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A B S T R A C T

In this study, a techno-economic analysis tool for conducting detailed feasibility studies on the deployment of
green hydrogen hubs for fuel cell bus fleets is developed. The study evaluates and compares five green hydrogen
hub configurations’ operational and economic performance under a typical metropolitan bus fleet refuelling
schedule. Each configuration differs based on its electricity sourcing characteristics such as the mix of energy
sources, capacity sizing, financial structure, and grid interaction. A detailed comparative analysis of distinct
green hydrogen hub configurations for decarbonising a fleet of fuel-cell buses is conducted. Among the key
findings is that a hybrid renewable electricity source and hydrogen storage are essential for cost-optimal oper-
ation across all configurations. Furthermore, bi-directional grid-interactive configurations are the most cost-
efficient and can benefit the electricity grid by flattening the duck curve. Lastly, the paper highlights the po-
tential for cost reduction when the fleet refuelling schedule is co-optimized with the green hydrogen hub elec-
tricity supply configuration.

1. Introduction

From 1990 to 2020, reductions in CO₂ emissions have been achieved
in the European Union (EU) across key sectors such as public electricity
production, manufacturing, industrial, chemical, and residential. How-
ever, the same progress has not been observed in the road transportation
sector, which has instead experienced a continued increase in CO₂
emissions [1]. Nicole and Marion [1] estimate an increase of 52.7 Mt of
CO2 emissions in transport compared to reductions of 59.3 Mt in resi-
dential and 357 Mt in manufacturing sectors. The transport sector’s
reliance on oil as its primary fuel source has contributed to its sub-
stantial and growing contribution to greenhouse gas emissions [2]. In
2020, road transportation accounted for 26% of total CO₂ emissions and
is projected to account for the largest share of CO₂ emissions by 2050 in
the absence of ambitious steps towards decarbonization [1,3]. This is
due to the estimated growth in demand for passenger and freight
transport by 40% and 60% respectively between 2010 and 2050 [3].

In response to this, the European Commission has proposed a target
of zero emissions for new city buses by 2030 [4]. To achieve this, it may
be necessary for cities to adopt all-electric vehicles in the form of either

battery electric vehicles (BEV) or hydrogen fuel cell electric vehicles
(FCEV), for their city buses. Both BEVs and FCEVs have the potential to
reduce CO₂ emissions and air pollution from road transport since they
produce the minimum well-to-wheel emissions and no harmful
tank-to-wheel emissions such as nitrogen oxides, particulate matter, and
sulfur dioxide [5]. When compared, both have their advantages over the
other, as well as drawbacks. Several studies comparing the technical,
economic, and environmental performance of BEVs, FCEVs and other
alternative fuel vehicles exist in the literature. However, this study does
not focus on the comparison between various alternative fuel vehicles.
For this, readers are referred to Refs. [5–8].

This paper describes, analyzes, and compares distinct energy supply
configurations for an on-site green hydrogen production hub for refu-
elling a fleet of FCEV buses. A major barrier to the broader adoption of
FCEVs is the lack of green hydrogen production infrastructure [9–11]. In
their qualitative study, Axsen and Pickrell-Barr [10] identify the scarcity
of refuelling infrastructure as the most stated barrier to the adoption of
alternative fuel vehicles by organizations for their transport fleets. The
International Energy Agency IEA notes that the transport sector, through
fleets, is one of the key near-term opportunities to accelerate green
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hydrogen adoption [12]. Public bus fleets particularly, have the poten-
tial to catalyze expansion of green hydrogen infrastructure due to their
central operation as well as large and predictable fuel demand. More-
over, green hydrogen has the potential to serve as an energy vector that
connects the transport and power sectors, for example, by flattening the
duck curve. Thus, the use of FCEVs has significant benefits for the energy
transition even beyond transport sector decarbonization. As such, it is
topical to explore green hydrogen production strategies for public bus
fleets refuelling. Moreover, since electricity constitutes the major cost in
electrolytic hydrogen production [13], this paper focuses on studying
various electricity supply configurations for the aforementioned
application.

The objectives of this paper include the modelling, analysis, and
comparison of the techno-economic performance of a green hydrogen
hub designed to supply hydrogen to a fuel cell bus fleet, such as a public
transport company with a rigid demand schedule under various elec-
tricity sourcing arrangements. Section 2 discusses relevant literature on
green hydrogen production with a focus on transport decarbonization.
Section 3 presents the case study and the computational framework for
the study. Section 4 describes the modelling of the green hydrogen hub
and the various configurations analyzed in this work. In Section 5, we
respectively present the result and discuss the key insights obtained. We
provide the conclusion of the study and future work in Section 6.

2. Review of literature

Several methods exist for producing hydrogen from renewable
sources including thermochemical, electrochemical, photochemical,
photocatalytic, and photo-electrochemical processes [14]. However,
according to the International Renewable Energy Agency (IRENA), the
term green hydrogen refers only to hydrogen produced with electricity
from renewable sources [15]. Thus, the green hydrogen value chain
typically describes the production, storage, and distribution of hydrogen
that is generated from renewable energy sources [16]. In academic
literature, wind energy is a popular choice for green hydrogen produc-
tion due to its scalability, reliability, and low operating costs [17–20].
Similarly, photovoltaic (PV) systems have also been demonstrated as a
feasible renewable energy resource for green hydrogen production [21,
22]. Other renewable sources such as hydroelectric power, geothermal
energy, and biomass can also be used to generate electricity for green
hydrogen production [12].

In [23], the term “green hydrogen hub” refers to the entire value
chain of electrolytic hydrogen production, including storage and dis-
tribution to end-users. “Hydrogen refuelling station” (HRS), on the other
hand, is defined as an infrastructure deployed for refuelling FCEVs [11].
In this work, we use both terms loosely as the study focuses on the entire
hydrogen value chain, with a particular focus on transport application.
HRS can be classified as either on-site or off-site, depending on the
location of hydrogen production [11]. In off-site HRS, hydrogen is
produced elsewhere and transported to the HRS whereas in on-site HRS,
the hydrogen production takes place directly at the location of the
hydrogen demand [11]. Due to the focus of this study, we consider only
on-site HRS. The core components of an on-site green hydrogen refuel-
ling station include the renewable electricity source, electrolyser,
compressor, hydrogen storage (including buffer Storage and
high-pressure storage), hydrogen dispenser and balance of plant. In this
study, the balance of plant refers to any device that enables the elec-
trolyser to function but is not explicitly modelled, such as water tanks,
water purifiers, hydrogen purifiers, transformers, pumps, etc., since
their power consumption is not significant for this study. Below, we
provide a brief overview of the core components found in HRS.

The minimum energy required by an electrolyser operating at 100%
efficiency is 39.4 kWh per kg of hydrogen (or 0.03 kgH2/kWh), but
typical electrolysers consume over 50 kWh/kg [14]. Since the electro-
lyser efficiency varies with a range of factors, the average electrolyser
efficiency for this study is taken as 64% for a continuous operation of

PEM electrolyser as suggested in Ref. [24], resulting in a specific energy
consumption of 62 kWh/kgH2. The method for the calculation of the
specific energy consumption of an electrolyser is provided in Ref. [25].
Furthermore, state-of-the-art PEM electrolysers can operate with the
high flexibility and responsiveness needed for intermittent renewable
energy-powered electrolysis [26,27], as such, we assume PEM electro-
lyser in our cost and technical assumptions.

Hydrogen gas is typically stored at pressures ranging from 350 to
700 bar, requiring compression to achieve the energy density necessary
for most practical applications, including transport [28]. Although,
other forms of storage exist such as liquefied hydrogen [29] and storage
in materials such as metal hydrides, Mg-based alloys, carbon-based
materials, chemical hydrides, and boron compounds [30,31], they
have not gained widespread adoption in HRS or FCEV applications.
Therefore, for this study, compressed gas storage is utilized. The
hydrogen compression and storage system consists of a low-pressure
30-bar buffer storage that holds hydrogen exiting the PEM electrolyser
temporarily before it is sent into the compressor which compresses it to
500 bar and is stored in a high-pressure hydrogen storage tank [28]. The
French Environment and Energy Management Agency (ADEME) rec-
ommends compressing up to 500 bar for 350 bar applications and up to
900 bar for 700 bar applications [32]. We adopt the method in Ref. [33]
to calculate the compressor power and specific energy consumption.

