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� Process simulation provides data to design hydrogen production processes.

� Green hydrogen has larger return of energy invested than natural gas-based routes.

� Floating photovoltaic production is competitive for green hydrogen production.

� Life cycle assessment shows excellent results for green hydrogen.

� Indicators are evaluated for hydrogen use in the maritime industry.
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a b s t r a c t

Hydrogen is a versatile energycarrier andstoragemedium that is expected tohaveakey role in

the energy transition, as it can be employed in a variety of applications. Hydrogen can be

produced from different feedstocks and using different processes. Based on the production

technology used, hydrogen is conventionally identified by a color. In this work, we compare

different hydrogen generation processes: (i) green hydrogen, obtained by electrolysis of water

using electricity from floating photovoltaic platforms, (ii) grid hydrogen, also obtained by

electrolysisbutusinggridelectricity, (iii) greyhydrogen,producedfromnaturalgasusingsteam

reforming and (iv) blue hydrogen, which is similar to grey hydrogen, but uses hot potassium

carbonate as the solvent for carbon capture and storage.Thepaper considers theproductionof

hydrogennecessary for 2 tripsperdayofamediumsize ferryboat tonavigate full electric for 7h

in theAdriatic Sea. Process simulation is applied tosolvematerial andenergybalances for each

process investigated, as well as for the evaluation of capital and operating costs. Process

simulation outcomes are then used to estimate three key performance indicators focused on

energetic, economic, and environmental sustainability issues: the energy return on energy

invested, the levelized costofhydrogen, and the life cycle assessment. Theenergy indicator for

grid and green hydrogen has a value of 13.39e14.29, versus a value of 4.59e5.48 for other

hydrogen productionmethods fromnatural gas. The cost for green hydrogen is slightly higher

(8.76) compared to the blue hydrogen (5.50) however green hydrogen has amuch lower impact

to the environment. Considering the combined results obtained by all the indicators, it is

concluded that the most sustainable hydrogen production method is green hydrogen.
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Introduction

Over the past few decades, there has been a sharp growth in

energy demand, placing increasing pressure on the energy

sector. The global average primary energy consumption rate

increased significantly from 2000 to 2020 by nearly 53%,

namely from 104,722 TWh in 2000 to 160,833 TWh in 2020 [1].

These consumption rates vary by nation and area. To attain

the 2030 greenhouse gas emission targets, a significant

decrease in the usage of fossil fuels is required, according to

recent reports from the Intergovernmental Panel for Climate

Changes (IPCC) [2] and International Energy Agency (IEA) [3].

With this goal in mind, hydrogen (H2) is a viable energy carrier

to be directly used in many applications such as heavy

transportation, logistics and “hard-to-abate sectors” [4].

Several papers have been published in this journal in the

last years dealing with environmental impact of hydrogen

production: Noh et al. [5] addressed the environmental and

energy efficiency of hydrogen supply chains comparing

gaseous and liquid organic hydrogen carriers; Ahmadi and

Khoshnevisan [6] performed life cycle assessment of

hydrogen fuel cell electric vehicles considering various

hydrogen production methods; Liu et al. [7] focused their

attention on green hydrogen standards in China; Dilshani

et al. [8] reported life cycle net energy and global warming

impact assessment for hydrogen production via decomposi-

tion of ammonia; Zhang et al. [9] compared the environ-

mental impact of three types of hydrogen production

methods using solar energy; Iannuzzi et al. [10] compared

hydrogen fuel cell buses vs diesel engine buses in the city of

Rosario.

Numerous European member countries, including France,

Germany and Spain, have already started ambitious plans on

hydrogen, in accordance with the European Hydrogen Strat-

egy [11]. Research on H2 has also been given 3.2 billion euros

under the Italian National Recovery and Resilience Plan [12],

which should support Italy's decarbonization efforts. H2 is

anticipated to eventually be able to power ships and trucks,

but it also could decarbonize high energy consumption in-

dustry and stabilize the operation of the electricity grid.

However, in order to achieve these goals, the production of H2

must be considerably increased, by adopting only clean and

sustainable routes to avoid emission of greenhouse gases

(GHG). Unfortunately, currently, 95% of the H2 is produced

worldwide by steam methane reforming (SMR), while only 5%

comes from other sources [13].

The consensus among experts is that H2 should play a

specialized role in the transition to direct electrification,

helping to decarbonize “hard-to-abate” sectors. For these in-

dustries where H2 is crucial, it is essential to carefully assess

the H2 manufacturing procedures. To do this, any evaluation

has to be based on thoughtful process design and widely

accepted indicators.

A variety of indicators can be found in the literature to be

used by decision-makers. One of them is the Energy Return on

Energy Invested (EROEI) [14], which compares the amount of

net energy stored in an energy vector (in this case, the H2) and

the one that is required to produce it. The US Energy Infor-

mation Administration (EIA) has recently suggested using
2

EROEI as a benchmark tool in the recommended approach for

the net energy analysis [15].

The Levelized Cost of Hydrogen (LCOH), which is computed

as the ratio between the net discounted H2 production costs

over the amount of H2 produced throughout the plant lifetime,

is another important performancemetric [16]. Inputs to LCOH

include plant lifetime costs, annual operating and mainte-

nance costs and capital and investment costs.

Although EROEI and LCOH, which focus on the energy use

and economic analysis of H2 manufacturing processes, are

certainly two key performance indicators to be assessed, they

are insufficient to estimate the process’ overall environmental

impact. A Life Cycle Assessment (LCA) study [17] can actually

give a comprehensive overview of the environmental burdens

of a particular process or product [18e20].

Among the sectors where H2 could provide a significant

contribution towards decarbonization, the management of

maritime transportations and port operations may be of great

interest. In this paper we focus on the use of hydrogen in

medium size ferryboats traveling in the Adriatic Sea. Due to

the high energy intensity needed for shipping, which batteries

cannot provide, this industry still uses marine diesel fuel,

emitting 1.2e1.25 billion tons of carbon dioxide equivalent

each year (i.e., 3% of the global anthropogenic emissions) [21].

The solutions being currently investigated in the maritime

transportation sector include not just H2, but also ammonia

and methanol, of which hydrogen is a building block [22]. The

naval industry is expected to require 46 million tons of green

H2 by 2050, with the vast majority (73%) being used to produce

ammonia, accounting for more than half of the total naval

energy consumption. However, 183 million tons of ammonia

would be required, which equals today's total worldwide

production.

