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A B S T R A C T

Green hydrogen obtained from renewable electricity can play an essential role in the decarbonization of different 
sectors. The reliability of the data used to model the entire supply chain is a crucial parameter in Life Cycle 
Assessment. In this study, the authors show how photovoltaic and wind electricity supply chains influence the 
carbon footprint of green H2. While most published studies rely on default datasets from commercial libraries, 
the current work exploits the actual supply chain of the PV panels and builds an updated average European wind 
turbine supply chain. The updated values for PV-based H2, experiencing a 40–60% reduction, are 2.7 and 1.8 kg 
CO2 eq./kg H2 for the UK and Italy. The carbon footprint of UK offshore wind-based H2 can be reduced up to 24% 
and get close to 0.6 kg CO2 eq./kg H2. The findings emphasize the sensitivity of the final climate profile 
generated by the processes upstream of the electrolysis system.

1. Introduction

Hydrogen is seen as one of the main players in the net-zero emission 
scenarios (NZE), where H2 and H2-based fuels will be responsible for 
10% of total energy consumption in 2050 [1]. In these strategies, 
hydrogen should be produced using technologies with low CO2 equiv
alent emissions (low-carbon H2). According to a proposed NZE scenario, 
more than 450 Mt of low-carbon H2 should be produced in 2050, while 
in 2022, low-carbon H2 only recorded for less than 1% of the total 95 Mt 
H2 produced [2]. Currently, H2 is mainly used by refineries and chemical 
sectors for hydrocracking and desulfurizing fuels and producing 
ammonia and methanol, representing 43% and 50% of the H2 market, 
respectively [2]. In 2030, 40% of the H2 demand will come from new 
applications like hard-to-abate industries, power generation, and 
transport [2].

Among low-carbon H2 production technologies, water electrolysis 
and fossil fuels reforming with the application of carbon capture, utili
zation, and storage (CCUS) are the main routes. The H2 obtained from an 
electrolysis system powered by renewable electricity and reforming of 
natural gas with the application of CCUS are called green and blue 
hydrogen, respectively. A simplified representation of the color classi
fication of hydrogen production routes is presented in Fig. 1.

Exploring the available hydrogen production projects data from the 

International Energy Agency (IEA) Database [3], our statistical analysis 
of the raw data for hydrogen production projects in various stages 
(operational, under construction, feasibility study, and concept) shows 
that over 80% of new projects are equipped with electrolyzers. Fewer 
than 10% will work with natural gas reforming coupled with CCUS. 
Fig. 2 presents the number and technology of new H2 production pro
jects in the World, Italy, and the UK. The number of H2 projects 
announced in the UK is almost three times higher than that in Italy, 
which has a considerable share of blue H2.

Concentrating on electricity as an essential aspect of green hydrogen 
production, photovoltaic (PV) and wind systems should produce 40% 
and 70% of the electricity in 2030 and 2050, respectively, to be 
compatible with NZE scenarios [1]. Therefore, it can be expected that 
these two types of renewable electricity will play a leading role in future 
renewable electricity generation in general and will mainly power 
electrolysis systems for green hydrogen production.

Among the 6 European regions with the highest annual renewable 
electricity potential capacities, Italy and the UK are estimated to have 
higher than 715 and 1200 TWh, respectively [4,5]. According to data 
from 2023 published by the International Renewable Energy Agency 
(IRENA) [6], the installed PV capacity in Italy is almost two times higher 
than in the UK (≈30 vs. 15 GW). Despite the almost similar onshore wind 
installation in these two regions (≈12 vs. 15 GW), a huge difference in 
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installed offshore wind capacity is evident. Based on the Global Wind 
Energy Council [7], the UK is the second region in the world with the 
highest number of offshore installed turbines (≈15 GW), while in Italy 
only one offshore wind farm is currently active in the Taranto region of 
the Mediterranean Sea with 30 MW capacity (Beleolico plant, with 10 
turbines of 3 MW rated power each, mounted on monopile foundations 
[8]). One of the main reasons behind this large gap in offshore wind 
installation is the variation in sea depth, as Italian seas experience a 
rapid increase in depth, while the UK is surrounded by relatively shallow 
waters (≈100 m) [9]. Employing conventional foundations, indeed the 
first generation of offshore wind turbines have been installed worldwide 
only in shallow waters, such as the UK seabed. The situation may change 
in the future, since the emergence of new technologies for taller 
fixed-bottom foundations (monopile [10]) and floating foundations, 
which are suitable for deep waters, will likely enable further offshore 
wind farm installations [10].

1.1. Previous work on the topic

Life Cycle Assessment can be employed to evaluate the environ
mental impacts associated with different H2 production methods. 
Several researchers have studied the environmental footprint of green 
H2 in the literature. Regarding the PV-based H2, a wide range of carbon 
footprints are reported. Among the articles published before 2018, 
which are less detailed compared to the newer publications, Koroneos 
et al. [11] and Lombardi et al. [12] calculated the carbon footprint of 
PV-based H2 to be equal to 6.2 and 6.4 kg CO2 eq./kg H2. Cetinkaya et al. 
[13] reported a GWP value equal to 2.41 kg CO2 eq./kg H2 for PV-based 
H2 production in Ontario, Canada, with 63% of the overall GWP impact 
caused by the manufacturing of PV modules.

