scenario PV-0.8-sum and PPA-0.8, respectively. These costs are 

followed by the ones deriving from the electricity used to power the hydrogen 

compressor, responsible approximately for more than 4 % of TDC in both scenarios. 

Looking at the daily CAPEX bars of both scenarios, the electrolyzer is also responsible 

for most of the total daily costs, but this time the difference with other technological 

components is less accentuated. 

 

Figure 26: Portions of the TDC of each technological component’s daily CAPEX and OPEX. 

Comparison between Sc. PV-0.8-sum and Sc. PPA-0.8. 

The line chart depicted in Figure 27 shows the hourly profiles of the HP storage 

during one week of HRS operations. Scenarios PV-0.8-sum and PPA-0.8 are compared 

in terms of the hydrogen content of the storage, HCt
stor, and in terms of the hydrogen 



144 

 

flows exiting from the storage, Ht
stor,out

. Let’s keep in mind that when active, the 

optimal hydrogen throughput of the electrolyzer is approximately 5.4 kg/h. As expected, 

charging and discharging of storage happens within daily cycles. In fact, on the demand 

side, the parameter demt,i drives the flows exiting the storage. These outflows occur 

with equal magnitude and periodical distribution throughout each weekday, as 

described in the “Case Study #3” section. In the PV-0.8-sum scenario, dispensing 

activities are scheduled two times in the early morning between 12 AM and 3 AM and 

three times in the afternoon between 3 PM and 9 PM. In the PPA-0.8 scenario, 

dispensing activities are just delayed by four hours, signaling the economic and 

environmental gains achieved from storing hydrogen when PV electricity production 

is at its highest. It is worth remembering that Eq. (67) prevents the storage level from 

dropping below the fixed safe threshold of 5 kgH2. This graph can be used to schedule 

the arrival of trains at the HRS to ensure the highest economic and environmental 

benefits. By fixing a utilization factor of 0.8, optimization concentrates most inactive 

hours for the electrolyzer on Mondays and Sundays. The absence of dispensing 

activities on Sundays and consequently, the high hydrogen content level in the storage 

can be effectively leveraged on Mondays.  
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Figure 27: Dynamics of the HP storage in terms of hydrogen contents (lines) and outlet flows 

(shapes) for scenarios PV-0.8-sum (red) and PPA-0.8 (dark blue). 

Figure 28 is presented to evaluate the influence of PV electrical production for scenario 

PV-0.8-sum. It is important to note that the two lines are plotted for two different y-

axes, the green one for Pt
pv,ems

and the dark blue one for Pt
grid,ems

. The total amount of 

electricity generated by the PV system and withdrawn from the power grid in a week 

is equal to 526.4 kWh and 49,118.3 kWh, respectively. The latter represents just 1.06 % 

of the total electricity required to operate the station, approximately 49,644 kWh for an 

entire week. Specifically, of this electrical demand, the electrolyzer is responsible for 
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almost 84.7 %, followed by the compressor at 4.24 %. Finally, Figure 28 signals the 

inactive hours of the electrolyzer, i.e., when the blue line touches the x-axis. Knowing 

when the electrolyzer should be set as idle can aid the HRS operator in scheduling 

periodical maintenance activities. 

 

Figure 28: Hourly input power profiles for scenario PV-0.8-sum: grid power to HRS (green) 

and PV power to HRS (blue). 

Finally, Table 15 is included to assess and compare the economic and environmental 

performances of hydrogen-based and diesel-based scenarios for the rail sector. This 

comparison was performed on the normalized basis of one kilometer traveled by each 

final application, i.e., FCMUs and DMUs. The total amount of fuel dispensed is equal 

to 125 kg each day. Considering the last value, an average daily distance of 397 km 
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could be covered by a fleet of FCMUs. On the other hand, in the diesel-based scenario, 

the average distance traveled would drop to 90 kilometers per day, the fuel efficiency 

of a typical DMUs is approximately four times higher than that of a FCMUs, see Table 

12. Based on the above numbers, one might assume the supremacy of FCUMs over 

DMUs. However, it is essential to compare the benefits of these two applications by 

relating their operating ranges to the environmental and economic impacts resulting 

from covering those distances. Surprisingly, Table 15 shows that when moving from 

the PV-0.8-sum to the diesel-based scenario a 60 % decrease is registered for the 

released emissions per kilometer. On the contrary, no emissions are released under the 