The hydrogen dispensing unit consists of two main components: the
refrigeration system and the dispenser nozzle. The refrigeration system
ensures that the hydrogen is kept at a certain temperature range as
specified by the SAE J2601 fueling protocol while the dispenser nozzle
regulates the gas flow [34]. SAE J2601 which provides the requirements
for fueling 350 bar hydrogen buses stipulates that the delivery temper-
ature of the hydrogen should not be less than − 40 ◦C or greater than
− 17.5 ◦C during the fueling process [35]. This is to account for the
negative Joule-Thompson coefficient of hydrogen, which refers to the
phenomenon where the temperature of gases increases as it expands. To
prevent a temperature increase that could be dangerous for the
hydrogen tank in the FCEVs, the hydrogen needs to be precooled before
fueling. The power requirement for the refrigeration system can be
calculated using the approach in Ref. [22]. However, we neglect the
energy consumption of the hydrogen dispensing unit since it is insig-
nificant when compared to that of the electrolyser and the compressor
[22].

Various strategies have been used in literature to meet the energy
requirements of green hydrogen hubs. A common strategy is the direct
connection of a green hydrogen hub with a dedicated off-grid renewable
energy infrastructure used in Refs. [36–39]. Alternatively, hydrogen
hubs can be connected to the grid (coupled with renewable energy
guarantees), participating in the electricity market [40–42]. Lastly, a
hybrid solution where the green hydrogen hub is connected with a
grid-interactive renewable energy infrastructure is also a common
strategy [43–45]. Some studies have also compared the use of off-grid
and grid-interactive approaches, where the on-grid strategy is shown
to lead to a lower levelized cost of hydrogen (LCOH) [46,47]. However,
they do not consider alternative electricity cost structures such as Power
Purchase Agreements (PPAs).

The electricity cost structure for green hydrogen production can
range from annualized investment cost to alternative cost structures
such as a Power Purchase Agreement (PPA) with an existing renewable
energy supplier as presented by Matute et al. in Ref. [48]. While PPAs
are often flexibly structured and tailored to the specific needs of the
buyer, the basic idea behind renewable PPAs is the commitment from a
buyer to acquire future electricity output from a renewable energy
producer at a pre-established fixed price [49]. They offer a promising
strategy for generating green hydrogen from renewable energy without
incurring significant capital costs from renewable energy infrastructure
development [48]. In the remaining part of this section, we highlight
some recent academic work on green hydrogen production in on-site
HRS with a particular focus on hydrogen bus fleets.
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Minutillo et al. [22] conducted a techno-economic analysis of an
on-site hydrogen refuelling station, integrating an electrolysis unit with
a grid-connected PV plant in southern Italy. Their study assessed the
LCOH across a range of electricity supply scenarios by varying the
electricity supply mix and hydrogen production capacities. The range of
LCOH obtained was between 9.29 €/kg and 12.48 €/kg using an annu-
alized investment cost structure for the PV plant. However, the study did
not focus on bus fleet decarbonization with an inflexible hydrogen de-
mand profile. Gökçek et al. [50] studied the optimal design of a
hydrogen refuelling station on an island in Türkiye using Homer soft-
ware. The result indicates an optimal LCOH at $8.92/kg with a hybrid
wind-photovoltaic battery system, using an off-grid configuration. They
further expand the study to more cities and additional electricity supply
scenarios [51]. In Ref. [52], Oyewole et al. present an integrated energy
system that combines hydrogen renewable power generation and an
onsite HRS using data for Johannesburg. A feasibility study is conducted
to evaluate the potential of the system to meet both electricity and
hydrogen demands under three distinct configurations: hybrid PV-wind,
standalone wind, and standalone PV. The findings suggest that the
hybrid PV-Wind configuration is the most cost-effective with an LCOH of
$2.83/kg. Although the study mentions the possibility of exporting
excess energy to the grid, it does not model a grid-connected configu-
ration. While most studies on HRS and green hydrogen hubs do not focus
on fleet decarbonization, a limited number discussed below address this
application.

Bahou [43] conducts a techno-economic assessment of a hydrogen
refuelling station designed to supply hydrogen to an FCEV taxi fleet in
Rabat, Morocco. The HRS utilizes an on-grid photovoltaic solar system
as an electricity source. The LCOH ranged from $9.18/kg for a larger
HRS designed to meet the total fleet hydrogen demand of 152 kg/day, to
$12.56/kg for an HRS designed to meet 20% of the hydrogen demand.
Caponi et al. [53] carried out a techno-economic analysis of five HRS
focusing on the individual component costs of scaling up the refuelling
stations to meet the hydrogen demand of 100 hydrogen-electric buses
per day. Their findings also indicate that on-site HRS is more
cost-effective than off-site HRS. They also identify the main cost driver
of on-site HRS to be the electricity price. Additionally, their study sug-
gests that scaling up HRS can result in significant reductions in LCOH.
The LCOH obtained ranged from 4 €/kg to 7 €/kg across the case studies
considered. In Ref. [42], an on-site HRS designed to supply hydrogen to
a fleet of 2–30 hydrogen-electric buses is presented. The HRS is powered
through grid electricity and exposed to wholesale electricity prices. The
LCOH for the larger fleet was found to be more cost-effective at 10.2
€/kg compared to 12 €/kg for the smaller fleet. The results indicate that
hydrogen bus fleets are not cost-competitive under this configuration
due to high electricity prices, especially when compared to battery
electric buses. However, the limited range of electricity supply config-
urations considered inhibits the generalizability of these findings. Cop-
pitters et al. in Ref. [54] study how diesel can be cost-effectively
replaced in Brussels using green hydrogen by optimizing the design of
an HRS. They modelled an on-site HRS powered by a grid-connected,
hybrid renewable electricity source consisting of wind and PV. The
study examined three scenarios: a fully diesel-powered bus fleet, a
hybrid fleet of both diesel and hydrogen electric buses, and a fully
hydrogen-powered bus fleet. The findings from the study suggest that
replacing 54% of the fleet with hydrogen-electric buses strikes an
optimal balance between cost and emissions. The study reports an LCOH
of 17–18.9 €/kg for the optimal HRS designs. A comprehensive review of
the state-of-the-art in green hydrogen for transport applications is pro-
vided in Ref. [11].

In summary, energy supply for green hydrogen hubs can be catego-
rized into two: off-grid and grid-connected energy resources. In both
energy supply arrangements, studies typically focus on a singular
renewable energy source, usually wind or PV. However, some studies
also investigate hybrid renewable energy system configurations con-
sisting of both PV and wind in either off-grid or grid-connected mode.

Furthermore, the common cost structure utilized for electricity supply is
the annualized investment cost, while grid-connected systems also
incorporate wholesale electricity prices. A few studies examine the po-
tential of PPA for green hydrogen hubs. Since most studies focus on one
of these approaches, without explicit analysis of the optimal electricity
supply arrangement, we perform a comparative analysis of the
commonly used electricity supply configurations for green hydrogen
hubs. Considering the significance of electricity cost in electrolytic
hydrogen production, such analysis is essential. We study five configu-
rations of electricity supply to the green hydrogen hub as follows:

• Direct coupling with standalone renewable energy systems using
annualized investment cost.

• Direct coupling with standalone renewable energy systems using
PPA.

• Unidirectional grid-connected energy source with carbon pricing.
• Grid-interactive renewable energy system using annualized invest-

ment cost.
• Grid-interactive renewable energy system using PPA.

The main contribution of this work is the comparative analysis of
different electricity supply configurations to a green hydrogen hub
designed for refuelling a fleet of hydrogen electric buses. We consider a
use case of public transport decarbonization where buses are typically
owned by a central organization such as a public transport company and
the fuel demand profile is usually known. The objective of the study is to
understand the impact of various electricity supply configurations on the
technical and economic performance of a green hydrogen hub. We also
conduct a sensitivity analysis to understand the influence of parameters
such as location, capital expenditure, electricity costs, and hydrogen
demand schedule.