In 2018, Rivera et al. [14], using ecoinvent 3.1, calculated the carbon 
footprint of H2 produced by a proton-exchange membrane (PEM) elec
trolyzer powered by multi-Si panels with an efficiency of 14.2% in 
developing countries to be equal to 3 kg CO2 eq./kg H2, where the 
Chinese PV panels cause 90% of the GWP impact. A similar GWP value 
and PV panel manufacturing and plant construction contribution to 
GWP value is found by Sadeghi et al. [15] for a PV system located in the 
Markazi province of Iran. Al-Qahtani et al. [16] using ecoinvent 3.4 
data, estimated a GWP value equal to 3.45 kg CO2 eq./kg H2 for a US 
context. Based on a single-axis solar tracking PV system with Chinese 
multi-Si panels (efficiency:16.8%) located in Australia, Palmer et al. 
[17] calculated the carbon footprint of the produced H2 to be equal to 
2.3 kg CO2 eq./kg H2, of which the solar PV system causes 82%. Zhang 
et al. [18] found a relatively higher GWP value, 9.37 kg CO2 eq./kg H2, 
for a PEM electrolysis system in Gansu, China. Kolb et al. [19] performed 
an LCA analysis for large-scale H2 production in three different sites for 
the final user in Germany, reporting GWP values of only the H2 pro
duction (excluding the liquefaction and transportation impacts) to be 

2.09, 3.08, and 5.08 kg CO2 eq./kg H2 for Chile, Morocco, and Germany. 
Relying on ecoinvent default PV electricity datasets, Freire Ordóñez 
et al. [20], neglecting the PEM electrolyzer manufacturing impact, re
ported GWP values around 4.50 and 4.10 kg CO2 eq./kg H2 for pro
duction in the United Kingdom and Italy, respectively. Using prospective 
LCA and the PV dataset in ecoinvent, Weidner et al. [21] estimated that 
the carbon footprint of H2 production drop from 3.9 to 2.9 and 1.3 kg 
CO2 eq./kg H2 advancing from 2019 to 2035 and 2050, mainly due to 
China’s cleaner electricity production in the future. A more detailed 
discussion on the PV-based H2 can be found in Ref. [22].

The first LCA analysis of wind-based H2 production was published by 
Spath and Mann as a report for the National Renewable Energy Labo
ratory (NREL) in 2004 [23]. Their work became a basis for later studies 
[24–26]. Investigating small wind turbines (50 kW), they reported net 
GHG emissions of 0.8 kg CO2 eq./kg H2 (excluding the compression 
stage), in which wind turbines cause 95% of the impact. In 2012, Dufour 
et al. [27], based on ecoinvent, reported one of the highest values of the 
carbon footprint of wind-based H2, equal to 3.2 kg CO2 eq./kg H2. In 
2016, Ghandehariun and Kumar [28] calculated the GWP of wind-based 
H2 production in Alberta, Canada, considering an average capacity 
factor of 30%. Using the V90-3 MW Vestas turbine and an alkaline 
electrolyzer, they reported a GWP equal to 0.5 kg CO2 eq./kg H2. In 
2018, Wulf & Kaltschmitt [29] found 0.95 and 0.85 kg CO2 eq./kg H2 as 
the carbon footprint of hydrogen production using PEM and alkaline 
electrolysis in Germany with wind electricity dataset from ecoinvent. In 
2020, Valente et al. [30] found a carbon footprint equal to 1.16 kg CO2 
eq./kg H2 for the production of H2 in Spain using alkaline electrolyzers 
and wind turbines larger than 3 MW from the ecoinvent database.

In 2022, Aydin and Dincer [31] performed an LCA analysis of various 
H2 production methods in Ontario, Canada, using the ecoinvent data
base and a PEM electrolysis system, reporting a GWP equal to 1.9 kg CO2 
eq./kg H2 for wind-based production. In 2023, Karaca & Dincer [32] 
found a 1.6 kg CO2 eq./kg H2 as the carbon footprint of wind-based 
water electrolysis using the ecoinvent database. Knight et al. [33], 
using the wind electricity climate profile for the UK from GaBi [34], 
calculated a GWP equal to 0.63 kg CO2 eq./kg H2. Vilbergsson et al. 
[35], using the Belgian wind electricity from the GaBi database, reported 
a carbon footprint in a range of 0.33–0.50 kg CO2 eq./kg H2 for 
wind-based H2 production. The lower bound of the range belongs to the 
solid oxide electrolyzer cells (SOEC) system, which offers lower specific 
electricity consumption (higher efficiency) compared to the two other 
commercial electrolyzers.

The number of publications regarding H2 production from offshore 
wind electricity is significantly lower than onshore wind cases. The 
available articles are also more recent but may contain higher un
certainties due to the lack of data on offshore wind farm constructions. 
Amaya-Santos et al. [36] found the GWP of hydrogen production using 
the electricity of 2 MW offshore wind turbines, based on data from 

Fig. 1. Simplified representation of the color codes associated with hydrogen production routes. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.)
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ecoinvent, to be 0.89 kg CO2eq./kg H2. Using the ecoinvent database, 
Hermesmann and Müller [37] and Weidner et al. [21] calculated the 
carbon footprint of H2 produced via electrolysis powered by 
fixed-bottom offshore wind to be around 0.9 and 1 kg CO2 eq./kg H2. 
The former reference considers the offshore wind farm to be located in 
Germany. The latter uses the Rest of the World (RoW) dataset of 
ecoinvent and estimates that the GWP value will drop to around 0.6 kg 
CO2 eq./kg H2 in 2050. Noh et al. [38] studied offshore H2 production 
using ecoinvent offshore wind electricity for average European condi
tions, considering the transportation of compressed gaseous H2 within 
different distances. The carbon footprint can change from almost 1.15 to 
27 kg CO2 eq./kg H2 when the shipment distance increases from 100 to 
10,000 km, changing the contribution of H2 production and the condi
tioning stage from 75% to less than 5%. Using the three types of elec
trolyzers, Zhang et al. [39] calculated the GWP of obtained H2 to be 
around 0.9 and 1.5 kg CO2 eq./kg H2 for alkaline or PEM and SOEC, 
where the contribution of electricity from the fixed-bottom offshore 
wind is around 90–95%. Modeling an 8 MW spar-buoy (floating) turbine 
in the GREET model [40], Guven [41] estimated the GWP of offshore 
wind based-H2 to be 0.75 kg CO2 eq./kg H2.