The performance of hydrogen production methods has

been evaluated and compared in a number of recent articles

from an energetic, economic and environmental perspective

[23]. The literature reveals that, from a purely economic

standpoint, the production of H2 from fossil fuels currently

represents themost practical method. Depending on the price

of natural gas, Lee et al. report an LCOH from SMR of 1.8e2.3

$/kgH2 [24], whereas Ali Khan et al. identify a range between

1.38 and 2.3 $/kgH2 for grey hydrogen and 2.0e3.42 $/kgH2with

the addition of CCS for blue hydrogen [25]. It should however

be pointed out that these prices are highly dependent on the

cost of the natural gas feedstock.

To the best of the authors' knowledge, there are no

comprehensive studies that compare various hydrogen gen-

eration systems based on all the abovementioned indicators

(EROEI, LCOH and LCA) for the specific use of hydrogen in the

maritime industry. The majority of the papers currently

available to do not approach the topic from a comprehensive

and interdisciplinary perspective, focusing instead on the

analysis of single aspects. Whereas the approach presented in

this paper includes energetic, economic and environmental

factors, based on accurate material and energy balances and

costs data. Additionally, the comparison of different hydrogen

colors is frequently approached from an absolute standpoint

rather than being related to a specific and practical context,

resulting in the attainment of frequently disputed conclusions

[13,26e28].
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Process Simulation (PS) provides all the data required to

assess the desired indicators, with material and energy bal-

ances computed via trustworthy and tested models. PS is

normally used with confidence for process design, optimiza-

tion and feasibility studies for chemical [29] and biological [30]

processes. Target values can be obtained for all the desired

indicators and impact categories by combining PS with EROEI

estimation, LCOH calculation and LCA, thus allowing to eval-

uate the sustainability of the proposed technical solution at an

early stage of the process design [31].

This paper describes how to use PS for the estimation of the

performance indicators reported above for hydrogen produc-

tion processes. Specifically, in Fig. 1 different methods to

obtain hydrogen are compared: (i) green hydrogen, produced

by electrolysis of water using electricity from renewable

sources; (ii) grid hydrogen, again by water electrolysis but

using grid electricity; (iii) grey hydrogen, produced from nat-

ural gas using steam reforming; and (iv) blue hydrogen, which

is obtained like the grey one, but coupled with carbon capture

and storage (CCS). A block diagramof hydrogen production for

maritime transportation considered in this paper is sche-

matically shown in Fig. 2.

Floating photovoltaic (FPV) systems will be considered as

power generators for the production of green hydrogen, as FPV

greatly facilitates the applicability of hydrogen production in

coastal areas. Recent estimations indicate that FPV will pro-

duce 10% of the solar energy by 2030 [32]. FPV shows several

advantages compared to onshore PV: high power density, no

fixed structures, simple decommissioning and low environ-

mental impact: these advantages are counterbalanced by

higher investment costs compared to onshore PV.

As far as blue hydrogen is concerned, an environmentally

friendly, yet mature, carbon capture technology, based on

chemical absorption with hot potassium carbonate, is

considered in this work.

As a case study, this paper refers to the production of

hydrogen required for a medium size ferryboat to navigate for

7 h, full electric, in the Adriatic Sea, with an energy
Fig. 1 e Hydrogen production met

3

requirement of about 275 MWh. Considering an energy con-

tent of hydrogen of 140 MJ/kg and an efficiency of fuel cells of

60%, the quantity of hydrogen to be produced for a one-way

trip is 11,750 kg. The production of hydrogen will be set to

consider 2 trips per day.

This article presents two main innovative aspects: on one

hand, a mature electrolyser technology coupled with FPV en-

ergy generation is simulated, designed and compared with

conventional SMR (with and without CCS) processes for

hydrogen energy production, dedicated to fuel ferryboats in

the Adriatic Sea. On the other hand, a quantitative compari-

son between alternatives is presented, demonstrating how

the outcomes of process simulation in terms of mass balance,

energy balance and equipment cost evaluation may be effec-

tively used for the a priori estimation of relevant indicators,

such as the EROEI, LCOH and LCA. These indicators are helpful

in defining long-term strategies for the growth of domestic

and global H2 energy systems for port operations and mari-

time transportations.

The paper is organized as follows: section Hydrogen

production processes describes in detail the different

hydrogen production processes considered and the imple-

mentation in the corresponding process simulations; section

Methods reports the methods used for the estimation of

capital and operating costs, as well as the computation of the

EROEI, LCOH, and LCA indicators; section Results And

Discussion presents and examines the outcomes of the pre-

viously discussed evaluations; lastly, section Conclusions

summarizes the main conclusions.
Hydrogen production processes

Aspen Plus v. 12.1™ was used to simulate all the processes

considered. The software allowed to estimate physical prop-

erty values, perform material and energy balances, design/

rating calculations, sensitivity analyses and process optimi-

zation for any hydrogen generation process that was taken
hods considered in this work.
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Fig. 2 e Block diagram of hydrogen production for maritime transportation including NH3 production.
into consideration. Aspen Process Economics Analyzer™

(APEA) was used for economic analysis to retrieve the capital

and operating expenses of each process, while Aspen Energy

Analyzer™ (AEA) was used to perform heat integration by

pinch analysis to decrease the overall energy duty.

In process simulators, constants and equations for the

most common unit operations are already built-into the sys-

tem, so that it is only necessary to develop the process flow-

sheet selecting the unit models, thermodynamic and reaction

models and methods of solution. For non-conventional unit

operations (such as the electrolysers), thematerial and energy

balance equations were implemented by means of an Excel

spreadsheet coupled with the Aspen Plus simulator. The

equations are solved, the results are subsequently analyzed

and the procedure is repeated until thewhole process is finally

optimized.

Grey hydrogen: steam methane reforming production
process

Natural gas is converted to grey hydrogen using steam

methane reforming (SMR). The SMR process flowsheet previ-

ously developed by Mio et al. [33] was appropriately upscaled

to meet the daily hydrogen production of about 1000 kg/h. All

the process unit operations employed the Redlich-Kwong-

Soave equation of state with Boston Mathias modifications

(RKS-BM) as thermodynamic model. In Fig. 3, the process flow

diagram is displayed.