3. Methodology

3.1. Case study

The Cannes Pays de Lérins Agglomeration Community (CPAC) in the
Provence-Alpes-Côte d’Azur region of France announced plans to
expand the Cannes Lérins H2 project, focused on using hydrogen-
powered buses for passenger transport [55]. The production will be
powered by renewable electricity through renewable energy guarantees
of origin, and the site will have storage facilities and distribution ter-
minals. The community plans to order fifty-four hydrogen-powered
buses and six waste trucks, further expanding the use of green hydrogen
in the region. The proposed Cannes Lérins H2 project forms the primary
case study for this research project. Hydrogen hub configurations are
designed with the primary objective of meeting the hydrogen re-
quirements of a fully operational fleet of sixty fuel-cell electric vehicles
at the least cost of hydrogen. Detailed specifications of technical and cost
parameters for the green hydrogen hub are presented in Table 1. This
study additionally replicates the Cannes Lérins H2 project, assuming the
same hydrogen needs, across four cities in Spain, Italy, Germany, and
Norway. This is to examine the impact of geographical location on the
LCOH of such projects. Please refer to Tables 2 and 3 for detailed data.

The minimum daily hydrogen demand to be met includes hydrogen
demand for sixty hydrogen electric buses. It is assumed that all the ve-
hicles deployed (N) are 12-m buses with the same hydrogen consump-
tion rate. Data from a previous FCEV study in the Netherlands [56]
where 2 hydrogen city buses were deployed to replace the diesel
equivalent, the average hydrogen consumption was 7kg/100 km. In this
study, the average hydrogen consumption (HD ) is conservatively set at
8.5kg/100 km to consider differences in terrain. An average daily travel
distance (D) is estimated to be 300 km including the travel distance to
the refuelling station. Equation (1) is used to estimate the daily
hydrogen demand for the project. Fig. 1 shows the baseline hourly
hydrogen refuelling schedule for a typical day obtained from Equation
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Table 1
Parameters used to model the various green hydrogen hub components.

Electrolyser

Parameter/Unit Value Ref

Lifetime (years) 10 [48]
Average Efficiency (%) 64 [24]
Specific Energy Consumption (kWh/kgH2) 62 calculated
Output Pressure (bar) 30 [48]
Upper Capacity Limit (%) 100 [27]
Lower Capacity Limit (%) 0 [27]
Hot Start Ramp time (seconds) 2 [27]
Cold Start Ramp time (seconds) 30 [27]

Worst Case Medium Case Best Case Ref

Capex (€/kW) 1758 1005 327 [66]
Replacement Cost (€/kW) 879 502 164 [66]
Fixed Opex (€/kW/year) 43 43 43 [66]

Wind Turbine

Parameter Value Ref

Nominal power (kW) 3000 [62]
Model V126/3000 [62]
Lifetime (years) 25 [67]

Worst Case Medium Case Best Case Ref

Capex (€/kW) 1855 1380 958 [67]
Fixed Opex (€/kW/year) 48 38 28 [67]
Lifetime 25 25 25 [67]
WACC (%) 5 5 5 [67]

PV System

Parameter Value Ref

Rated capacity (W) 300 [63]
Model Silevo_Triex_U300_Black__2014_ [63]
Lifetime (years) 25 [67]

Worst Case Medium Case Best Case Ref

Capex (€/kW) 869 687 590 [67]
Fixed Opex (€/kW/year) 17 12 8 [67]
Lifetime 25 25 590 [67]

Diaphragm Compressor

Parameter Value Ref

Lifetime (years) 10 [48]
Energy Intensity (kWh/kg H2) 2.62 calculated
Rated Compressor Power (kW) 219 calculated
Inlet Pressure (bar) 20–30 [33]
Outlet Pressure (bar) 500 [33]
Isentropic Efficiency (%) 60 [33]
Motor Efficiency (%) 95 [33]
Compression Ratio per Stage 3.1 [33]
Capex (€/(kg/h)) 10000 [68]
Replacement cost (€/(kg/h)) 5000 calculated
Fixed Opex (€/kW/year) 800 calculated

Buffer Storage

Parameter Value Ref

Pressure (bar) 30 Assumed
Lifetime (years) 25 [69]
Capex (€/kg) 510 [69]
Fixed Opex (€/kg/year) 2.55 calculated

High-Pressure Storage

Parameter Value Ref

Pressure (bar) 500 Assumed
Lifetime (years) 25 [69]
Capex (€/kg) 1644 [22]
Fixed Opex (€/kg/year) 3 calculated

Hydrogen Dispenser

Parameter Value Ref

Refuelling Station Type T40 (Precool H2 to − 40 ◦C) [70]
Nozzle Flow rate (g/sec) 50 [70]

(continued on next page)
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(1) by applying the hourly hydrogen refuelling pattern from the New-
BusFuel case studies in Ref. [57]. Additionally, an alternative temporal
distribution of hydrogen demand represented as the “Daylight Refuel-
ling Schedule” is analyzed to understand the impact of the hydrogen
demand pattern on the levelized cost of hydrogen.

Daily Hydrogen Demand (kg)=HD . D . N Equation 1

The solar radiation and other meteorological data used for solar
energy modelling are sourced from the Photovoltaic Geographical In-
formation System’s (PVGIS) typical meteorological year (TMY) data set
[58], generated following the ISO 15927-4 procedure [21,22]. The wind
resource data is fetched from the Application Programming Interface
(API) provided by the New European Wind Atlas (NEWA) [59].
Although NEWA presents the data at a temporal resolution of 30 min, it
is resampled to an hourly resolution to match the temporal resolution of
other datasets used in this study. As NEWA does not offer TMY data, the
data for the year 2018, which is the most recent in the database have
been used. Wholesale Electricity Market data including the day-ahead
electricity prices and load data are extracted from the European
Network of Transmission System Operators for Electricity (ENTSO-E)
transparency platform through its API [60]. The load data and
day-ahead electricity prices are used as input parameters in the

Table 1 (continued )

Hydrogen Dispenser

Parameter Value Ref

Refuelling Duration (minutes) 15 calculated
Capex (€/unit) 85000 [28]
Fixed Opex (€/unit/year) 2550 calculated
Lifetime (years) 25 [28]

Battery Energy Storage System

Parameter Value Ref

Capex (€/kW) 850 [12]
Replacement Cost (€/kW) 425 calculated
Fixed Opex (€/kW/year) 8.5 [12]
Lifetime 13 [12]
Round-trip Efficiency 86 [12]

Balance of Plant

Parameter Value Ref

Parameters Value Source
Capex (€/kW) 43 [66]
Water (€/kg) 0.07 [66]
Quantity of Water (kg water/kg H2) 20 [15]

Grid Taxes and Levies

Grid Taxes and Levies (€/kWh/year) Value Ref

France 0.025 [57]
Spain 0.005 [57]
Italy 0.065 [57]
Norway 0.012 [71]
Germany 0.070 [57]

Wholesale Electricity Market Bidding Zone

Country Bidding Zone

France FR [60]
Spain ES [60]
Italy IT_SUD [60]
Norway NO_1 [60]
Germany DE_LU [60]

Grid Carbon Intensity

Grid Carbon Intensity (kgCO₂e/kWh) Value Ref

France 0.058 [72]
Spain 0.165 [72]
Italy 0.234 [72]
Norway 0.030 [72]
Germany 0.348 [72]

Table 2
Existing wind farm locations considered across 5 European countries.

Country Latitude Longitude City Region Ref

France 43.551694 5.798611 Artigues,
Ollières

Provence-Alpes-
Côte d’Azur

[73]

Spain 37.169833 − 3.153555 Málaga Andalucía [74]
Italy 42.434665 11.789771 Viterbo Lazio [75]
Norway 63.881708 10.16758 Storheia Trøndelag [76]
Germany 53.131972 12.122166 Pritzwalk Brandenburg [77]

Table 3
Existing PV plant locations considered across 5 European countries.