1.2. Focus and the aims of the research

Most of the reviewed literature concluded that a significant pro
portion of the carbon footprint of renewable-based H2 production via 
electrolysis systems is caused by the renewable electricity itself, e.g., 
wind and PV plants. However, the majority of the existing studies have 
not made significant efforts to thoroughly analyze the supply chain of 
renewable electricity. The reviewed literature mainly relies on the 
default PV or wind electricity datasets of commercial databases. For PV- 
based H2, some articles have adapted these datasets by only changing 
the panel’s efficiency, the equivalent hours, and/or the origin of the 
modules. In wind cases, some studies may build a specific wind turbine 
configuration using the default activity processes of commercial data
bases. The reviewed studies did not include an updated or specific 
supply chain of renewable electricity, which can be seen as a limitation 
of their work. The supply chain of renewable electricity may have 
evolved over the last few years, and these changes are not included in 
some commercial databases. For example, the latest ecoinvent Life Cycle 
Inventory (LCI) database (version 3.9.1) [42,43] relies on outdated data 
for PV systems and cannot correctly represent the environmental profile 
of the current or near future PV-based installations [22]. Similarly, the 
wind turbines available in ecoinvent are relatively old and are modeled 

based on the average global market which differs from the European 
market.

Noticing the above-mentioned limitations present in the existing 
studies, the current work aims to address how the carbon footprint of 
green H2 would be affected if the updated renewable electricity supply 
chain is considered. Employing the updated supply chain of PV and wind 
electricity, the carbon footprint of green hydrogen production for two 
European regions with different climate and geographical characteris
tics, e.g., Italy and the UK, is revised. The novel contributions of this 
work include: 

• Constructing an updated European onshore and offshore wind elec
tricity supply chain for wind-based H2 production by modeling more 
recent onshore/offshore wind turbines and advanced offshore 
foundations, incorporating the contribution of the main European 
turbine manufacturing countries and the latest steel supply chain in 
the European market.

• Updating the carbon footprint of PV-based H2 production in the UK 
by exploiting the updated supply chain for state-of-the-art PV panels 
and the associated climate profile of the production of PV-based 
hydrogen in Italy [22], featuring an in-depth analysis of how the 
progress in the PV industry has impacted the carbon footprint of 
green hydrogen.

Sections 2.1 and 2.2 describe different H2 electrolysis technologies 
and the supply chain of PV and wind electricity, respectively. The LCA 
methodology and scenarios are defined in Section 2.3. Sections 3.1, 3.2, 
and 3.3 include the result and discussion of the GWP values for both the 
baseline and updated scenario for PV and onshore and offshore wind- 
based hydrogen production for a case study in Italy and the UK. Sec
tion 3.4 compares the findings of the current work with the existing 
studies. Section 3.5 provides a brief discussion of some additional as
pects. The sensitivity analysis and the limitations of the work are pre
sented in Section 4. Finally, Section 5 concludes the paper.

2. Methodology

This section explains the methodology adopted to implement the 
research by providing: (i) a description of the different electrolyzers for 
hydrogen production, (ii) the electricity source and its supply chain 
(photovoltaic and wind), and (iii) the process-based life-cycle assess
ment method.

Fig. 2. Number of H2 projects based on different processes for (a) the entire World, (b) Italy, and (c) the United Kingdom, built based on the raw data from IEA [3].
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2.1. Hydrogen production

Thermochemical, electrochemical, and biological methods are the 
main processes that can be employed to produce hydrogen. Water 
electrolysis from electrochemical methods will have the highest share 
among the H2 production routes in 2030 [2]. The production of 
hydrogen and oxygen by using electrolysis has been known for two 
centuries. The production of H2 with high purity and a relatively un
complicated procedure using electricity as energy input are among the 
advantages of the water electrolysis process. However, H2 via water 
electrolysis has been utilized only for small-scale and specific situations 
where access to hydrogen from large-scale fossil fuel-based H2 plants 
was not feasible [44]. The electrolysis systems are getting more atten
tion due to the industry’s progress in lowering the cost of electrolyzers 
and the outlook on the supply of cheaper renewable electricity. Elec
trolyzers can be differentiated based on the pH of their electrolyte 
(alkaline and acid) or the physical state of the electrolyte (liquid or 
solid) [45]. The 4 main electrolysis technologies are mature alkaline 
water electrolysis, proton-exchange membrane (PEM) electrolyzers, 
solid oxide electrolyzer cells (SOEC), and anion-exchange membrane 
(AEM).

Alkaline water electrolysis currently shows the lowest plant-specific 
cost (€/kW) with respect to the other types [46]. Alkaline electrolyzers 
using an aqueous potassium hydroxide (KOH) solution with typical 
concentrations of 20–40% KOH as an electrolyte [44] and low-cost 
materials (iron or nickel) for cathode and anode show higher lifetime 
and production capacity compared to other types of electrolyzers. PEM 
electrolyzers, using a thin solid polymer electrolyte (membrane, mainly 
Nafion®) instead of a liquid electrolyte, are a newer generation of 
electrolysis systems compared to alkaline electrolyzers. The solid 
membrane results in a compact design, high current density, faster 
response to load variation, wide turndown capacity, and dynamic 
operation [47]. PEM electrolyzers are a more expensive option than 
conventional alkaline electrolysis systems due to the use of expensive 
noble metals, such as platinum and iridium (PGM) [48], titanium, and 
proton-exchange membranes.