The processes is comprised of the following steps: (i)

hydro-desulfurization treatment to remove sulphur (DESULF-

R), (ii) natural gas reaction with steam in a primary reformer

(PREF-T) at 30 bar and 500 �Ce900 �C, (iii) natural gas reaction

in a secondary reformer (SREF-R), where hot compressed air is

added, (iv) water-gas shift (HT-WGS) in a high-temperature

reactor (T ¼ 380e460 �C), (v) water-gas shift (LT-WGS) in a

low-temperature reactor (T ¼ 210e270 �C) and finally (vi)

hydrogen purification in the unit H-PUR, which recovers pure

H2 at a pressure of 26 bar.

The main reactions occurring in the reformers involve the

catalytic conversion ofmethane into amixture of CO, CO2 and

H2, at high temperature and pressure (T ¼ 500e900 �C,
P ¼ 30e34 bar) over Ni catalyst supported on alumina ce-

ramics, according to the following stoichiometry:
4

CH4 þH2O/COþ 3H2 ðDHR ¼ 206 kJ =molÞ (1)

COþH2O/CO2 þH2 ðDHR ¼ �41 kJ =molÞ (2)

The reformers are modelled as plug-flow reactors (RPlug),

where reaction kinetics, heat transfer rate (the net reaction is

endothermic) and pressure drops are rigorously modelled by

means of Fortran user subroutines [34].

In WGS reactors, the H2 yield is increased by favoring re-

action (2) over iron oxide and copper oxide catalysts in the HT

and LT reactors, respectively. Both units are modelled as plug-

flow reactors (RPlug), with user-defined reaction kinetics.

Heat integration was implemented to minimize the energy

duties. In fact, heating duties are completely satisfied by

means of process streams, except for the furnace, where the

tail gases recovered after hydrogen purification are burnt

together with natural gas to satisfy the heating duty of the

primary reformer. Instead, the heat available from the hot

products of the reformers and WGS reactors are used to pre-

heat the reactants aswell as to generate the steam required by

the primary reformer. More details of the SMR process are

reported in Ref. [33].

Blue hydrogen: steam methane reforming with CCS

Blue hydrogen is produced by capturing CO2 from the flue gas

output generated by the SMR process described above, using a

suitable solvent. In previous papers [33,35] different amines

have been used as solvent: in this paper a hot potassium

carbonate (HPC) solution is used, since it represents a more

environmentally friendly option, while still being a mature

technology [36]. In fact, HPC is a non-volatile and non-toxic

inorganic salt, which makes it not susceptible to oxidative

degradation (which may be a problem with amines when

working with flue gases), as well as fully recoverable within

the process, while amines tend to be lost in the gaseous

stream from the head of the absorption column. The only

drawback of HPC is that it needs to be compressed to mod-

erate pressures (6e8 bar) to enhance the reaction kinetics.

The HPC CCS process flowsheet is reported in Fig. 4. The

FLUEGAS out stream (20 mol% of CO2, 435 �C, 1 bar) from the

SMR process is cooled down to 35 �C in a series of heat

https://doi.org/10.1016/j.ijhydene.2023.06.122
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Fig. 3 e Aspen Plus process flowsheet of the SMR process as implemented in Aspen Plus.34 Inlet streams are depicted in

blue, hydrogen product in green, and by-products in red. (For interpretation of the references to colour in this figure legend,

the reader is referred to the Web version of this article.)
exchangers, compressed to 6 bar by means of a two-stage

compressor (K-101), and fed to the absorption column at

65 �C, counter-current to the lean potassium carbonate solu-

tion (LEANIN, 65 �C). The heat available from the flue gases is

used to partially offset the reboiler duty of the following high-

pressure stripper (HP-STRIP), which operates at 127 �C. The
absorber (height H ¼ 15 m and diameter D ¼ 1.5 m) captures

91% of the CO2 from the inlet gases. The high-pressure clean

gas from the top of the column is sent to a turbo-expander (K-

102) coupled with the compressor, to reduce the power de-

mand by about 50%. The rich solution is then regenerated by

means of a dual pressure system: 60% of the solution (RICHIN-

H) is fed to a reboiled stripper operating at 2.1 bar (HP-STRIP),
Fig. 4 e Aspen Plus flowsheet34 of CCS process designed to cap

potassium carbonate (HPC) solution.
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while the remaining 40% (RICHIN-L) is regenerated in a lower-

pressure stripper (LP-STRIP) at 1.2 bar, exploiting the partial

gasification of the lean solution from the HP unit upon pres-

sure reduction. CO2 is recovered from the top of both columns,

after gas-liquid separation (T¼ 45 �C (HE-4þV-102)), at a purity

of 99.9 mol% on dry basis. More information on the HPC CCS

process is reported in Ref. [35].

Green hydrogen: water electrolysis from renewables

Green hydrogen, often referred to as renewable hydrogen, is H2

produced bywater electrolysis using renewable energy sources

such as photovoltaics, wind, hydro, geothermal and biomass.
ture CO2 from the FLUEGAS stream of SMR, using a hot

https://doi.org/10.1016/j.ijhydene.2023.06.122
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For the purpose of producing green hydrogen, it is assumed

that the electrolysers run at a high capacity factor (cf ¼ 0.97),

utilising all of the electrical energy provided by a local floating

photovoltaic system with a total installed capacity of 55 MWp

and the remaining energy needed coming from an Italian

green grid energy supplier. As a result, when evaluating the

indicators, both the cost of installing the FPV plant and the

provider's green energy prices must be considered (section

Capital and operating costs).

Water electrolysis (WE) is the electrochemical separation

of water into hydrogen and oxygen due to the application of

an electrical voltage:

H2O/H2 þ 1
2
O2 (3)

The voltage that must be applied to the electrolytic cell

(Vcell) is determined by adding the reversible voltage (Vrev),

which is the minimum voltage necessary for the reaction to

occur and is determined by thermodynamics, to a number of

overvoltages brought on by ohmic resistances (Vohm), re-

strictions on electrode kinetics (i.e., activation overvoltage,

Vact), and mass transfer (concentration overvoltage Vconc):

Vcell ¼Vrev þ Vohm þ Vact þ Vconc (4)

The type of electrolyte used to separate the two half-

reactions occurring at the anode (oxygen evolution reaction)

and at the cathode (hydrogen evolution reaction) is what

categorises different water electrolysis technologies. The core

of an electrolysis process is the cell stack, which is made up of

several electrolytic cells connected in series, as well as the

balance of plant (BoP), which consists of all the additional

units required for product purification, liquid recirculation

and other operations.

In this paper we have considered the most mature elec-

trolyser technology, namely the Alkaline Electrolysis Cell

(AEC). The process flowsheet developed in Aspen Plus™ is

shown in Fig. 5.