Country Lat Long City Region Ref

France 43.622739 6.753182 Callian Provence-Alpes-
Côte d’Azur

[78]

Spain 37.220888 − 4.13205 Seville Andalucía [79]
Italy 42.409 11.5717 Montalto di

Castro
Lazio [80]

Norway 63.3444 10.3751 Trondheim Trøndelag [81]
Germany 51.544999 13.98 Schipkau Brandenburg [82]
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hydrogen hub configurations that involve grid interactivity. The year
2022 data is used as the baseline scenario across all locations
considered.

In this study, the windpowerlib Python library [61] is employed to
convert wind resource parameters into the energy output of a wind
turbine (WT). The specificWTmodel used is the Vestas V126/3000 with
a hub height of 100 m. The power curve and power coefficient curve
(Fig. 2) for this model were accessed from the open energy platform
[62]. Nonetheless, the techno-economic analysis tool developed enables
the use of any desired wind turbine provided the power curve and power
coefficient curve are provided.

The open-source Python library, pvlib [63] was used for simulating
the performance of the PV system module ’Silevo_Triex_U300_-
Black__2014_’ with a rated capacity of 300W using the input TMY data
[64]. The Hay-Davies model was used to transpose irradiance to the
tilted plane of the PV modules [63]. Finally, the Sandia Array Perfor-
mance Model was used to calculate the actual DC power output
considering the non-linear changes in power output with varying irra-
diance levels, temperature-dependent changes in the maximum power
point, light-induced degradation, and module aging. The. The solar PV
system’s specifications were sourced from the System Advisor Model
(SAM) [65], a tool developed by the National Renewable Energy Labo-
ratory (NREL).

3.2. Computational framework

The techno-economic analysis tool developed primarily solves a
linear optimization problem for a green hydrogen production hub.
Depending on the configuration, the hub comprises several components
including the PV system, wind turbines, battery energy storage system,
PEM electrolyser, a hydrogen compressor, and a hydrogen storage sys-
tem. The goal of the optimization is to minimize the total cost (capital
and operational costs) of hydrogen production given a rigid hydrogen
demand schedule as outlined in 2.1 above. The objective function is
subject to hydrogen demand constraints and other conditions critical for
the appropriate operation of the system. The computational framework
illustrated in Fig. 3 initiates with data extraction of hourly wind and
irradiance profiles, hourly wholesale energy market data, and the tem-
poral distribution of hydrogen demand throughout the day. Addition-
ally, it encompasses the technical and economic data on each
component of the green hydrogen hub.

Subsequently, the optimization problem is formulated and modelled
using Pyomo [83,84], a Python-based optimization modelling language.
This step involves the definition of suitable variables, parameters, con-
straints, and a linear objective function. While Gurobi [85] is the pri-
mary solver utilized, the techno-economic analysis tool also provides
compatibility with GLPK [86]. Following the optimization process, a
cost analysis is performed on the solver output, followed by a detailed

Fig. 1. Hydrogen demand patterns by the metropolitan bus fleet throughout the day.

Fig. 2. Power curve and power coefficient curve of vestas v126/3000.
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analysis of the results. The simulation framework considers five different
green hydrogen hub configurations, differing from each other in energy
supply for hydrogen production.

4. Green hydrogen Hub Modeling

The green hydrogen hub is modelled as a multi-time, constrained
optimization problem, and formulated as a Linear Programming prob-
lem. The study uses historical data processed with an hourly time step,
resulting in a total of 8760 h representing the dynamic behaviour of the
system throughout a typical year. The study assumes that the PEM
electrolyser can be operated flexibly considering the intermittent supply
of electricity. It maintains constant efficiency, ignoring the complex
behaviour that might affect electrolyser efficiency and no considerations
for degradation or ageing. There is an assumption of perfect foresight
regarding the electricity supply from renewable sources and grid elec-
tricity prices, however, sensitivity analysis is conducted to determine the
impact of variation of these parameters. The carbon intensity of the
electricity grid and Power Purchase Agreement (PPA) prices are
assumed to be fixed throughout the project’s lifetime. The grid inter-
action constraints are simplified (please refer to Equation (10)), and
continuous operation of the green hydrogen hub is anticipated for the
entire project duration. Themodel does factor in the network charges for
electricity transmission costs per MWh of electricity consumed but as-
sumes no changes in regulations or policies during the lifespan of the

project. Finally, the hydrogen demand profile of urban bus fleets is
assumed to be unchanged and inflexible throughout the project lifetime.

4.1. Direct coupling with standalone renewable energy systems

Firstly, a standalone, or ’island mode’, renewable energy setup to
produce green hydrogen is modelled as illustrated in Fig. 4. We evaluate
a standalone system using annualized investment cost for renewables
(Configuration 1) and an alternative cost structure, PPA (Configuration
2) further explained below.

4.1.1. Problem formulation - configuration 1
Configuration 1 has dedicated renewable energy plants whose cost

structure is annualized investment cost. The renewable energy plants are
developed and sized optimally for the green hydrogen hub. As such, the
green hydrogen hub can operate independently of third parties, enabling
greater control of its energy supply and seamless integration of renew-
able energy resources and hydrogen production systems. These advan-
tages come at the expense of significantly higher investment costs,
exposure to failures of the renewable energy system, responsibility for
the maintenance and operation of the renewable energy system, and
technology lock-in.

In its problem formulation, the objective is to minimize the total cost
(TC) of the green hydrogen hub required to meet the hourly hydrogen
demand of the metropolitan fuel cell bus fleet. The objective function is

Fig. 3. Green hydrogen hub modelling framework. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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formulated in Equation (2).

minimize TC=
∑

x ϵ X

[(
Rx . Ccap,x . Sx

)
+
(
Cop,x . Sx .N

)]
Equation 2

x ϵ X denotes the set of system components considered and illus-
trated in the respective schematic configurations.

The optimization is also subject to several constraints. Equation (3)
represents the energy balance constraints for configurations 1 and 2. It
ensures that the sum of the energy consumed by the electrolyser (EEL),
compressor (Ecomp ), and battery charging (Bch) does not surpass the total
energy produced by the wind turbines (EWT), battery discharging (Bdis)
and photovoltaic systems (EPV) at any given time t.

∀t : EEL(t)+ Ecomp(t) +
Bch(t)

ηch
≤ EWT(t) + EPV(t) + ηdis . Bdis(t) Equation 3

Other constraints that are the same across all the different configu-
rations of the green hydrogen hub such as capacity constraints,
hydrogen storage constraints, compressor operation and battery storage
constraints are detailed in the appendix section A.

4.1.2. Problem formulation - configuration 2
Configuration 2 operates under a mechanism known as a physical

Power Purchase Agreement (PPA). In this PPA setup, renewable elec-
tricity is bought ’as produced’ from a third-party renewable energy
producer. As-produced PPAs are long-term agreements in which the
energy producer manages the maintenance and operation of the energy
production system. In return, the green hydrogen hub contractually
commits to buying the generated power at a predetermined price
throughout the agreed period. This offers long-term electricity cost
predictability and stability. The PPA arrangement provides a more
flexible way of accessing renewable energy without needing to directly
own or manage the resources. However, the renewable energy system
sizing is not typically optimized for demand and may suffer from elec-
tricity supply inadequacy or oversizing.

The main difference in problem formulation lies in the calculation of
electricity costs from wind and photovoltaic resources. Unlike Config-
uration 1, where the installation costs for PV and wind technologies are
treated as annualized capital expenditures, they are regarded as fixed
operational expenditures in Configuration 2, in the form of a PPA with
renewable energy suppliers. Here, the sizing of wind farms and solar PV
systems is predetermined and not included as optimization variables.