Regarding less mature electrolysis systems, significantly higher ef
ficiency and the potential of lower total cost of hydrogen production 
compared to conventional low-temperature electrolysis may be obtained 
by solid oxide electrolyzer cells (SOEC) considering their favorable 
thermodynamics [49]. SOEC electrolyzers can produce hydrogen with a 
lower electricity input than alkaline and PEM electrolyzers with the 
opportunity to use industrial waste heat to provide the thermal energy 
demand of the high-temperature electrolysis system. Another growing 
electrolysis system is obtained by using an anion-exchange membrane 
(AEM), an alkaline solid polymeric membrane, instead of the conven
tional diaphragms used in alkaline electrolyzers [50]. AEM electrolysis 
can offer an overall lower cost due to the application of transition metal 
catalysts and the quaternary ammonium ion-exchange-group-containing 
membrane instead of more expensive noble metal (PGM) catalysts and 
the Nafion®-based membranes [50]. Despite the advantages of the SOEC 
and AEM systems, they still face technical challenges related to the 
operation phase and durability, requiring additional research and 
development [51]. A brief description of these electrolysis systems can 
be found in Ref. [22].

2.2. Electricity source – supply chain

Photovoltaic and wind electricity will be the main power sources for 
electrolysis systems in near future installations, with a significant share 
of the overall electricity generation in 2030 (40%) and 2050 (70%) to 
meet the decarbonization goals [1]. Discovering and exploring the 
supply chain of products can be a crucial step in performing a reliable 
LCA study. For products with high energy and material consumption 
during their manufacturing phase (e.g., PV panels and wind turbines), 
the supply chain can remarkably influence the environmental impacts. 

PV and wind renewable electricity sources and their supply chains are 
shortly explained in this section.

2.2.1. Photovoltaic
Photovoltaic (PV) modules, mounting systems, inverters, trans

formers, cables, electrical protection systems, measurement equipment, 
and system monitoring are the elements of utility-scale PV plants [52]. 
Using solar irradiance, the direct current electricity is produced by PV 
panels and then is converted by inverter into alternating current for 
subsequent utilization. Silica mining is the first step for crystalline sili
con PV panel production, and cell connection and encapsulation are the 
last stages.

In 2022, the International Energy Agency published a report on the 
solar PV global supply chain [53]. The supply chain data used in the 
ecoinvent database [42] is not in agreement with the recent data from 
the IEA report [53]. In the ecoinvent database, for all stages of PV 
module production, China is responsible for only less than 25% (Asia 
less than 50%). In contrast, according to IEA, China dominates the 
supply chain for the different stages of solar PV manufacturing, followed 
by the Asia-Pacific region countries (APAC). According to data from 
2021, China is responsible for almost 80%, 97%, 85%, and 75% of 
solar-grade polysilicon, wafer, cells, and modules production [53]. The 
difference between the current situation and ecoinvent LCI shows that 
updating this outdated PV dataset is needed.

Previously, authors in Ref. [22] explained the PV panel 
manufacturing steps and the background of building the updated supply 
chain for PV panels demanded by the European market. The publicly 
available data for the PV market shows the aggregated values for the 
entire Europe. Inevitably, an identical trend to the whole of Europe is 
considered for Italy and the UK. It can be recalled that APAC’s share in 
Europe’s PV market is not negligible. However, in this study, APAC 
supplies are neglected due to the small difference in theirown pro
duction/demand in 2021 and their high export level to the US (trade 
restriction on the Chinese modules) [53]. Therefore, it is decided to 
satisfy Europe’s cells and panels demand with only Chinese production, 
performing a more conservative LCA analysis considering China’s 
higher electricity carbon intensity (higher share of coal-based elec
tricity) than APAC.

Fig. 3 shows the updated supply chain of demand for PV panels in the 
European market [22]. This market demanded around 32 GW of new PV 
modules in 2021 [38]. According to Ref. [22], China manufactured 85% 
of such panels (27 GW), while European panel production was equal to 
5 GW. The majority of PV cells needed for panel production in Europe 
were manufactured in China (3.9 GW), and the rest were European cells 
(1.1 GW). China supplied 31.2 GW equivalent wafer capacity which is 
equal to almost 97.5% of Europe’s PV market demand in 2021, while 
Europe produced only 0.9 GW wafer. The global solar-grade silicon 
production (polysilicon-mix) is based mainly in China (80%), and the 
rest is supplied by Europe (8%), APAC (6%), and North America (5.6%). 
Solar-grade silicon production is the most energy-intensive production 
stage 54, followed by the ingot and wafer production stage of single-Si 
panel manufacturing processes [53]. Accordingly, China’s dominance 
of the PV supply chain, mainly coal-based electricity production in the 
main provinces involved in this industry, Xinjiang and Jiangsu [53], can 
lead to higher GHG emissions.

It can be noted that the supply chain in Fig. 3 represents the single-Si 
PV panels. In 2021, multi-Si panels had a very low contribution to the 
market; however, for comparison purposes, a fully Chinese supply chain 
for this module type is considered (A similar supply chain for polysilicon 
is considered for both panels.).