PPA scenario, since the electricity withdrawn from the power grid was assumed as 

fully renewable. This emphasizes the importance of powering the electrolyzer and the 

compressor with low-carbon electricity. Lastly, the levelized unit cost of fuel per 

kilometer traveled has been calculated and included in the last row of Table 15. In this 

study, the unit cost of diesel was fixed equal to 2.2 €/kg [153], while the unit cost of 

hydrogen is equal to the optimal total daily cost, TDC, divided by the total amount of 

hydrogen dispensed daily. These values are equal to 12.90 €/kgH2 and 5.9 €/kgH2 for 

scenario PV-0.8-sum and PPA-0.8, respectively. This indicator enables an economic 

comparison of different technologies, based on their average operating ranges, which 

is a crucial indicator especially in the passenger rail sector. Substituting diesel with 

hydrogen produced using electricity from the power grid without a PPA, i.e., Sc. PV-
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0.8-sum, could result in a twofold increase in the cost per kilometer traveled, 4.25 €/km 

versus 2.18 €/km. On the contrary, if hydrogen is produced under a PPA contract, it 

could potentially emerge as an economically viable alternative compared to diesel, with 

a specific cost of 1.95 €/km versus 2.18 €/km. 

Table 15: Economic and environmental assessment of diesel- and hydrogen-based scenarios. 

Metric (UoM) 

H2-based 

(PV-0.8-sum) 

H2-based 

(PPA-0.8) 

Diesel-based 

Average daily distance traveled (km/d) 379 379 90 

Specific emissions (kgCO2-eq/km) 5.9 ≈ 0 2.3 

Specific levelized cost of fuel (€/km) 4.25 1.95 2.18 
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4. Conclusions 

This doctoral thesis proposed a multi-level analysis of different hydrogen energy 

systems for effective data-driven guidance for the strategic introduction of hydrogen 

as a sustainable fuel in the railway sector. The literature review highlighted different 

approaches to assess the short- and long-term sustainability of these energy systems. 

As a contribution to the exiting knowledge, the design and operations of two hydrogen 

energy systems have been optimized in this work: a hydrogen supply chain (HSC) and 

a hydrogen refueling station (HRS). Each system was optimized through frameworks 

developed and validated across three case studies tailored to Sicily’s railway passenger 

transport sector. 

Specifically, Case Study #1 proposed a multi-objective optimization model for 

designing greenfield hydrogen supply chains with wind and solid biomass as primary 

energy sources. Case Study #2 optimized Sicily's hydrogen supply chain for regional 

public transport, focusing on existing wind farms and the national power grid under 

various demand scenarios. Finally, Case Study #3 focused on the optimization of a 

hydrogen refueling station featuring on-site production. This was done implementing 

a dynamic mixed-integer linear programming approach. Key findings, discussions, and 

further insights raised from the results of these three case studies are addressed in the 

following paragraphs. 
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Results from Case Studies #1 and #2 show the importance of leveraging existing 

renewable infrastructures for a gradual transition to hydrogen-based mobility. 

Additionally, they prove that the exploitation of available biomass waste and wind 

energy in Sicily could potentially meet hydrogen demand needs from the public 

transport sector. Case Study #1 suggests covering hydrogen demand through the 

establishment of two large-scale and centralized biomass plants, with a maximum daily 

capacity of 18,000 kgH2, and wind-sourced on-site electrolyzers for residual needs. In 

fact, centralized production is predominant, representing 96 % and 94 % of total 

production under 1 % and 2 % wind curtailment factors, respectively. Similarly, the 

degree of centralization of the optimized network in Case Study #2 is higher than 90 % 

for all demand-level scenarios. The above figures can be easily explained in terms of 

total unit cost reduction due to greater economies of scale, that were taken into account 

with a cost-capacity relationship, see Eq. (78). Operating costs at production stages 

were the primary drivers in reducing overall daily costs of the supply chain. In fact, 

under lower curtailment factor scenarios, OPEX at the production stage is responsible 

for as much as 44 % of the total daily cost (Case Study #2). Economies of scale were 

favored by the establishment of high-volume and centralized production plant, 

balancing-out higher capital and operating costs required by the long-haul 

transportation of hydrogen to forecourt hydrogen refueling stations. It is worth noting 

that, to lever on these economies of scale, high volumes of hydrogen demand must be 
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ensured. Accordingly, in Case Studies #1 and #2 the hydrogen needs from both fuel 

cell multiple units and fuel cell electric buses were coupled. This could be done since 

both applications require gaseous hydrogen at a 350 bar pressure-level, thus allowing 

for the sharing of similar supply chain infrastructures. Nevertheless, even when 

economies of scales are considered, one key figure that cannot be overstated is the still-

too-high levelized dispensing cost of hydrogen compared to gasoline, 6-9 €/kg of H2 

against 2.2 €/kg of gasoline. High unit costs highlight the need for national incentives 

and technological advancements in HSC, especially in its early phase. 