The objective function for configuration 2 is presented in Equation
(4), where the total cost is minimized by taking into account the
renewable energy consumed and its respective fixed price under the

power purchase agreements together with other costs (i.e. electrolyser,
compressed and hydrogen buffer storage, compressor, balance of plant
and battery energy storage). All the constraints used in Configuration 1
similarly apply to Configuration 2.

minimize TC=N .
∑T

t=1
( EWT(t) . PPAwind + EPV(t) . PPAsolar)

+
∑

x ϵ X

[(
Rx . Ccap,x . Sx

)
+
(
Cop,x . Sx .N

)] Equation 4

4.2. Unidirectional grid-connected energy source with carbon pricing

In this scenario (Configuration 3), the primary source of electricity
for the green hydrogen hub is the electricity grid (Fig. 5), removing the
need for substantial investments in renewable energy infrastructure or
long-term contracts with energy suppliers. The production of green
hydrogen is enabled by electricity from the grid purchased through the
wholesale electricity market. Additional costs due to carbon pricing are
incurred. The main challenge is the volatility of the wholesale electricity
market, which could lead to decreased predictability and stability in
costs.

4.2.1. Problem formulation - configuration 3
The objective function aims to minimize the total costs (TC), which

include the cost of electricity from grid consumption and the capital and
fixed operating costs associated with the infrastructure installed. This is
mathematically expressed in Equation (5) below.

minimize TC=N .
∑T

t=1

(
EGrid,buy(t).(pGrid(t)+ FGrid + ICO2 . CCO2)

)

+
∑

x ϵ X

[(
Rx . Ccap,x . Sx

)
+
(
Cop,x . Sx .N

)]

Equation 5

Configuration 3 shares similar constraints that applied to Configu-
ration 1. The difference lies in the electricity supply, which in this case is
from the electricity grid. The Energy balance constraint is expressed in
Equation (6). It equates the sum of the electricity purchase from the grid,
EGrid,buy(t) and battery discharge at any time step to the sum of the energy
consumption by the electrolyser, compressor and battery charging.

∀t : EGrid,buy(t)+ ηdis . Bdis(t) = EEL(t) + Ecomp(t) +
Bch(t)

ηch
Equation 6

Fig. 4. Schematic representation of Configurations 1 and 2.
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4.3. Bi-directional grid interactive renewable energy system

Configurations 4 and 5 illustrated below consist of a grid-connected,
hybrid renewable energy system, where excess renewable energy pro-
duction is sold to the grid through the wholesale electricity market as
shown in Fig. 6. Moreover, the bi-directional grid interactivity has the
potential to support optimal grid operation by flattening the duck curve,
offering balancing services or local flexibility support, depending on
scale.

4.3.1. Problem formulation - configuration 4
In the case of Configuration 4, the electricity cost structure comprises

of annualized investment cost and wholesale electricity prices. The
objective of the optimization problem is expressed in Equation (7). The
total cost is expressed as the sum of the grid electricity purchase
(including grid charges and carbon price) and the capital and fixed
operating costs of each component. The revenue from electricity sales to
the grid, EGrid,sale(t) over all time step t is subtracted.

Fig. 5. Schematic diagram of Configuration 3.

Fig. 6. Schematic diagram of Configurations 4 and 5.

minimize TC=N .
∑T

t=1

(
EGrid,buy(t) .(pGrid(t)+ FGrid + ICO2 . CCO2)

)
− N .

∑T

t=1

(
EGrid,sale(t) . (pGrid(t) − FGrid)

)

+
∑

x ϵ X

[(
Rx . Ccap,x . Sx

)
+
(
Cop,x . Sx .N

)] Equation 7
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Equation (8) is the energy balance constraint which, unlike the
previous configurations discussed, include the energy sold to the grid.
This constraint ensures that the energy-consuming components do not
use more energy than it has available and that any excess energy is either
used for battery charging or sold to the grid.

∀t : EGrid,buy(t)+ EPV(t) + EWT(t) + ηdis . Bdis(t)

≥ EEL(t) + Ecomp(t) +
Bch(t)

ηch
+ EGrid,sale(t) Equation 8

In addition, the electricity purchased from the grid has to be lower
than the sum of the consumption from the electrolyser, compressor, and
battery charge as expressed in Equation (9). This constrain prevents
unnecessary grid consumption and maintains a balanced energy system.

∀t : EGrid,buy(t)≤ EEL(t) + Ecomp(t) +
Bch(t)

ηch
Equation 9

Lastly, Equation (10) describes a constraint on the electricity sold to
the grid. It can be any amount from zero up to the maximum power,
Pmax, only if two conditions are met:

1. The forecasted load on the grid at time t, LGrid (t), is greater than the
minimum benchmark load for grid injection across all time steps,
LGrid,bench. This ensures that electricity is sold to the grid when the grid
demand is higher than usual, indicating a need for more power. The
median annual grid load serves as LGrid,bench in this model.

2. The day-ahead price at time t, pGrid(t), is greater than the minimum
benchmark day-ahead price across all time steps, pGrid,bench. High
electricity price serves as an indicator of high demand and a need for
the injection of power production into the grid. This has the addi-
tional advantage of maximizing the revenue from electricity sales.
The median annual day-ahead price serves as pGrid,bench in this model.

This constraint provides a mechanism for managing electricity sales
to the grid, ensuring that sales take place primarily during periods of
high demand. This strategy exemplifies how the hydrogen hub can
bolster grid stability, contributing renewable electricity precisely when
it is most crucial—during peak load hours.

∀t :
{

0≤ EGrid,sale(t)≤Pmax if pGrid(t)> pGrid,bench andLGrid (t)> LGrid,bench
EGrid,sale(t)=0 otherwise

Equation 10

4.3.2. Problem formulation - configuration 5
Configuration 5 employs an "as-produced" financial PPA, where the

green hydrogen hub enters a long-term contract with a renewable en-
ergy generator. The difference with Configuration 2 is that the green
hydrogen hub can trade excess renewable generation to the grid. Similar
to the structure of Configuration 2, this agreement reduces capital cost
and provides a predictable cost and revenue framework for the green
hydrogen hub, acting as a buffer against energy price volatility inherent
in Configuration 3. Consequently, Configuration 5 offers a balance be-
tween the flexibility and grid support advantages of Configuration 4,
and the financial stability, reduced capital expenditure, and risk man-
agement benefits offered by a PPA structure.

The objective function minimizes total costs which comprises the
sum of electricity purchase costs through the PPA agreements and the
costs of installing and maintaining the electrolyser and storage infra-
structure, and subtracting the revenue from electricity sales to the grid
across the period. The objective function is expressed in Equation (11)
below:

All the constraints applied to Configuration 4 similarly apply to
Configuration 5.

4.4. Summary of the configurations

The optimal solutions obtained for each configuration are finally
compared with each other from an economic point of view using the
Levelized Cost of Hydrogen (LCOH). This is a widely used technique for
determining the actual cost of producing Hydrogen. To compute the
LCOH, the annualized total cost is divided by the annual hydrogen
production from the green hydrogen hub, adopting the method in
Ref. [87]. Table 4 provides a summary of the five green hydrogen hub
configurations considered.

5. Results and Discussions

This section presents the results of five green hydrogen hub config-
urations considered in this study. Firstly, Section 5.1 describes the
optimal design of the green hydrogen hub in the French case study while
Section 5.2 shows some details on operation for each configuration.
Following on from this point, Section 5.3 assesses the economic viability
of each configuration for transport decarbonization. Finally, Section 5.4
analyses the LCOH and optimal design sensitivity to changes in energy
prices and to the location of the green hydrogen hub in five European
cities (see Tables 2 and 3).

5.1. Optimal system capacity sizing and operation

The capacity for all components results from optimal capacity sizing
of the optimization model except for the PV and wind capacity in Con-
figurations 2 and 5 (involving PPAs), which are based on heuristics. This
is to reflect realistic capacity sizing associated with the nature of the
electricity cost structure. Across both configurations that are optimally
sized, a hybrid renewable energy system is optimal. This is due to the
complementary nature of wind and solar resources in the location
considered. All configurations are observed to have the same optimal
electrolyser, compressor, and buffer storage capacity. Configuration 4
which offers grid interaction and optimal PV and wind capacity requires
the lowest compressed storage capacity while Configuration 1 has the
highest storage capacity requirement since it cannot rely on grid elec-
tricity when wind and solar resources are unavailable and it avoids
oversizing PV and wind capacity unlike Configurations 2 and 4.
Configuration 4 has higher optimal PV and wind capacities than
Configuration 1 due to the high wholesale electricity price, which pro-
motes electricity sales to the grid, making slight oversizing optimal.

minimize TC=N .
∑T

t=1
( EWT(t) . PPAwind +EPV(t) . PPAsolar)

+
∑

x ϵ X

[(
Rx . Ccap,x . Sx

)
+
(
Cop,x . Sx .N

)]

+N .
∑T

t=1

(
EGrid,buy(t) .(pGrid(t)+ FGrid + ICO2 . CCO2)

)
− N .