2.2.2. Wind
A wind farm includes wind turbines, transformers, cables, and 

foundations. The rotor, nacelle, electronics, and the tower form the wind 
turbine. The towers are mainly built from durable and strong materials 
like steel and concrete, while lightweight and flexible materials, 
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fiberglass and polymers, are utilized for blade manufacturing. The na
celle, which contains the generator, gearbox, and electrical equipment, 
is made from a wide range of materials such as steel, aluminum, and 
polymers. Concrete and steel are also the main materials for the foun
dation. It has been estimated that the global wind turbine manufacturing 
capacity was almost 166 GW (around 25 GW in Europe) in 2022, and the 
shipment reached more than 90 GW [55]. In the European Union, the 
onshore wind electricity capacity addition was 13.7 GW in 2022, which 
is expected to reach around 18 GW in 2023 [56]. Currently, European 
turbine manufacturers have a capacity that is more than the European 
market demand [55]. The forecast shows that until 2026 the European 
wind turbine supply can satisfy the domestic demand [8,57]. Therefore, 
assuming a European supply chain for the installed turbines can be 
almost accurate. Fig. 4 shows the average production capacity of the 
main European turbine manufacturers in Europe. These values are 
estimated by averaging the tower, blade, and nacelle manufacturing 
capacities in the European countries from the collaborative report of 
Rystad Energy and WindEurope [55]. Spain and Germany are respon
sible for almost 50% of European wind turbine manufacturing. 
Considering only one element of a wind turbine, the share of each 
country is different from the values presented in Fig. 4. For example, 
Germany is responsible for 40% of the European nacelle production 
while fabricating only 14% of the blades and towers [55].

Depending on the model and design of the wind turbine, steel has the 
highest contribution to the mass share of the components (66–79% of 
turbine mass), followed by fiberglass (11–16%), resin or plastic, and iron 
or cast iron (5–17%) [58]. For example, from the nearly 600-tonne 3.45 
MW V136 Vestas turbine, almost 90% of the mass breakdown comes 
from steel and iron. Considering this significant contribution of steel and 
iron to wind turbines, the updated supply chain of steel in the European 
market based on the European Steel Association report [59], covering 
the data for 2022, is employed. The EU-27 steel market demand is 80% 
satisfied by European production, of which half originates from Ger
many, Italy, and France. The main steel exporters to the EU-27 were 
Turkey, South Korea, and India.

2.3. Life cycle assessment

The environmental profile of products and services can be calculated 
and analyzed using the process-based life-cycle assessment (LCA) 
method, which is one of the most analytically existing methods. The 
climate profile of different H2 production methods can be estimated and 
compared using the LCA methodology. In this work, attributional 
modeling LCA [60] is performed following the principles of ISO 14040 
and 14044 standards [61,62] with the scope of evaluating the carbon 
footprint of gaseous hydrogen production using an alkaline electrolysis 
system powered by PV or wind electricity in Italy and the UK. SimaPro 
9.4 software [63] coupled with the ecoinvent 3.5 library cut-off method 
as the Life Cycle Inventory database is used. The ecoinvent is one of the 
most used databases which allows the user to adapt the datasets. This 
commercial dataset is a valuable tool for researchers, enabling them to 
update datasets withmore recent data.

Life cycle impact assessment is performed using the Environmental 
Footprint (EF) 3.0 characterization method [64], limited to GWP100. 
Among the other environmental impacts, for example, acidification, 
fossil resource use, and mineral and metal resource use are briefly 
analyzed. The results for other impact categories are reported in the 
Supplementary Materials. Based on the harmonized methodology for the 
life-cycle global warming impact of renewable hydrogen proposed by 
Valente et al. [65], the hydrogen mass (1 kg) is considered as the 
functional unit. Also, for the main findings, the results are reported per 
kWh of renewable electricity produced. Focusing only on hydrogen 
production and not its transportation and further transformation, a 
cradle-to-gate (CTG) system boundary is considered. This system 
boundary includes the extraction and processing of necessary energy 
and materials for hydrogen production while excluding the storage, 
transport, distribution, and use phases. The schematic system bound
aries for PV and wind-based H2 production are presented in Fig. 5a and 
b, respectively.

The analysis encompasses all the steps in the production of green 
hydrogen, from the primary resources to the generation of electricity 
and then to the electrolysis of water. It should be noted, however, that 
the analysis does not deal with the issues of hydrogen leakages (poten
tially occurring, e.g., in the storage and distribution of hydrogen next to 
its production) and their interaction with the atmosphere and impact on 
the GWP [66], which depends on several other factors (e.g., the general 
design of the hydrogen infrastructure downstream of the electrolysis 
process) and is left to separate analyses.

A 6 MW alkaline electrolysis system is assumed for this study. The 
data presented in Sundin [67] (foreground data adopted from Koj et al. 
[68]) is used as the Life Cycle Inventory data (LCI) for the electrolyzer. 
The alkaline electrolysis system has an 80,000-h lifetime and consumes 
50 kWh of electricity to produce 1 kg of hydrogen. The LCI of electricity 
sources, PV and wind, is directly taken from the available data in 
ecoinvent (baseline scenario) and the improved or newly introduced 
data using newer sources (updated scenario). The main characteristics 
and assumptions of both scenarios are reported in Table 1. 

• Baseline: For the PV-based H2, from the ecoinvent database, the 
default multi-Si ground-mounted PV system for Italy and the UK is 

Fig. 3. The updated supply chain for PV panels in the European market [36].