Additionally, results from Case Studies #1 and #2 clearly show that establishing small-

scale and decentralized renewable electrolysis plants can be considered as a viable 

alternative that could further promote the renewable hydrogen penetration across the 

island. Its effectiveness strongly depends on the local availability, unit cost, and carbon 

intensity of the input power. In fact, increasing the wind curtailment factor from 1 % 

to 2 % resulted in reductions of 12 % and 15 % in total daily emission costs and network 

costs, respectively (Case Study #1). On the other hand, Case Study #2 emphasized the 

importance of on-site electrolyzers to meet residual hydrogen demand unmet by 

centralized facilities. 

Even though the contribution of the transportation stage could be considered negligible, 

only 4 % of total daily costs, figures signal greater economic and environmental gains 

associated with gaseous hydrogen deliveries over liquid. This holds true also under 
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high-demand level scenarios, as shown in Case Study #2, where tube trailers 

represented the most cost-effective solution for supply chain design. The transportation 

mode is strongly affected by the hydrogen characteristics, as required at the final 

dispensing stage, i.e., gaseous at 350 bar for all case studies. In fact, the cash flow 

analysis implemented through the integration of the HDRSAM software yields 2.48 

€/kg of H2 as the levelized unit cost for the liquid type refueling station. Even though 

the last value is lower than that of the 20 bar type, equal to 2.95 €/kg of H2, the 

additional high costs and power consumption associated to the liquefaction plant, i.e., 

2.6-7.6 €/kgH2 and 11 kWh/kgH2, make the liquid-based technological pathway 

expensive. Finally, fixing the final characteristics of hydrogen, the same analysis also 

demonstrated that the levelized cost at the dispensing stage strongly depends on the 

form of hydrogen received at the refueling station’s gate, i.e., liquid or gaseous. In the 

former case, the dispenser accounted for 60 % of the total dispensing cost, while in the 

latter, the compressor was responsible for 58 % of the total. 

Moving to the environmental assessments, the key performance indicators derived 

from the optimized outputs of the three case studies emphasize the primary importance 

of the primary energy source types. Table 15When moving from the hydrogen-based 

to the diesel-based scenario a 60 % decrease is registered for the CO2-eq emissions per 

kilometer. In contrast, the renewable power purchase agreement scenario resulted in 

negligible emissions due to minimal input power from photovoltaic plants, around 2 %. 
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Although less noticeable, also in Case Study #1, a reduction of 12 % in total daily 

emission is recorded when transitioning from 1 % to 2 % wind curtailment factors. 

Indeed, as hydrogen demand increases, transportation-related carbon emissions rise, 

particularly in highly centralized supply chain networks, 800–2300 kgCO2-eq per day. 

Nonetheless, optimization results reveal that using wind-sourced electricity 

significantly reduces emissions, as demonstrated in Case Study #2. Under these 

considerations, the design of any hydrogen supply chain should primarily focus on the 

optimization of the production and first conditioning stages since these are the 

processes that most affect both final environmental and economic performances. 

Results from Case Study #3 demonstrated that the optimization of supply chain 

networks alone is not enough to ensure the optimal performance of the supply chain 

itself. Proper operational management of technological units at each stage must be 

optimized as well. In line with Case Study #1, Case Study #3 highlights that the 

environmental and economic benefits of hydrogen in the rail sector depend heavily on 

the nature of its primary energy source. This source could make hydrogen-based 

railway mobility either competitive or not with respect to its diesel counterparts. In fact, 

post-optimal metrics normalized on a range-basis show the cost-effectiveness of 

hydrogen only when the electric power provided to the railway station is characterized 

by unit costs as low as 5 c€/kWh, as in the case of a power purchase agreement. In 

these conditions, hydrogen costs 1.95 €/km, compared to diesel at 2.18 €/km. Under 
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the hydrogen configuration, approximately 207 kg of CO2-eq emissions per day could 

be potentially avoided. Moreover, the model's time-explicit nature enables detailed 

analysis of storage dynamics and dispensing schedules. This could provide the railway 

station operator with a useful quantitative tool to plan short-term operations in an 

optimal way. 