∑T

t=1

(
EGrid,sale(t) . (pGrid(t) − FGrid)

)

Equation 11
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None of the configurations include a battery energy storage system for
optimal sizing due to the high cost per MW, instead preferring com-
pressed hydrogen storage. Across all configurations, the electrolyser
capacity factor is about 38%, which is in line with the findings in aca-
demic literature [88]. Electrolyser is the main consumer of electricity
and compressor consumption represents only about 4% of total elec-
tricity consumption. Due to this negligible contribution, the compressor
does not contribute significantly to the energy demand or flexibility of
the system. Table 5 presents the component capacity sizing for the five
configurations of green hydrogen hubs. To illustrate the operation of the

different green hydrogen hub configurations, a typical winter week (first
week of January) and a typical summer week (first week of July) are
utilized.

5.1.1. Configurations 1 and 2
Fig. 7 depicts the hourly energy production and consumption, as well

as the compressed hydrogen storage level, for Configuration 1. Since the
only difference between Configurations 1 and 2 is in the cost structure,
the operation of both configurations is similar. Energy production and
consumption are represented by positive and negative axes, respec-
tively. As expected, the winter week highlights high wind energy pro-
duction but low PV output while the summer week has high and
consistent PV production during the day, and wind energy output is less
consistent. As illustrated in Fig. 7, the electrolyser’s power consumption
increases during periods of high renewable energy production and de-
creases when production is low. Moreover, the electrolyser and
compressor power consumption is more intermittent during the winter
week than in the summer week, which can be attributed to the volatile
nature of the predominant wind energy during the winter week. As
configuration 1 is designed to optimize the PV and wind capacities to
meet hydrogen demand, there are no periods when the electrolyser
consumption exceeds the available energy production.

The renewable electricity curtailment is about 40% for Configuration
1 and 51% for Configuration 2 (due to non-optimal renewable capacity
sizing), indicating significant excess power production. This is

Table 4
Summarizes the key features of each configuration.

Parameter Config 1 Config 2 Config 3 Config 4 Config 5

Electricity Source PV, Wind PV, Wind Grid PV, Wind, Grid PV, Wind, Grid
Electricity Cost

Structure
Capex (Installation Costs) Opex (PPA) Opex (Wholesale

electricity market)
Capex (Installation Costs), Opex
(Wholesale electricity market)

Opex (PPA, Wholesale
electricity market)

Bi-directional Power
Flow

No No No Yes Yes

Renewable Energy
Capacity Sizing

Optimal Based on
Heuristics

Not Applicable Optimal Based on Heuristics

Other components Electrolyser, Compressor, Buffer Storage,
Compressed Storage, Refrigerator, Dispenser

Same as
Config 1

Same as Config 1 Same as Config 1 Same as Config 1

Table 5
Summary of optimal capacity for Configurations 1–5 for baseline case study.

System Component Config
1

Config
2

Config
3

Config
4

Config
5

PV Capacity (MW) 11.12 15.00 – 11.77 15.00
Wind Capacity (MW) 12.77 15.00 – 15.14 15.00
Electrolyser Capacity

(MW)
10.44 10.44 10.44 10.44 10.44

Buffer Storage Capacity
(kg)

100 100 100 100 100

Compressed Storage
Capacity (kg)

5973 3953 4245 3323 3953

Compressor capacity
(kg/h)

170 170 170 170 170

Battery Capacity (kWh) 0 0 0 0 0

Fig. 7. Operating pattern of Configuration 1 in typical winter and summer week.
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particularly obvious during the winter due to high wind production and
limited flexibility of the configuration. The hydrogen storage tank serves
as the only source of flexibility. The hydrogen storage level illustrated by
the purple line shows cyclical increases and decreases, indicating that
despite the complementary nature of wind and PV, there remains a
temporal mismatch between hydrogen production and demand, neces-
sitating compressed hydrogen storage to balance this mismatch. The
steady increase in hydrogen storage level observed in the winter week is
due to the initial empty state of the compressed storage tank.

5.1.2. Configuration 3
Fig. 8 illustrates power production and consumption patterns in

Configuration 3 as well as the hydrogen storage level over the winter
and summer weeks. The results highlight that despite the grid’s ability to
provide power on-demand, Configuration 3, like the other configura-
tions studied, still relies on compressed hydrogen storage for cost-
effective operation. Hydrogen storage enables the green hydrogen hub
to decouple hydrogen production from demand, avoiding expensive
hydrogen production during periods of high electricity prices and
allowing a higher capacity factor for the electrolyser. This behaviour is
further demonstrated by the negative correlation between hydrogen
storage levels (purple dotted line) and electricity prices (green line). The
power consumption of the electrolyser peaks during the late night to
early morning period (22–5) and exhibits some activity during midday
(12–16). In contrast, there is little to no consumption during the evening
hours (17–20) and minimal consumption in the morning (7–10).
Notably, these periods of low consumption coincide with periods of high
grid electricity demand and high electricity prices. By primarily oper-
ating during off-peak periods, when electricity is cheaper (often due to
low electricity demand and high production from renewable sources like
wind and solar), the operational strategy of the electrolyser aligns with
the optimal utilization of the electricity grid.

5.1.3. Configurations 4 and 5
Fig. 9a shows the hourly fluctuations in power production, power

consumption, electricity prices and the hydrogen storage level over a
typical winter and summer week for Configuration 4, but is also repre-
sentative of Configuration 5 since they differ primarily in their cost

structure. The power production sources include PV, wind, and the
electricity grid while the power consumption accounts for electrolyser
consumption, compressor consumption, and electricity sale to the grid.
During the winter week considered, there appears to be no grid con-
sumption or sale. On the other hand, the summer week shows some
periods of electricity sales to the grid. Grid consumption does not take
place during the selected weeks but occurs at other periods in the year.
The hydrogen storage level varies inversely with electricity price, indi-
cating that hydrogen is produced and stored when electricity is cheaper
and used when electricity is more expensive.

Fig. 9b shows the relationship between power consumption, grid
interaction by the system, the day-ahead electricity prices and expected
grid load on an average 24-h period. The negative normalized power
indicates power consumption from the grid while the positive axis
represents surplus electricity sales to the grid. It can be observed that
electricity sale occurs during periods of relatively high electricity prices
and/or grid load, particularly during the evening peak load (18–20). In
contrast, electricity consumption from the grid occurs predominantly
during the late night and early morning periods (0–5). This operational
strategy capitalizes on price arbitrage opportunities, enhancing the
system’s economic viability while benefiting grid stability. Renewable
electricity curtailment is 37% and 41% for Configurations 4 and 5,
respectively. The remaining underutilization of renewable energy pro-
duction is attributed to the model’s constraints, which restrict electricity
sales to the grid when the electricity price is low (an indicator of excess
electricity supply) to realistically estimate the revenue potential of the
green hydrogen hub. Fig. 9c illustrates the role of hydrogen storage
tanks in managing the temporal mismatch between hydrogen produc-
tion and demand.