In order to produce the required daily hydrogen stock, the

system is composed by 6 electrolyser modules operating in

parallel. The design is based on the largest single stack alka-

line electrolyser currently developed (Asahi Kasei), made of

170 cells and characterized by a maximum input power of

10 MW [37]. The BoP equipment is instead shared among the 6

modules.

Since Aspen Plus does not support electrolysis stack

models, the relevant material and energy balance equations

were added using a user-defined unit block with Microsoft

Excel. In the stack, the electrodes are immersed in a liquid

electrolyte separated by a diaphragm. The electrolyte solution

(ST-IN, with 35 wt% KOH) is continuously recirculated within

the stack. The semi-reactions occurring at the electrodes are

the following:

Cathode : 2H2Oþ 2e� /H2 þ 2OH� (5)

Anode : 2OH� /
1
2
O2 þH2Oþ 2e� (6)

Water is thus created at the anode and consumed at the

cathode, requiring mixing of the two recirculated liquid

streams before they enter the electrolyser. Material and
6

energy balances were computed according to the model by

S�anchez et al. [38] which includes calculating cell voltage,

Faraday efficiency and gas product purity as a function of

temperature, pressure, and current density. From this, the

stack power (Wstack), hydrogen and oxygen production rates

and heat release (Qstack) are calculated. Based on the findings

of the same authors, the stacks are operated at 80 �C, 5 bar,

and 2500 A/m2, with 170 series-connected cells having an

active area of 11.5 m2, with a resulting input power of 9.2 MW

for each stack.

The liquid electrolyte and product gases produced at the

cathode (H2-STACK) and anode (O2-STACK) are transferred

through liquid-gas separation vessels (SEP-H2 and SEP-O2,

respectively). The recovered liquid electrolyte is then circu-

lated as the gases travel through water traps to remove hu-

midity, feeding make-up deionized water (H2O-FEED) to the

oxygen separation vessel. The Elec-NRTL thermodynamic

model was used for all process units. For a fair comparison

with the previous grey and blue hydrogen routes, the purified

H2 is compressed to 25 bar by means of a 2-stage compressor

(C-1).

The main characteristics and performances of the AEC

considered in this work are summarized in Table 1.

Grid hydrogen: water electrolysis from grid electricity

In this case, all electrical energy required to achieve the target

hydrogen generation is drawn straight from the grid with the

available energy mix, which comprises both renewable and

fossil sources and no FPV system is considered. Furthermore,

in this case the electrolysers are operating at high capacity

factor (cf ¼ 0.97). The composition of the energy mix consid-

ered (Italy's energy mix) is listed in Table 2, together with that

of the mix acquired from a green electricity supplier, which

produces electrical energy using a well specified energy mix

for green hydrogen production. In this case, the share of the

original mix attributed to fossil fuels has been distributed to

renewable sources, keeping constant the ratio between each

contributor to green electricity production mix.
Methods

Capital and operating costs

The capital costs (CAPEX) (V) of all the processes considered

were calculated by means of Aspen Plus Economic Analysers.

In particular, the value of the total installed cost (TIC) obtained

by Aspen Plus is utilised to calculate the plant Fixed Capital

Investment (FCI), according to the procedure proposed by

Douglas [44]. The CAPEX is then estimated by adding the Start-

up Cost (SC), which is estimated to be 10% of FCI, according to:

CAPEX¼ FCIþ SC ¼ 1:1$FCI ¼ 1:1$
TIC
0:6

(7)

Since electrolysers are non-conventional units in Aspen

Plus, their investment cost is estimated according to market

values [45] for green and grid hydrogen.

For green hydrogen, CAPEX includes the price of FPV sys-

tem installation and acquisition, estimated to be 30% higher

https://doi.org/10.1016/j.ijhydene.2023.06.122
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Fig. 5 e Aspen Plus flowsheet34 of Alkaline Electrolysis Cells (AEC).

Table 1 e Summary of the main characteristics and
performances of AEC.

Element Value

Electrolyte KOH (35 wt%)

Cathode Ni

Anode Ni

Cell area (m2) 11.5

Number of cells 170

Operating temperature (�C) 80

Current density (A/m2) 2500

Stack power single stack (MW) 9.18

Stack power total (MW) 55.11

System efficiency (HHV) 70.2

Specific electric energy consumption (kWh/kgH2) 56.13

Lifetime (years) 20

Stack duration (years) [39] 10

Capacity factor 0.97

Electrolyser cost (V/kW) [40] 938

Cost of stack replacement (% CAPEX) [39] 50%

Table 2 e Grid and green electrical energy mix [41] and
EROEI [42,43] of the fuels used in the calculations (section
Energy Return on Energy Invested (EROEI)).

Resource EROEI Grid energy mix Green energy mix

Oil 19 3.16% 0.0%

Natural Gas 19 44.29% 0.0%

Coal 46 4.58% 0.0%

Nuclear 14 4.63% 0.0%

Hydro 84 19.48% 44.93%

PV 25 8.27% 19.09%

Waste 2 1.76% 4.06%

Biofuels 1.8 5.65% 13.05%

Wind 18 6.25% 14.41%

Geothermal 13 1.93% 4.44%

Tide 5 0.003% 0.007%
than the cost of an onshore PV plant of approximatively the

same size. Assuming a cost of 800 kV/MW for the onshore PV,

the cost of FPV is estimated to be 1040 kV/MW [46]. Higher

structural costs related to the floats and anchoring systemand
7

complex design are the largest contributors to the higher

CAPEX of FPV. Nonetheless, in cases where land use is con-

strained, not easily accessible, or land leasing is expensive,

FPV could be an interesting alternative to on-shore PV sys-

tems. In addition to reducing land use competition, FPV can

potentially provide advantages such as reducing evaporation

from water bodies, enabling dual-use installation with aqua-

culture, and increasing energy yield [46]. FPV has experienced

significant growth since 2016, but is still at an early stage of

development, and additional experience, best practice and

new configurations and technologies could help reduce the

costs of FPV systems over time.

Concerning operating expenditures (OPEX), they can be

distinguished into fixed and variable costs. For grey and blue

hydrogen processes, water, chemicals, and catalysts are ex-

amples of necessary consumables, while fuel costs are

accounted separately. Direct labour, administration/general

overheads, insurance/local taxes, and maintenance are

instead fixed OPEX. The total yearly OPEX are assumed to be a

fixed proportion of the CAPEX, namely 8.7% for grey hydrogen

via SMR and 9.5% for blue hydrogen via SMR þ CCS [45].