What stands out, under these considerations, is that actual economic and environmental 

gains of introducing hydrogen into the rail sector strongly depend on the specific 

context. The proposed optimization models serve as reliable tools to evaluate optimal 

configurations and operations across varying contexts by adjusting input parameters 

and constraints accordingly. The supply chain optimization models could guide 

stakeholders in strategically identifying optimal hydrogen production site locations, 

considering factors like final demand distribution, infrastructure availability, and 

renewable energy penetration. On the other hand, the refueling station optimization 

model could provide data-driven guidance for the operation of the on-grid electrolyzer, 

the gaseous hydrogen storage, and, most importantly, for scheduling refueling activities. 

Future research perspectives could include the aggregation of different end sectors 

hydrogen demands, e.g., ports, to further leverage on economies of scale. Moreover, 

the evaluation of liquid storage to account for inter-seasonal variability in energy 

production could provide important insights on the actual effectiveness of hydrogen 

liquefaction processes. Finally, further modelling efforts could be undertaken with the 
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perspective of achieving higher accuracies at both the design and operation levels. This 

can effectively be done by integrating the proposed supply chain and refueling station 

models with a machine learning technique through a meta-modeling approach. 
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Appendices 

Appendix A.1: Case Study #1 

Input data for optimization 

Maximum capacities, CAPEX, OPEX, and emission factors of different hydrogen 

production sites have been calculated by adding the single contributes of all 

technological components that constitutes each technological pathway. To scale the 

capital cost of similar facilities with different sizes, the cost-capacity relationship 

expressed in Eq. (78) has been used. For each production technology the reference size 

CAPref  and the associated capital investment CAPEXref  has been selected based on 

available data. A scale factor sf equal to 0.9, 0.6, 0.9 and 0.8 has been fixed, 

respectively, for PEMEL, biomass plant, compressor, and liquefaction technologies. 

 

CAPEX

CAPEXref
= (

CAP

CAPref
)

sf

 (78) 

 

Power requirement and the costs for a reciprocating compressor unit are calculated 

using the equation reported in [168], considering the inlet and outlet pressure of 

hydrogen, respectively, equal to 20 bar and 320 bar. The unit capital cost of a PEMEL 

and of a biomass-based plant has been assumed, respectively, 1,100.0 €/kWin [5] and 

5,364.0 €/ (kgH2/d) [94]. For the liquefaction plant and compression station the unit 

capital cost is fixed, respectively, equal to 3,481.0 €/(kgH2/day) [152] and 1,526.0 

€/(kgH2/day) [162]. The specific electricity consumption of each component can be 

found in Table 20. Operating costs are calculated by multiplying the electricity specific 

consumption of the technological component by the unit cost for buying electricity 

from the national power grid or from a wind farm. 
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Table 16: Maximum hydrogen capacities for production facilities (pcappij
max) in [kgH2/d]. 

Production 

technology 

type (p) 

Physical form for 

transportation (i) 

Size of production facility (j) 

small-

distributed 

small-

centralized 

medium-

centralized 

big-

centralized 

electrolysis liquid 0 2160 4320 0 

electrolysis gaseous at 300 bar 0 2160 4320 0 

electrolysis gaseous at 20 bar 432 0 0 0 

biogas  liquid 0 3600 7200 18000 

biogas  gaseous at 300 bar 0 3600 7200 18000 

biogas  gaseous at 20 bar 1800 0 0 0 

 

Table 17: Capital costs of hydrogen production facilities (pccpij) in [€]. 

Production 

technology 

type (p) 

Physical form 

for 

transportation (i) 

Size of production facility (j) 

small-

distributed 

small-

centralized 

medium-

centralized 

big-

centralized 

electrolysis liquid 0 17.106.039 30.363.639 0 

electrolysis 
gaseous at 300 

bar 
0 7.491.166 13.979.009 0 

electrolysis 
gaseous at 20 

bar 
1.090.914 0 0 0 

biogas  liquid 0 68.057.421 107.382.475 197.458.744 

biogas  
gaseous at 300 

bar 
0 53.813.524 83.145.933 148.693.897 

biogas  gaseous at 20 bar 32.528.556 0 0 0 
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Table 18: Unit production costs of hydrogen production facilities (upcpij) in [€/kgH2]. 