5.2. Economic performance

The LCOH across all configurations ranged from 4 to over 20 €/kg
H2, indicating the significant impact of the electricity supply configu-
ration on hydrogen cost. Fig. 10 illustrates the contribution of individual
components to the LCOH for each configuration. Most notably, Config-
uration 3 exhibits the highest LCOH, exceeding 20 €/kg H2 when the
2022 electricity price is used. The steep cost can be attributed to the

Fig. 8. Operating pattern of Configuration 3 in typical winter and summer week.
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Fig. 9. Operating pattern of Configuration 4 during the typical winter and summer week.
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2022 energy crisis in Europe as the LCOH for the same Configuration 3 is
11.64 and 10.70 €/kg H2 when analyzed for the years 2021 and 2023
respectively. In configuration 3, energy costs represent over 75% of the
LCOH, as depicted in Fig. 10a. In contrast, Configurations 4 and 5 have
the lowest LCOH, primarily due to the revenue derived from selling
surplus electricity to the grid. Specifically, Configuration 4 benefits from
optimally sized PV and wind capacities, reducing the net energy cost
contribution to the LCOH to less than 5%. Similarly, Configurations 2
and 5 are economically favourable due to lower capital costs due to
Power Purchase Agreement (PPA) structure as shown in Fig. 10b, where
their capital cost is less than half of that of Configurations 1 and 4. In
Configurations 1, 2, and 3, energy costs account for the largest portion of
the LCOH, while in Configurations 4 and 5, the electrolyser represents
the most significant cost. In Configurations 1 and 2, PV and wind
constitute the entire energy costs, with wind costs taking the larger share

of both. The costs of PV and wind in Configuration 1 are less than those
in Configuration 2, due to optimal capacity sizing in the former.

5.3. Sensitivity of LCOH

This section observes the sensitivity of the LCOH and optimal ca-
pacity mix to a range of factors such as the geographical location, the
investment cost of critical components, the prevailing wholesale elec-
tricity market price, and the temporal distribution of hydrogen demand.
We focus on parameters that are influenced by energy supply
configuration.

5.3.1. Sensitivity of LCOH to location and hydrogen demand profile
Fig. 11 illustrates the variation of the LCOH of Configurations 1–5 to

both location and hydrogen demand profile. In both hydrogen demand

Fig. 10. Cost structure of Configurations 1 to 5.
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profiles, the LCOH varies significantly across configurations and loca-
tions. Configuration 3 has the highest LCOH across most locations due to
high electricity costs while configuration 4 delivers the lowest LCOH.
The low LCOH of configuration 4 is due to the sale of surplus electricity
to the grid during peak periods. Andalucia and Trondelag have relatively
high LCOH in most configurations, indicating that they may not be
suitable for green hydrogen-based urban transport decarbonization.
Conversely, Brandenburg, Côte d’Azur and Lazio demonstrate potential
benefits from fuel-cell urban bus fleet deployment.

When considering the deployment of green hydrogen infrastructure
for urban transport decarbonization, Configurations 4 and 5 are shown

to be the most cost-optimal with Côte d’Azur having an LCOH of 5 €/kg
in baseline hydrogen demand profile of configuration 5, and further
reducing to 3.77 €/kg under the daylight hydrogen demand profile. The
baseline hydrogen demand profile represents the current predominant
hydrogen demand profile for fuel-cell electric bus fleets in Europe [56].
However, it can be observed in Fig. 11b that considerable cost re-
ductions in LCOH across almost all locations and configurations can be
derived by adjusting the hydrogen demand profile to daylight hours to
better align with solar energy availability, leading to a decrease in
hydrogen storage capacity requirements. It may be worth considering a
better synergy between the temporal distribution of hydrogen demand

Fig. 11. Sensitivity of LCOH to location and hydrogen demand profile for Configurations 1-5.
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Fig. 12. Sensitivity to infrastructure and electricity cost assumptions.
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by the bus fleet and the geographical location to minimize the hydrogen
production-demand mismatch, and thus, further reduce the LCOH.

5.3.2. Sensitivity of LCOH and optimal capacity mix to investment cost
scenarios and electricity price

As observed in Fig. 10, electricity and electrolyser costs make up the
largest share of the green hydrogen production costs. Fig. 12a presents a
sensitivity analysis for each configuration, considering various cost
scenarios. These scenarios include optimistic, baseline, and worst-case
cost assumptions for wind, PV, and electrolyser components as defined
in Refs. [66,67]. Notably, Configurations 1 and 4 exhibit the highest
sensitivity to investment cost variations. This is attributable to the
electricity cost structure in these configurations, involving annualized
investment costs for renewable energy infrastructure. Under the
best-case scenario, Configuration 4 delivers an LCOH as low as 1.24 €/kg
H2. However, under the worst-case scenario, the LCOH increases to more
than five times this amount, showing a significant range of LCOH
depending on cost assumptions.

The sensitivity of Configuration 1 to PV, wind and electrolyser cost
assumptions are further investigated separately and illustrated in
Fig. 12b. The results indicate that electrolyser costs yield the highest
sensitivity ahead of PV and wind. This is generalizable across all con-
figurations considered since Configuration 1 has the highest capital
expenditure for PV and wind. This can be attributed to the nascent state
of electrolyser technology; significant cost reductions, reflected in the
best-case scenario, are anticipated as the technology advances and
economies of scale are realized in hydrogen production via electrolysis.

Additionally, as shown in Fig. 12c, the LCOH for Configuration 3
more than doubled from 8€/kg H2 in 2019 to 20.2€/kg H2 in 2022 and
significantly decreased to 10.7 €/kg H2 in 2023. This illustrates the
sensitivity of configuration 3 to wholesale electricity prices. By contrast,
Configurations 3 and 4 benefit from increased electricity prices since
these configurations sell electricity back to the grid at higher prices, thus
increasing revenue from electricity sales, and further reducing net en-
ergy costs. Fig. 12d illustrates the sensitivity of the LCOH of Configu-
ration 2 to the PPA price of wind and PV, with the LCOH showing greater
sensitivity to wind PPA price.

Furthermore, the optimal sizing of renewable energy assets for the
green hydrogen hub configurations considered varies depending on
factors such as location and electricity price. Fig. 12d and e show the
optimal renewable capacity mix across various locations. The optimal
renewable capacity mix differs greatly depending on location. For each
location, the optimal renewable capacity mix also differs significantly.
Norway stands out with significant PV capacity in configuration 1 and
none in configuration 4.

Additionally, the optimal renewable capacity mix is sensitive to
electricity prices as observed in Fig. 12g. High wholesale electricity
prices, as experienced since 2021, favour the oversizing of renewable
energy assets to facilitate revenue generation through electricity sales to
the grid. Conversely, during periods of low grid prices, such as those
observed from 2017 to 2019, it is optimal to undersize renewable energy
assets, and instead purchase electricity from the grid. The high sensi-
tivity to electricity costs makes it crucial to consider the uncertainties in
future electricity prices when considering the design of green hydrogen
hubs.

6. Conclusion

The techno-economic analysis carried out in this study presents an
approach to analyzing and comparing different energy supply configura-
tions for an on-site hydrogen refuelling station designed for decarbonizing
a fleet of fuel-cell buses. Through the extraction of relevant data, linear
programming-based problem formulation and implementation in Python-
based Pyomo, and subsequent cost and results analysis, the developed
computational tool facilitates location-specific techno-economic assess-
ments for green hydrogen hubs with a focus on energy supply

management. The comparative techno-economic evaluation of five
different energy supply configurations for green hydrogen hubs,
commonly used in academic literature, led to a better understanding of
their technical and economic performance. In the baseline case study, the
LCOH ranged from 4 to 20 €/kg H2 illustrating the importance of careful
consideration of electricity supply configuration. Sensitivity analysis is
carried out to understand the impact of varying conditions, ranging from
investment cost scenarios, wholesale electricity market prices, the
hydrogen demand patterns, to geographic location.

The findings highlight that Configurations 4 and 5 (grid-interactive
systems) consistently achieve the lowest LCOH across all geographical
locations considered, due to the additional flexibility offered by bi-
directional grid interaction. This enables them to optimally size
renewable capacities and generate additional revenue from electricity
sales to the grid. However, the sensitivity analysis underlines the sus-
ceptibility of grid-reliant configurations to unpredictable electricity
market prices. Configurations that utilize annualized investment costs
incur significant capital costs, but very low operating costs. As such, they
are highly susceptible to changes in component costs. On the other hand,
configurations that utilize PPA for renewable electricity offer a balance
between capital and operating costs, even though, their total cost may be
higher. Configuration 5 (grid-interactive PPA) particularly offers a
unique opportunity to benefit from both the flexibility of grid connec-
tion and low capital cost due to PPAs.