For green and grid hydrogen production, variable OPEX

refer to the cost of water feed as well as to the expected

annuitized stack replacement costs as reported in Table 1 [47].

As for the other two processes, direct labour, administration/

general overheads, insurance/local taxes and maintenance

represent the fixed OPEX. Regardless of the electrolyser tech-

nology, fixed OPEX are most frequently modelled as a per-

centage of the initial CAPEX (generally estimated to be

between 1 and 3% of the electrolyser CAPEX) [48]. According to

what is described by Glenk et al. [47], a fixed OPEX cost of 2% of

the total CAPEX is used in this case, while the total OPEX, after

adding the variable costs, amounts to 3.06% of CAPEX.

Energy return on energy invested (EROEI)

The Net Energy Analysis (NEA) is a tool for comparing various

energy production systems. The purpose of NEA is to deter-

mine whether any process under consideration produces

more energy than is needed to construct, run and maintain
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the infrastructure. The most appropriate indicator for the

processes of interest among those that can be obtained from

NEA is the EROEI, which is defined as:

EROEI¼Eout=Ein (8)

where Eout is the available energy that the process provides

(GWh). In the case of hydrogen production processes, Eout is

defined as:

Eout ¼ðHHVH2$QH2 �PauxÞ$cf$L (9)

where HHVH2 is the higher heating value of hydrogen (kWh/

kg), QH2 is the flow rate of hydrogen produced (kg/h), cf is the

capacity factor (namely the fraction of time the process is

productive), Paux is the power consumed by process auxiliaries

(kW) and L is the estimated total time of operation of the

production process (hours).

Ein is the total energy provided and consumed during the

production and operations periods of the plant, and is made

up of three contributions:

Ein ¼Ecap þ Eo&m þ Ef (10)

In equation (10), Ecap is the capital energy embodied in the

materials and used for construction and decommissioning of

the plant; Eo&m is the energy needed for operating and main-

taining the plant; Ef is the energy needed for procuring and

distributing the fuels, which also includes the energy used for

extracting, refining and transporting the fuels from the pro-

duction well to the plant. All terms are expressed in GWh for

consistency: the EROEI is thus dimensionless.

The capital energy embodied in the materials and used for

construction and decommissioning of the plant, Ecap, is

defined as follows:

Ecap ¼CAPEX
�
εc (11)

Where CAPEX (V) is defined in equation (7), and εc is the pro-

portionality coefficient between the costs of energy and

CAPEX. In this work εc is considered constant and is evaluated

from real plant data [49].

The energy needed for operating and maintaining the

plant, Eo&m, is defined as:

Eo&m ¼Ecap$L$OPEXyear (12)

where OPEXyear includes fixed and variable OPEX for each

production technology considered. It is calculated as % of

CAPEX per year (section Grid hydrogen: water electrolysis

from grid electricity), according to:

OPEXyear ¼ so&m$

�
1þ CSRE

CAPEX

�
(13)

where so&m is the share of the investment costs dedicated to

operation and maintenance. CSRE is the cost [V] for the sub-

stitution of the electrolyser's stacks, defined as:

CSRE¼CAPEX$CRE%

�
L
Lel

�
(14)

where Lel is the period after which the electrolysers stack

should be replaced and CRE% is the cost, expressed in % of

CAPEX, for its substitution (Table 1). Clearly, CSRE is equal to

0 for grey and blue hydrogen.
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The energy needed for procuring and distributing the fuels,

Ef, is defined as:

Ef ¼ Eout

h$EROEIfuel
(15)

Where h is the efficiency of transformation for the process of

interest, EROEIfuel refers to the particular technology that is

used to transform the source of energy (natural gas or solar

irradiation in our case) into useable energy for the process [14].

Literature values of EROEIfuel from different recent sources are

reported in Table 2. They consider all the boundaries of

various types of EROEI analyses and the energy losses asso-

ciated with the processing of fuel as it is transformed from

“fuel at the wellhead” to consumer-ready fuels. For electro-

lysers, the calculation of EROEI is done considering the entire

process from the source of energy (the solar energy) to the

hydrogen produced.

Levelized cost of hydrogen (LCOH)

The Levelized Cost Of Hydrogen (LCOH) is an indicator spe-

cifically developed for hydrogen as an energy carrier. It is

calculated as follows:

LCOH¼ Net Present Value of Total Costs
Net Present Value of Hydrogen Production

(16)

Specifically, the LCOH (V/kg) is calculated according to Fan

et al. [27] as:

LCOH¼
CAPEXþPN

t¼1
OPEXyear

ð1þrÞtPN
t¼1

HPt
ð1þrÞt

(17)

Where CAPEX [V] is the initial capital investment, OPEXyear

[V] is the OPEX at year t, r [%] is the discount rate, and HPt
[kgH2/hr] the hydrogen production at year t. By assuming that

OPEXyear and HPt are constant over the years, the equation

simplifies as:

LCOH¼
CAPEXþ �

ECþ OPEXyear

� PN
t¼1

1
ð1þrÞt

HPt

PN
t¼1

1
ð1þrÞt

(18)

where EC is the cost of the source of energy per year (V/year).

For electrolysers, EC is the cost of the electricity drawn

from the grid, which is the entire amount of energy required

for electrolysis in the case of grid hydrogen production and

only the amount of energy required to make up for that which

the FPV plant does not provide for green hydrogen. For green

electrolysers EC is thus defined as follows:

EC¼ Pelec$ELcost$ðcf$8760� 1300Þ (19)

Where Pelec [MW] is the power supplied to the electrolysers

from the grid, ELcost [V/MWh] is the cost of the electricity [50],

8760 is the number of hours in a year, and 1300 is the annual

yield of a 1 kWp photovoltaic plant operating at the consid-

ered location [51]. For grid electrolysers, EC is defined as in

equation (19), without subtracting the 1300 h corresponding to

photovoltaics yield.

For grey and blue hydrogen, EC is the cost of natural gas,

which is calculated as follows:
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EC¼QNG$NGcost$ðcf$8760Þ (20)

where NGcost is the cost of natural gas per cubic meter [50] and

QNG is the input volumetric flow rate of natural gas (Nm3/h).