Production 

technology 

type (p) 

Physical form for 

transportation stage 

(i) 

Size of production facility (j) 

small-

distributed 

small-

centralized 

medium-

centralized 

big-

centralized 

water 

electrolysis 
liquid 0 2.64 2.64 0 

water 

electrolysis 
gaseous at 300 bar 0 0.58 0.58 0 

water 

electrolysis 
gaseous at 20 bar 0 0 0 0 

biogas steam 

reformer 
liquid 0 7.64 7.64 7.64 

biogas steam 

reformer 
gaseous at 300 bar 0 5.58 5.58 5.58 

biogas steam 

reformer 
gaseous at 20 bar 5.00 0 0 0 

 

In Table 18 the unit production costs for distributed water electrolysis are fixed equal 

to zero since these are accounted for at the primary energy consumption stage (wind 

or power grid). 
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Table 19: Emission factors of hydrogen production facilities (pefpij) in [kgCO2-eq/kgH2]. 

Production 

technology 

type (p) 

Physical form for 

transportation stage 

(i) 

Size of production facility (j) 

small-

distributed 

small-

centralized 

medium-

centralized 

big-

centralized 

water 

electrolysis 
liquid 0 38.64 38.64 0 

water 

electrolysis 
gaseous at 300 bar 0 8.5 8.5 0 

water 

electrolysis 
gaseous at 20 bar 0 0 0 0 

biogas steam 

reformer 
liquid 0 44.64 44.64 44.64 

biogas steam 

reformer 
gaseous at 300 bar 0 14.50 14.50 14.5 

biogas steam 

reformer 
gaseous at 20 bar 6 0 0 0 

 

In Table 19 the emission factors for distributed water electrolysis are fixed equal to 

zero since they are accounted for at the energy consumption stage (wind or power grid). 

 

Table 20: Energy conversion factors for different technological components of the hydrogen 

production site [94] [162]. 

Parameter UoM Value 

Specific electricity 

consumption for a PEMEL 
[kWh/kgH2] 55 

Specific electricity 

consumption for a 

compressor (20 to 300 bar) 

[kWh/kgH2] 2.64 

Specific electricity 

consumption for a 

liquefaction unit 

[kWh/kgH2] 12 

Conversion factor for olive 

stones 
[kgH2/dry-ton] 80 
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Table 21: Technical, economic, and environmental parameters for transportation modes 

transporting hydrogen in different physical forms [169] [170] [171] 

Parameter (model’s symbol) UoM 

Physical form (i) 

LH2 

(tanker truck) 

GH2 at 300 bar 

(tube trailer) 

Net hydrogen payload 

(𝐩𝐚𝐲𝐥𝐨𝐚𝐝𝐢
𝐦𝐚𝐱) 

[kgH2] 4300 1100 

Time availability (𝐭𝐚𝐯𝐚𝐢) [h/d] 10 10 

Average speed (𝐬𝐩𝐞𝐞𝐝𝐢) [km/h] 50 50 

Loading/unloading time (𝐥𝐮𝐭𝐢𝐦𝐞𝐢) [hr] 4 2 

Driver cost (𝐝𝐜𝐢) [€/hr] 25 25 

Maintenance expenses (𝐦𝐜𝐢) [€/km] 0.09 0.09 

General expenses (𝐠𝐜𝐢) [€/d] 8 8 

Fuel consumption (𝐟𝐜𝐢) [km/l] 2.55 2.55 

Transport unit capital cost (𝐭𝐮𝐜𝐜𝐢) [€] 680000 140000 

Fuel price (𝐟𝐩𝐢) [€/liter] 1.8 1.8 

Transport emission factor for diesel 

consumption (𝐭𝐞𝐟𝐢) 

[kgCO2

/km] 
1.48 1.48 

Maximum distance (𝐝𝐢𝐬𝐭𝐦𝐚𝐱) [km] 200 200 

 

 

Table 22: Technical, economic, and environmental parameters for hydrogen refueling 

stations receiving hydrogen in different physical forms as calculated with the HDRSAM 

software. 