Since the study considered only five configurations, opportunities
abound to further explore the decarbonization of urban bus fleets.
Future work could build upon this foundation by incorporating sto-
chasticity in certain parameters and expanding the configurations to
include the sharing of renewable energy infrastructure with a renewable
energy community or electric bus fleet charging station, potentially
reducing curtailed renewable electricity. Further work can also explic-
itly co-optimize green hydrogen hub planning and operations with route
planning of urban bus fleets to derive an optimized hydrogen demand
schedule.

In summary, the detailed modelling and analysis conducted in this
study provide valuable insights into different electricity supply strate-
gies to power green hydrogen hubs, focusing on their potential to
decarbonize public transport bus fleets in Europe. The results emphasize
the need for customized planning and taking advantage of sector
coupling and alternative cost structures in deploying and operating
green hydrogen hubs. As European cities actively seek to reduce trans-
portation sector carbon emissions, the insights from this study can
inform private investors and policymakers on green hydrogen infra-
structure deployment for metropolitan bus fleet decarbonization.
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Appendix

A. Common Constraints

The following constraints and relationships are used across all configurations.

EPV(t)= ePV(t) . PVsize A.1

EWT(t)= eWT(t) .WTsize A.2

EEL(t)=H2,prod(t) . eEL,H2 . ηEL A.3

Ecomp(t)=H2,comp(t) . ecomp,H2 A.4

A.4, ecomp,H2 is the power required to compress a unit kg of hydrogen from the exit of the PEM electrolyser at 30 bar–500 bar required for fuel
dispensing and high pressure storage.

Electrolyser maximum capacity constraint in A.5 limits the electricity input of the electrolyser to its rated capacity, ELsize.

∀t : EEL(t) ≤ ELsize A.5

The global hydrogen balance in A.6 ensures that the sum of hydrogen production, H2,prod(t) in a year is at least equal to the sum of hydrogen demand
H2,D (t) in the same year.

∀t :
∑

t
H2,prod(t)≥

∑

t
H2,D(t) A.6

A.7 requires the compressed hydrogen storage level, SLH2,comp from the previous time step (t-1) to be sufficient to meet the hydrogen demand at the
current time step. However, this constraint only applies for time steps greater than 1 (t > 1), allowing the system to initialize hydrogen production.

∀t>1 : SLH2,comp(t − 1) ≥ H2,D(t) A.7

A.8 ensures that the changes in the hydrogen storage level SLH2,prod from one time step to the next are accurately accounted for based on the amount
of hydrogen produced, H2,prod(t) and the amount compressed, H2,comp(t) at any given time t.

SLH2,prod(0) = S0 + H2,prod(0) − H2,comp(0)
∀t > 0 : SLH2,prod(t) = SLH2,prod(t − 1) + H2,prod(t) − H2,comp(t)

A.8

A.9 caps the maximum level of hydrogen storage at any given time, SLH2,prod(t) to the capacity of the buffer storage, SLP,size. Due to the low energy
density of hydrogen at 30 bar, the buffer storage’s maximum capacity, SLP,max is set at 100 kg in A.10 to ensure a feasible physical volume for the
storage. The constraint is mathematically represented as follows:

∀t : SLH2,pr od(t) ≤ SLP,size A.9

SLP,size ≤ SLP,max A.10

A.11 accounts for the dynamic operation of the compressed hydrogen storage throughout the time steps. This is done by considering the amount of
hydrogen compressed, H2,comp(t) amount utilized, H2,D(t) at any given time t.

SLH2,comp(0) = S0 + H2,comp(0) − H2,D(0)
∀t > 0 : SLH2,comp(t) = SLH2,comp(t − 1) + H2,comp(t) − H2,D(t)

A.11

A.12 limits the storage level of the compressed hydrogen storage, SLH2,comp(t) at any given time t to the capacity of the compressed hydrogen
storage, SHP,size. The constraint can be mathematically expressed as follows:

∀t : SLH2,comp(t) ≤ SHP,size A.12

This stipulates that the stored compressed hydrogen should not exceed the storage unit’s capacity at any given time. A.13, ensures that the amount
of hydrogen compressed at any given time t does not exceed the product of the compressor’s capacity, compsize and its efficiency, ηcomp. This constraint
can be represented as:

∀t : H2,comp(t) ≤ compsize . ηcomp A.13

A.14 governs the state of charge, BSOC(t) of the battery energy storage at every time step t. This constraint appropriately accounts for the energy
flows associated with battery charge, Bch(t), battery discharge, Bdis(t), and the self-discharge of the battery energy storage system. Battery degradation
is not considered within the model. Note that battery degradation is not considered within this model. The constraint is formulated as follows:

BSOC(0) = Bch(0) − Bdis(0)
∀t > 0 : BSOC(t) = (1 − Selfdischarge) . BSOC(t − 1) + Bch(t) − Bdis(t)

A.14

A.15 restricts the state of charge, BSOC(t) of the battery energy storage at any time t to the battery capacity, Bsize. This is to ensure it never exceeds the
maximum battery capacity.

∀t : BSOC(t) ≤ Bsize A.15

A.16 stipulates that the energy available for charging the battery storage must not exceed the excess energy available at any given time t, after
accounting for the energy consumed by the electrolyser and the compressor. This constraint can be mathematically formulated as follows:
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∀t :
Bch(t)

ηch
≤ EWT(t) + EPV(t) − EEL(t) − Ecomp(t) A.16

A.17 and A.18 limit battery charging and discharging at each time step, t. The charging power, Bch(t), and discharging power, Bdis(t), cannot exceed
the battery size, Bsize, multiplied by the maximum charging, Pmax,ch, and discharging power, Pmax,dis, respectively, both expressed as percentages of the
battery size. These constraints can be mathematically expressed as:

∀t : Bch(t) ≤ Bsize . Pmax,ch A.17

∀t : Bdis(t) ≤ Bsize . Pmax,dis A.18

B. Nomenclature

t ϵ T Set of time steps hours
x ϵ X Set of system components –
TC Total Cost €
Rx Number of replacements –
Sx System capacity kW
Ccap,x Capital costs €
Cop,x Operational costs €
N Number of operational hours hours
EEL Electrolyser power input kW
EPV PV system power output kW
EWT Wind turbine power output kW
Ecomp Hydrogen compressor power input kW
Bch Battery charging power input kW
Bdis Battery discharging power output kW
ηch Battery charging efficiency %
ηdis Battery discharging efficiency %
BSOC Battery state of charge kWh
Bsize Battery capacity kW
PVsize Photovoltaic system capacity kW
WTsize Wind Farm Capacity kW
SLP,size Capacity of the low-pressure storage kg
SLP,max Maximum capacity of the low-pressure storage kg
SHP,size High-pressure storage capacity kg
compsize Compressor capacity kg/hr
ePV Power harvested by unit kW of PV system kW
eWT Power harvested by unit kW of wind system kW
eEL,H2 Power required to produce 1 kg of hydrogen kW
ecomp,H2 Power required to compress 1 kg of hydrogen kW
H2,prod Hydrogen output, 30 bar kg
H2,comp Compressed hydrogen, 500 bar kg
H2,D Hourly hydrogen demand kg
SLH2,prod Storage level of produced hydrogen kg
SLH2,comp Storage level of compressed hydrogen kg
ηcomp Compressor efficiency %
Selfdischarge Self-discharge rate of the battery %
Pmax,ch Maximum charging power as a percentage of Bsize %
Pmax,dis Maximum discharging power as a percentage of Bsize %
PPAwind Fixed price under the power purchase agreement for wind €/kWh
PPAsolar Fixed price under the power purchase agreement for solar PV €/kWh
EGrid,buy Grid electricity purchased kWh
pGrid(t) Grid electricity price €/kWh
FGrid Grid fees €/kWh
ICO2 Average carbon intensity of the grid kg CO₂/kWh
CCO2 Carbon price €/kg CO₂
EGrid,sale Electricity sold to the grid kWh
LGrid Forecasted load on the grid kWh
LGrid,bench Minimum benchmark load for grid injection kWh
pGrid,bench Minimum benchmark day-ahead price €/kWh
Pmax Grid terminal capacity kW
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