Fig. 4. Production capacity of the main European turbine manufacturers in 
European countries.
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selected. Using the available single-Si module in ecoinvent and 
adjusting the area of the PV panels and the mounting system, a 
ground-mounted PV system is built for comparison purposes. Simi
larly, if present, the ecoinvent onshore and offshore wind electricity 
datasets from different turbine sizes in Italy and the UK are selected 
for wind-based H2. Due to the scarcity or absence of offshore wind in 
some regions, ecoinvent does not provide a dataset for Italy; there
fore, the offshore wind data set for the UK is adapted using the 
equivalent hour of only active Italian offshore wind farms [69].

• Updated: For the PV-based H2, the newly built market supply chain 
(See Fig. 3) and the updated LCI of PV modules considering the main 
parameters (based on the Task 12 PV sustainability LCI report) [53,
70] are used. For wind cases, due to the availability of data, LCIs of 
turbines are adopted from Vestas [71,72] as the largest wind turbine 
producer worldwide. The supply chain is updated considering both 
the production capacity of the European turbine manufacturers (See 
Fig. 4) [55] and the European steel market [59]. The data regarding 
the foundation of offshore turbines (monopile and floating) is based 

on literature and project statements. The detailed life cycle in
ventories are included in the Supplementary Materials.

Considering the PV systems, the latest Life Cycle Inventory (LCI) in 
the ecoinvent database (version 3.9.1) relies on outdated data, which 
cannot correctly represent the environmental footprint of the current or 
near future PV installations. Over the last decade, the efficiency of PV 
panels has increased, and more advanced PV module manufacturing 
processes that require lower energy and materials have been employed. 
Also, the supply chain of PV panels has changed, as explained in section 
2.2. The ecoinvent database considers single-Si and multi-Si panels with 
efficiencies equal to 14% and 13%, respectively. In comparison, the 
efficiency of the newer generation modules currently available in the 
market is 22.4% [75]. In 2020, the shipped crystalline silicon 
wafer-based modules had a total weighted efficiency equal to 20.4% 
[75]. The multi-Si panels were the main type in the market till 2018 and 
lost their market share to single-Si panels, with currently more than 90% 
of cumulative global production [53].

Fig. 5a. PV-based H2 production schematic boundary system.

Fig. 5b. Wind-based H2 production schematic boundary system.
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Over the last decade, there has been a tendency for turbines with 
taller towers and longer blades, which can offer higher-rated power. For 
onshore wind, turbines with a capacity in the 3–4 MW range are mostly 
selected for current projects, while this range for offshore wind is 8–12 
MW [76]. For offshore wind turbines, the available public data is 
limited. In the ecoinvent database, only a 2 MW turbine is modeled. The 
foundation is the main difference between onshore and offshore wind 
farms. In this study, the offshore wind farms (a group of 5 turbines) are 
assumed to be located 50 km away from the coastline. The inter-array 
(6.6 km) and export (2 × 55 km) cables are assumed based on 
Garcia-Teruel et al. [77].

The fixed and floating foundations are modeled with the following 
characteristics: 

• Monopile foundation is composed of a single steel tube pile which 
has been employed for many offshore projects due to its convenient 
manufacturing and low-cost [78]. This foundation type is selected 
due to its higher share in offshore projects (80% of offshore wind 
farms [79]) for a sea depth equal to 100 m (monopile height: 120 m). 
For the 9.5 MW turbine, the monopile used in the Veja Mate and 
Borssele offshore wind farms [80,81] is upscaled to 120 m in height. 
For the 15 MW turbine, a 2400-tonne monopile is considered [79,
82].

• Among floating foundations, semi-submersible and spar types are 
selected due to their wider utilization in offshore projects [83]. The 
semi-submersible system relies on waterplane and gravity stabiliza
tion [84]. The spar-type foundation uses a large cylindrical buoy 
with a heavy lower part (ballast) and a lighter upper part, which 
lowers the buoyancy to generate a restoring moment when the 
floating cylinder tilts away from the preset axis [85]. The sea depth is 
considered to be around 200 m. Two versions of semi-submersible 
are modeled and adapted based on two references [86,87]. The 

modeled semi-submersible systems use four vertical cylinders on 
triangular and square geometries with 3 and 4 mooring chains, 
respectively. The spar floating foundation, comprising a long, hollow 
vertical steel cylinder with its lower section ballasted using water 
and cement conglomerate, is modeled according to the Hywind 
project [88] and Pulselli et al. [89].

For the sake of the generality of the study, identical sea depths and 
distances to shore are assumed for both Italy and the UK. However, since 
these assumptions may not accurately reflect real-world conditions and 
can vary based on site-specific characteristics, a sensitivity analysis is 
included to address region-specific details.

Using the IEA report [70], the annual specific yield of PV systems, the 
amount of electricity produced for one kWp of PV module in one year, is 
updated, in which an increase for Italy and a decrease for the UK are 
observed. Besides the IEA report, the annual specific yield for PV sys
tems and the equivalent hours for wind turbines are calculated based on 
the data published by the regional administrations, the Italian electricity 
transmission operator (Terna) [73] and the UK government [90], using 
the real net PV or wind electricity production and the installed capacity 
over a triannual time span of 2020–2022. For the UK, the PV 
annual-specific yield reported by IEA and calculated based on the gov
ernment data are in agreement. Compared to the IEA, Italy has a lower 
annual specific yield based on Terna. For onshore wind turbines in Italy, 
the equivalent hours increase compared to data from the ecoinvent. In 
the UK, the equivalent hours for the onshore wind remain unchanged 
and considerably increase for offshore systems. Due to the lack of data 
on offshore wind in Italy, 2500 h is chosen as the representative value for 
the equivalent hours (a value between 2067 and 3009 h, equivalent 
hours of the only Italian offshore wind farm [69] and Brussa et al. [86]). 
According to the Italian wind atlas, within 50 km of the coast along the 
Lazio and Tuscany regions in the Tyrrhenian Sea, Apulia and Molise 
regions in the Adriatic Sea, and the southwest of Sicily in the Mediter
ranean Sea, equivalent hours are estimated to range from 2000 to 3000, 
with sea depths varying between 60 and 200 m [91].