Life cycle assessment

The Life Cycle Assessment (LCA) is a method for calculating a

product's emissions over the course of its whole service life,

from the extraction and refining of raw materials to the

manufacturing processes, usage, transport and disposal. The

four following processes make up the LCA framework, which

is comprehensively defined by ISO Standards [52,53]. The first

is goal and scope, or the description of the study's charac-

teristics, the second is the Life Cycle Inventory (LCI), or the

gathering of material and energy balances over the course of

a product system's life cycle, the third is the Life Cycle Impact

Assessment (LCIA), or the evaluation of environmental per-

formance across various environmental compartments using

scores from several impact categories, and the forth is the

interpretation, or the process of coming to conclusions about

the study's findings. The findings of such investigations are

frequently published using well-established impact meth-

odologies, such as ReCiPe, CML2001, Environmental Footprint

(EF) or Tool for Reduction and Assessment of Chemicals and

Other Environmental Impacts (TRACI). The environmental

performances of the product systems investigated in this

paper have been evaluated using Recipe 2016 Midpoint (H)

[54], which adopts the following impact categories: Global

Warming Potential (GWP), Fine Particulate Matter Formation

(PMFP), Stratospheric Ozone Depletion (ODP), Ionizing Radi-

ation (IRP), Photochemical Oxidant Formation including

human Health contributions (HOFP) and Ecosystem quality

ones (EOFP), Human Toxicity Potential with cancer (HTPc)

and non-cancer (HTPnc)-related impacts, Ecotoxicity Poten-

tial related to Freshwater (FETP), Marine (METP) and Terres-

trial (TETP) perspectives, Freshwater (FEP) and Marine

(MEP) Eutrophication Potential, Terrestrial Acidification
Table 3 e Summary of data needed for the estimation of EROE

Data

Hydrogen production (QH2)

Higher heating value of hydrogen (HHVH2)

Power for auxiliary equipment (Paux)

Inlet natural gas flow rate

Total capital cost (CAPEX)

Proportion between CAPEX and energy cost for construction (εc)

Capacity factor (cf)

Plant life time (L)

Efficiency

Share of investment costs for operation and maintenance (so&m) - OPEX

EROEI fuels

Cost of replacement of electrolytic stack (CAPEX %)

Period after which the electrolytic stack should be replaced

Power supplied to electrolysers

Cost of the source of energy per year (electricity/natural gas)

Total amount of materials

Discount rate (r)
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(TAP), Land use (LOP), Mineral Resource Scarcity (SOP), Fossil

Resource Scarcity (FFP), and Water Consumption Potential

(WCP).

In thiswork, a comparative LCA study has been carried out,

dealing with the identification of the most sustainable tech-

nology for hydrogen production, using “1 kg of hydrogen” as

the functional unit. According to a cradle-to-gate perspective,

the system boundary includes the extraction, refinement, and

transportation of raw materials, energy, and fuels, as well as

the infrastructure, machinery and equipment required for

producing 1000 kg/h of hydrogen for the 20-year operation of

the plant. Using a cut-off allocation approach, secondary data

was gathered using ecoinvent v3.8, while primary data on the

key processes was retrieved by using process simulation. In

fact, theweight of SMR and CCS equipment, the electricity and

heat demand, the raw material consumption and the main

process emissions of all the processes, may all be determined

by process simulation.

The data source for the impacts of stacks and BoP of elec-

trolysers was the study published by Zhao et al. [39]. The as-

sumptions on photovoltaic modules and efficiencies made by

Barbera et al. [35] were applied to the installation of the

photovoltaic plant, with the exception that the plant was

placed on a floating dock.
Results and discussion

The complete material and energy balances for the hydrogen

production processes considered and required for the

assessment of the EROEI, LCOE, and LCA indicators, were ob-

tained by process simulations. Table 3 provides a summary of

the information needed to calculate each indicator.

Table 4 reports the results from the simulations of the

various hydrogen production processes investigated in this

work. AEC process has been considered for both green and

grid hydrogen. In the former, the installed FPV plant provides

the necessary electrical energy when it is operating, while a

fully green energy source from the grid is usedwhen the FPV is
I, LCOH and LCA.

Units EROEI LCOH LCA

kg/h X X X

kWh/kg X

kW X X X

Nm3/h X X X

V X X

V/kWh X

e X X X

years X X X

e X X

% X X

e X

% X X

years X X X

MW X X

V X

kg X

% X
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Table 4 e Summary of the numerical data used for the evaluation of the performance indicators.

Data Units Grey H2 Blue H2 Grid H2 Green H2

Hydrogen production flow rate kg/h 951.44 951.44 1003.85 1003.85

HHV hydrogen kWh/kg 39.4 39.4 39.4 39.4

Power for auxiliary equipment (Paux) kW 524.8 4349 1242 1242

Net Power output, P kW 36,962 33,138 38,310 38,310

Volumetric flow rate of natural gas in input Nm3/h 4288 4288 e e

Electrical power for electrolysers MW e e 55.11 55.11

CAPEX kV 22,338 38,390 54,504 54,504

PV plant CAPEX kV e e e 57,315

Ratio of the cost of energy and CAPEX, εc V/kWh 0.656 0.656 0.656 0.656

capacity factor 0.80 0.80 0.97 0.97

Plant life time years 20 20 20 20

Duration of electrolysers stack years e e 10 10

Cost of replacement of electrolysers stack (% of CAPEX) % e e 50 50

Round trip efficiency 0.76 0.69 0.85 0.85

% total cost for o&m e OPEX (no stack substitution), so&m % 0.087 0.095 0.02 0.02

Energy return of energy invested for fuels only 8 8 25 46

Discount rate % 0.073 0.073 0.073 0.073

CAPEX per KW (OC) V/kW 596 1024 1115 2564
not operating. Instead, in the case of grid hydrogen all of the

electrical energy required for electrolysis is obtained from the

grid using the Italian energy mix (see Table 2).

Hydrogen production flow rate is kept constant at a value

of about 1000 kg/h for the different technologies compared.

Consequently, the net power output is also almost constant at

a value of around 37 MW. This production capacity fulfills the

need of almost 23.5 tH2/day required by the ferry boat to

perform a daily return trip.

CAPEX and OPEX reported in Table 4 are well in agreement

with the literature [45], with CAPEX ranging between 700 and

1300V/kW for SMR and SMRþ CCS, and between 500 and 1100

V/kW for AEC. The CAPEX for green hydrogen is higher than

the literature range due to the rather high capital cost of the

FPV, but it is compensated in the long termby the lower cost of

electricity. The size of the FPV plant compatible with 55 MWp

of power is estimated to be 1000 m � 300 m. As far as grid

hydrogen is concerned, the main difference is related to the

absence of the FPV plant in the system, which lowers the

CAPEX compared to green hydrogen, but is balanced by a

higher cost of electricity from the grid.