Parameter (mode’s symbol) UoM 

Physical form (i) 

LH2 
GH2 at  

300 bar 

GH2 at  

20 bar 

Capital cost (𝐫𝐜𝐜𝐢) [€] 3415807 3006367.5 4620659 

Operating cost (𝐫𝐨𝐜𝐢) [€/kgH2] 0.94 1.62 2.82 

Emission factor (𝐫𝐞𝐟𝐢) [kgCO2eq/kgH2] 9.99 3.32 12.50 

Minimum daily capacity (𝐫𝐜𝐚𝐩𝐢
𝐦𝐢𝐧) [kgH2/d] 100 100 100 

Maximum daily dispensing capacity 

(𝐫𝐜𝐚𝐩𝐢
𝐦𝐚𝐱) 

[kgH2/d] 1000 1000 1000 

Specific electricity consumption [kWh/kgH2] 3.1 1.03 3.88 
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Table 23: Other parameters used in the optimization model [153] [165] [155] [164]. 

Parameter (symbol) Value UoM 

Grid emission factor (𝐠𝐞𝐟) 3.22 kgCO2-eq/kWhe 

Wind emission factor (𝐰𝐞𝐟) 0.011 kgCO2-eq/kWhe 

Biomass emission factor (𝐛𝐞𝐟) 7 kgCO2-eq/kgH2 

Unit cost of electricity from grid (𝐮𝐜𝐠) 0.22 €/kWh 

Unit cost of electricity from wind (𝐮𝐜𝐰) 0.04 €/kWh 

Unit cost of biomass (𝐮𝐜𝐛) 6 €/kg 

EU carbon cost(𝛝) 0.08 €/kgCO2-eq 

Operating days (𝛂) 365 d/y 

Capital recovery factor (𝐜𝐫𝐟) 0.068 y-1 

Investment horizon 20 y 

Interest rate of the investment (i) 3 % - 

 

Table 24: Relative distances among Sicilian provinces in [km] (from Google Maps). 

Province Label g1 g2 g3 g4 g5 g6 g7 g8 g9 

Agrigento  g1 0 52.6 158 79.6 253 129 132 208 174 

Caltanissetta g2 52.6 0 109 28.4 200 131 130 160 234 

Catania g3 158 109 0 93.2 96.2 211 105 66.8 314 

Enna g4 79.6 28.4 93.2 0 189 140 118 143 244 

Messina g5 253 205 96.2 189 0 227 200 162 330 

Palermo g6 129 131 211 140 227 0 248 262 107 

Ragusa g7 132 130 105 118 200 248 0 99.5 353 

Siracusa g8 208 160 66.8 143 162 262 99.5 0 364 

Trapani g9 174 234 314 244 330 107 353 364 0 

 

 

Table 25: Lengths, number of trains and hydrogen demand for Sicilian railways [156] [40]. 

Railway’s name Length [𝐤𝐦] 
Number of trains 

per day [#/d] 

Hydrogen demand 

[𝐤𝐠𝐇𝟐/𝐝] 

Ferrovia Circumetnea (FCE) 111 45 1498.5 

Trapani-Alcamo  35 6 63 

Trapani-Palermo  74 15 333 

Siracusa-Gela-Canicattì  130 8 312 

Lentini-Caltagirone-Gela  70 7 147 
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Appendix A.2: Case Study #2 

Input data for optimization 

 

Table 26: Hydrogen production capital costs in [€] 

Physical form 
Size 

Small Medium Big 

LH2 3,360,000 14,950,000 58,200,000 

GH2 1,200,065.53 4,150,327.66 15,001,310.65 

 

 

Table 27: Hydrogen production operational costs in [€/kgH2] 

Physical form 
Size 

Small Medium Big 

LH2 3.43 3.14 3.09 

GH2 2.90 2.61 2.56 

 

Table 28: Minimum production capacity pcapij
min in [kgH2/day] 

Physical form 
Size 

Small Medium Big 

LH2 100 500 1000 

GH2 100 500 1000 
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Table 29: Maximum production capacity pcapij
max in [kgH2/day] 

Physical form 
Size 

Small Medium Big 

LH2 432 2160 8640 

GH2 432 2160 8640 

 

Calculation of nominal power for a reciprocating compressor [168] 

P = Q ∙ (
1

24 ∙ 3600
) ∙

ZTR

MH2 ∙ η
∙

Nγ

γ − 1
∙ ((

Pout

Pin
)

γ−1
N∙γ

− 1) (79) 
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