3. Results and discussion

This section reports and discusses the findings for PV and wind-based 
hydrogen production via electrolysis under both baseline and updated 
scenarios.

3.1. PV

The carbon footprint of the baseline and updated PV-based hydrogen 
production via the alkaline electrolysis system are shown in Fig. 6. For 
both types of modules, the blue and green bars represent the GWP values 
for the baseline and updated scenario, respectively. The baseline sce
nario is based on the default PV electricity available in ecoinvent, while 
the updated scenario considers the current supply chain of PV panels 
that are more efficient and are manufactured with lower energy and 
material consumption. The updated scenario for Italy is presented with 
2 bars; light green is based on the annual specific yield according to IEA 
[55], while dark green represents the real PV electricity production data 
from Terna [73]. For the UK, the data from the IEA and the UK gov
ernment are in agreement; therefore, only 1 bar is utilized. For all cases, 
the GWP values presented in Fig. 6 include a 0.07 kg CO2 eq./kg H2 
caused by the manufacturing of the electrolyzer and its operation, which 
is responsible for only 1.5–4% of total GHG emissions of the produced 
PV-based hydrogen. Comparing the baseline and updated scenario for 
the UK, a 31% (4.04 to 2.77 kg CO2 eq./kg H2, based on 79 and 54 g CO2 
eq./kWh) and 46% (4.91 to 2.65 kg CO2 eq./kg H2, based on 97 and 
51.6 g CO2 eq./kWh) reduction in GWP values for each kilogram of H2 
for multi-Si and single-Si modules are obtained. For Italy, the reduction 
in carbon footprint is more significant and can reach up to 52% and 59% 
for multi-Si and single-Si modules, respectively. Using multi-Si panels, 

Table 1 
PV and wind systems assumptions for the baseline and updated scenarios.

Parameter Baseline Updated

Photovoltaic PV system lifetime [years] 30 30
Italy-Annual specific yield 
[kWh/kWp]

1033 1376 [70], 1118 
[73]

UK-Annual specific yield 
[kWh/kWp]

961 899 [70]

Module types Single-Si, Multi- 
Si

Single-Si, Multi- 
Si

Module efficiencies 14%, 13% 20% [74], 18% 
[70]

PV system installation Ground- 
mounteda

Ground- 
mounteda

Wind- 
onshore

Wind turbines lifetime 
[years]

20 20

Turbine capacities [MW] 0.8, 2, 4.5 2, 3.2, 4.2 [71]
Italy-equivalent hours 
[hrs]

1630 1757 [73]

UK- equivalent hours [hrs] 2300 2300
Wind 

-offshore
Wind turbines lifetime 
[years]

20 25

Turbine capacities [MW] 2 2, 9.5, 15
Italy-equivalent hours 
[hrs]

2067b 2500

UK- equivalent hours [hrs] 2631 3435
Foundation Fixed bed Fixed bed, 

floating
Sea depth [m] Shallow water 

(<20)
100, 200

a The ground-mounted PV system available in ecoinvent has a capacity equal 
to 570 kWp. Based on the electricity demand, SimaPro software considers a 
linear relationship and satisfies the demand. In practice, the solar PV plant ca
pacity should be designed to be 3 to 4 times higher than the electrolyzer capacity 
to satisfy the demand.

b This value is calculated based on the Beleolico wind farm [69] and is not 
taken from the ecoinvent database.
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the GWP value drops from 3.78 kg CO2 eq./kg H2 (73.4 g CO2 eq./kWh) 
to 1.83 kg CO2 eq./kg H2 (35 g CO2 eq./kWh), and for the state-of-the-art 
PV system technology, single-Si modules, 4.28 (83.7 g CO2 eq./kWh) 
decreases to 1.76 kg CO2 eq./kg H2 (33.5 g CO2 eq./kWh). However, 
considering the real PV electricity production data from Terna in Italy, 
the reduction of carbon footprint obtained by the updated scenario 
compared to the outdated modules is capped at 40% and 50%, resulting 
in 2.25 and 2.15 kg CO2 eq./kg H2 (43.3 and 41.4 g CO2 eq./kWh). The 
smaller carbon mitigation obtained for the UK with respect to Italy is 
rooted in the fact that the UK PV annual specific yield in the updated 
scenario, the average generation/installation data from the UK gov
ernment for the three-year period of 2020–2022 (in agreement with IEA 
data), is lower than the value used by ecoinvent, while for Italy this 
value increases based on both references. Comparing the other envi
ronmental impacts, for example, acidification, fossil resource use, and 
mineral and metals resource use are experiencing a 45%, 54%, and 33% 
reduction when the updated LCI for single-Si PV with Terna equivalent 
hours are used.

Comparing the two types of crystalline silicon modules shows that 
updating the panel efficiencies and manufacturing energy and material 
consumption results in a lower carbon footprint for produced H2 using 
electricity from single-Si modules with respect to multi-Si panels in a 
scale of more than 4%. For the baseline scenario, outdated single-Si PV 
modules result in a 13% higher carbon footprint compared to multi-Si 
PV systems. For the outdated PV panels, single-Si modules are only 
1% more efficient than their multi-Si competitor, while with the 
advancement of the PV industry, this difference is increased to higher 
values (2% or more). Also, the more efficient manufacturing routes lead 
to larger benefits for single-Si modules, which inherently need higher 
energy in their production processes compared to multi-Si panels. The 
acidification, fossil resource use, and mineral and metals resource use 
for updated single-Si PV with Terna equivalent hours are 4%, 3%, and 
9% lower than those of the updated multi-Si counterpart.