Table 4 clearly shows that adding CCS treatment of the flue

gas significantly raises CAPEX (by 72%), and consequently

OPEX, of blue hydrogen compared to the grey route, and that

the overall plant efficiency drops as a result of the increased

energy expenditure required for carbon capture. However, the

inclusion of CCS results in a significant decrease in the carbon

emission factor.
Table 5 e EROEI and LCOH values for the different hydrogen co
costs of energy and natural gas in 2021, while the LCOH-2022

Quantity Units Grey

Eout GWh 5180

Ein GWh 945.

EROEI e 5.48

LCOH-2021 cost of NG and electricity V/kg 2.87

LCOH-2022 cost of NG and electricity V/kg 5.01
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The capacity factor of grey and blue hydrogen has been

fixed at a reasonable value lower than that of the electrolysers,

according to literature values. The plant life time considered

for all the cases compared was 20 years, and the discount rate

was fixed at 0.073 for all considered cases.

The indicators described in section Hydrogen Production

Processes are used to compare the production technologies

investigated in this work. Table 5 summarizes the results

obtained in terms of EROEI (equation (8)) and LCOH (equation

(18)). EROEI is defined as the energy return of invested energy

and the higher the value, the higher the energetic efficiency of

the production process. As expected, EROEI is relatively low

for the grey hydrogen, and is even lower when CCS is added to

reduce the CO2 emissions. Literature values of EROEI for grey

hydrogen range between 2 and 3 [55], perfectly in line with the

values obtained in this work. On the other hand, EROEI values

for electrolysers are much higher compared to the SMR-based

processes. This can be ascribed to the higher value of

EROEIfuels of the energy mix characterizing green and grid

hydrogen, compared to that of natural gas (Table 4). The best

value of EROEI is the one obtained for the grid hydrogen pro-

duction process (14.28), but not so different from the green

hydrogen one (13.39).

Regarding LCOH, the values reported in Table 5 show that

the cost of hydrogen produced by SMR without CCS is lower

than the one obtained by AEC, and, as expected, the cost raises

if CCS is applied. This result is in line with the literature,

where LCOH of grey and blue hydrogen ranges between 1.5
lors considered (LCOH-2021 is estimated considering the
refers to the costs in 2022).

H2 Blue H2 Grid H2 Green H2

.57 4644.65 6510.52 6510.52

37 1011.14 455.93 486.37

4.59 14.28 13.39

3.35 6.80 6.81

5.50 9.10 8.76
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and 2.5 V/kg, while for green hydrogen it is between 3 and 9

V/kg [40,56]. A detailed analysis of LCOH for renewable energy

(solar and wind) hydrogen refueling station is available in

literature [57,58] reporting values of LCOH from solar energy

ranging from 2.92 to 4.83 V/kg (5.5e7.38 if hydrogen storage is

included). Values of LCOH [59] from wind energy and

hydrogen storage are slightly higher (6.24e11.5 V/kg).

Considering that in this paper the cost of the refueling station

is not included, the literature values compare well with the

LCOH values evaluated in this paper.

Table 5 also shows the effect of the price of natural gas and

electricity according to the Italian Regulatory Authority for

Energy Networks and Environment [50], comparing the situ-

ation in 2021 (0.5V/Nm3 and 108V/MWh) to the one at the end

of 2022 (0.976V/Nm3 and 150V/MWh). As expected themarket

price of natural gas plays a relevant role in the evaluation of

the LCOH for these processes, while for electricity-based

production processes its effect is mitigated by the contribu-

tion of other electricity sources. Higher price of electricity in-

fluences less the LCOH of green hydrogen due to the local

electrical energy production provided by the FPV system.

The LCA procedure is based on material and energy bal-

ances over the entire life cycle of the product system, taking

into consideration the extraction of raw materials,

manufacturing, use phase, end-of-life and the transportation

between life cycle stages. The results of life cycle assessments

are represented by means of several impact categories, which

are able to represent the entire range of ecological burdens

associated with the product system, avoiding shifting the

impact among environmental compartments.

The normalized results of LCA are shown in Fig. 6, while

the absolute scores for the different impact categories are

reported in Table 6.

The analysis of hydrogen produced by SMR, either alone

(grey hydrogen), or in combination with CCS (blue hydrogen)
Fig. 6 e LCIA outcomes normalized for each hydrogen color. (Fo

legend, the reader is referred to the Web version of this article.
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shows that, except for GWP, all the other impact categories are

negatively affected by CCS. This is due to the carbon capture

process, which certainly reduces direct carbon dioxide emis-

sions, but requires increased material and energy expenses,

which worsen blue hydrogen environmental performances

overall. Therefore, from a sustainability standpoint, blue

hydrogen does not seem so appealing, which makes grey

hydrogen worth being considered for comparison with other

technologies, even if its CO2 emissions are not mitigated by

any capture process. For these reasons we have used grey

hydrogen for comparison with green and grid hydrogen.

When considering hydrogen production from electrolysis

using alkaline electrolysers, the selection of the most sustain-

able option ismainly driven by the source of electricity used for

the required energy supply. In fact, since the electricity con-

sumption is quite significant for running the AEC electrolysis

process, the electricity mix plays a crucial role to reduce the

overall environmental burdens. As clearly shown in Fig. 6, the

grid hydrogen exhibits poor results for the majority of impact

categories, and this effect is due to the emissions from the mix

used for electricity generation in Italy. Green hydrogen shows

large impacts where the effect of renewable electricity produc-

tion ismore significant, such as toxicity potentials (FETP, METP,

TETP, HTP) due to raw materials extraction, ODP due to elec-

tricityproduction,andSOP,LOPandWCPfor rawmaterials, land

and biofuels procurement, respectively. Since the development

ofalternativehydrogensynthesispathways isprimarily focused

on reducing GHG emissions, AEC has been compared to tradi-

tional fossil-based production, thanks to its GWP outcomes,

higher technology readiness level (TRL) in comparison with

other electrolyser technologies, and AEC's overall general per-

formance, also in terms of EROEI and LCOH.

From a GHG reduction viewpoint, green hydrogen is the

best method, with a score lower than blue hydrogen, which is

the second-best option, followed by grey hydrogen and grid
r interpretation of the references to colour in this figure

)
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Table 6 e Impact categories scores for the production of 1 kg of hydrogen using different production pathways.

Impact Category Acronym Unit Grey H2 Blue H2 Grid H2 Green H2

Fine particulate matter formation PMFP kg PM2.5 eq 3.90E-03 4.91E-03 9.34E-03 2.68E-02

Fossil resource scarcity FFP kg oil eq 4.63Eþ00 5.04Eþ00 8.83E-01 7.15Eþ00

Freshwater ecotoxicity FETP kg 1,4-DCB 6.54E-02 1.43E-01 1.83Eþ00 2.06Eþ00

Freshwater eutrophication FEP kg P eq 2.40E-04 4.50E-04 1.84E-03 5.68E-03

Global warming GWP kg CO2 eq 1.26Eþ01 5.27Eþ00 4.32Eþ00 2.35Eþ01

Human carcinogenic toxicity HTPc kg 1,4-DCB 1.42E-01 1.88E-01 6.81E-01 9.00E-01

Human non-carcinogenic toxicity HTPnc kg 1,4-DCB 9.51E-01 1.66Eþ00 1.24Eþ01 1.82Eþ01

Ionizing radiation IRP kBq Co-60 eq 6.38E-02 1.53E-01 2.39E-01 2.43Eþ00

Land use LOP m2a crop eq 1.14E-02 2.87E-02 1.09Eþ00 4.94E-01

Marine ecotoxicity METP kg 1,4-DCB 9.07E-02 1.88E-01 2.26Eþ00 2.57Eþ00

Marine eutrophication MEP kg N eq 1.95E-05 3.67E-05 1.50E-04 4.60E-04

Mineral resource scarcity SOP kg Cu eq 7.76E-03 1.04E-02 5.10E-02 5.14E-02

Ozone formation, Human health HOFP kg NOx eq 6.29E-03 7.99E-03 1.10E-02 4.02E-02

Ozone formation, Terrestrial ecosystems EOFP kg NOx eq 6.69E-03 8.43E-03 1.13E-02 4.10E-02

Stratospheric ozone depletion ODP kg CFC11 eq 3.75E-06 4.36E-06 8.58E-06 1.46E-05

Terrestrial acidification TAP kg SO2 eq 1.20E-02 1.49E-02 2.66E-02 7.92E-02

Terrestrial ecotoxicity TETP kg 1,4-DCB 4.01Eþ00 7.07Eþ00 7.29Eþ01 7.46Eþ01

Water consumption WCP m3 1.22E-02 2.42E-02 5.21E-01 3.49E-01
hydrogen. Note that grid hydrogen, despite being based on a

carbon-free feedstock, performs very poorly in terms of car-

bon emissions, due to the high specific energy consumption,

which is derived for more than 50% by fossil sources.

As a result of LCA methodology, the use of alkaline elec-

trolysers supplied with renewable energy produced by a

dedicated floating photovoltaic plant (FPV) complemented by

a green energymix is the best option to reduce GHG emissions

and, in general, most of the indicators related to air pollution

(PMFP). However, care must be taken to minimize environ-

mental impactswhen different compartments are considered.

There is still room for improvement regarding other impact

categories, where the impacts of green hydrogen are larger

than other hydrogen synthesis pathways. They are primarily

related to the use of electricity, which accounts for the ma-

jority of each individual impact. The electricity emissions are

mostly related to the construction and maintenance of the

electricity grid, and the production of electricity using biofuels

and other material-intensive technologies. Indeed, the

extraction and processing of rawmaterials (especially metals)

releases hazardous compounds into the aquatic environment,

whereas the use of biofuels derived from dedicated planta-

tions increases the need of fertilizers and land usage. This is

alignedwith other studies published in the scientific literature

[60]. Therefore, it would be necessary to adopt less burden-

some strategies for generating renewable electricity, such as

minimizing the impact of the mining industry and avoiding

the need of plantations dedicated to the production of bio-

fuels. In this regard, there is a wide margin for improvement.

Concerning land usage (LOP) green hydrogen appears to have

a significantly larger impact compared to any other alterna-

tive, however the absolute score is equal to less than 6 m2/

kWp, which does not pose a concern, particularly when the PV

plant is located offshore. Noteworthy, due to its large elec-

tricity consumption, grid hydrogen shows worst overall per-

formances compared to green hydrogen, and for most of the

impact categories even compared to grey hydrogen. There-

fore, the choice of a renewable electricity mix is essential to

provide a sustainable hydrogen.
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Conclusions

This work aimed at establishing a rigorous method for the

evaluation of the sustainability of hydrogen production and

its use as a locally produced alternative fuel in logistical op-

erations with focus on maritime transportation.

A major contribution of our paper is the extension of pro-

cess simulation methodology to tackle a novel multidisci-

plinary approach, allowing a rigorous estimation of indicators

such as the Energy Return on Energy Invested (EROEI), the

Levelized Cost of Hydrogen (LCOH) and the Life Cycle

Assessment (LCA). This methodology is entirely based on

systematic process simulations to evaluate mass, energy

balances, and capital and maintenance costs, to be done at

design time during the development of a newprocess, without

requiring real plant process data.

Although the suggested methodology is quite general, this

paper focuses on the situation of a port with hydrogen-fueled

ferryboats. Different technologies for producing hydrogen

were considered: (i) water electrolysis powered by a floating

PV plant coupledwith renewable sources (green hydrogen), (ii)

grid electricity (grid hydrogen) with electricity taken from the

grid and (iii) hydrogen produced by steammethane reforming

with and without carbon capture and storage (grey and blue

hydrogen).

The indicators considered were the Energy Return on En-

ergy Invested (EROEI), the Levelized Cost of Hydrogen (LCOH)

and the Life Cycle Assessment (LCA). They allowed a quick

and accurate comparison of various options while taking en-

ergy, economic and environmental factors into account.

Comparing the indicators’ values, it was concluded that green

hydrogen is completely sustainable in terms of both energy

use and greenhouse gas emissions. In addition, green

hydrogenmay be easier to deploy economically than blue one,

when hydrogen is produced locally.

The integration of indicators’ evaluation with process

simulation ensures a double benefit: (i) the scope of process

simulation is extended by considering up-to-date

https://doi.org/10.1016/j.ijhydene.2023.06.122
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indicators of impact on energy, economy and environment

and (ii) the evaluation of any new process may be per-

formed at design time. The values of the key performance

indicators showed that the best route for producing

hydrogen in terms of global impact is the green hydrogen,

based on electrolysis of water with electricity produced by

a floating photovoltaic system, although further improve-

ments should be employed to reduce the environmental

impacts besides GHG emissions.
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