Thanks to single-Si cell technology, module efficiencies higher than 
20% can be obtained, leading to further carbon mitigation. Considering 
that the best single-Si lab modules have efficiencies up to 24.4% [75], in 
the case of using a 22% or 25% efficient single-Si module in Italy, the 
GWP value of each kilogram of H2 can be reduced to 1.61 or 1.44 kg CO2 
eq. (equivalent hours from IEA), respectively. These simple examples 
emphasize the role of more efficient solar PV panels for further decar
bonization of green H2. However, the progress in the efficiency of PV 
modules should be accompanied by more efficient manufacturing pro
cesses, e.g., lower material and energy consumption, to be fully effective 

in lowering the GHG emission of the obtained hydrogen.
It should be noted that despite the lower GWP values in the updated 

scenario, only updating the PV supply chain for the European market 
(significant share of Chinese products) has an adverse impact on the 
carbon footprint of the PV electricity and, consequently, the produced 
H2. The GWP increase caused by the dominant Chinese PV production 
under their high carbon intensity electricity (mainly coal-based elec
tricity where the Chinese PV industry is located [53]) does not appear in 
the updated result due to the positive effect of more efficient PV panels 
and lower energy and material demands in their production. In the case 
of only changing the market share of the baseline scenario to the 
updated China dominant supply chain, the GWP impact of H2 produced 
using the 14% efficient single-Si panels would increase to more than 5.5 
and 5.9 kg CO2 eq./kg H2 for Italy and the UK, respectively.

As mentioned previously, the carbon footprint of electricity from the 
PV plant is the main contributor to the climate profile of PV-based H2 
production. For example, in the case of H2 production using the updated 
single-Si PV panels with specific annual yield from IEA for Italy (the 
lowest GWP value in Figs. 6), 1.68 of 1.76 kg CO2 eq./kg H2 is caused by 
the photovoltaic plant. PV modules are responsible for 67% of the GHG 
emissions caused by the PV plant. Almost 1 kg CO2 eq. of the overall 
carbon footprint of each kilogram of H2 is rooted in the Chinese panels. 
Cells produced in China are responsible for 67% of the GWP of Chinese 
and European panels used in Europe (0.758 of 1.13 kg CO2 eq./kg H2), in 
which manufacturing of single-Si wafers causes 80% of the carbon 
footprint assigned to cell manufacturing. The Czochralski process used 
to produce single-crystalline silicon emits 0.405 kg CO2 eq./kg H2 (65% 
of the carbon footprint of the manufacturing of single-Si wafers). The 
modified Siemens process employed for polysilicon production gener
ates 60% of the GWP of single-crystalline silicon. Finally, Chinese 
medium-voltage electricity is responsible for more than 40% of the 
carbon footprint of the PV panels available in the European market, 
which may be used for H2 production via electrolysis. Therefore, it is 
essential to use electricity with lower carbon intensity (decarbonizing 
the electricity generation) to reduce the carbon footprint of the PV panel 
supply chain to obtain PV electricity and consequently H2 with lower 
GWP impact.

3.2. Wind - onshore

The carbon footprints of onshore wind-based hydrogen production 
using an alkaline electrolysis system for different turbine capacities are 
presented in Fig. 7. The blue bars are representative of the baseline 

Fig. 6. GWP values of each kg of PV-based H2 for the baseline and updated scenarios.
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scenario (wind electricity from default datasets of ecoinvent), and the 
light green bars show the GWP values for the same turbine with the 
updated European supply chain. The dark green bars, introduced only 
for three sizes of turbines, 2 MW, 3.45 MW, and 4.2 MW, present the 
updated scenario in which, besides a European supply chain, the turbine 
data is extracted from Vestas. For all the green bars, the equivalent hours 
for wind electricity in Italy are based on the real data from Terna [58], 
while for the UK, in all cases, the equivalent hours are unchanged due to 
the vicinity of the data from the UK government and the default value in 
the ecoinvent database. As shown in Fig. 7, the carbon footprint of 
wind-based H2 is lower than 2 kg CO2 eq./kg H2 with a maximum of 
1.51 kg CO2 eq./kg H2 (28.8 g CO2 eq./kWh) for the baseline 4.5 MW 
wind turbine in Italy. The GWP values for Italy can drop below 1 kg CO2 
eq./kg H2 (18.6 g CO2 eq./kWh) and reach less than 0.8 kg CO2 eq. (14.6 
g CO2 eq./kWh) for the production of each kilogram of hydrogen in the 
UK using turbines in the range of 800 kW to 4.2 MW. Compared to Italy, 
the average equivalent hours of wind electricity are higher for the UK, 
where the superior environmental performance of wind-based H2 pro
duction was expected. Similar to PV-based H2 production, for each ki
logram of hydrogen, a 0.07 kg CO2 eq. is embedded in the GWP values 
reported here due to the impact of electrolyzer production and opera
tion, which is accountable for 4.5–11% of the total GWP impact. 
Consequently, the rest of the GWP impact is generated by wind elec
tricity, where more than 50% of its impact is rooted in iron and steel. In 
other words, around 50% of the carbon footprint of the wind-based H2 is 
caused by the iron and steel used in the wind turbines. Therefore, a 
possible approach to further reduce the corresponding GWP of 
wind-based H2 will be obtained by decarbonizing the steel industry 
using hydrogen.

The updated European supply chain slightly decreases the GWP 
values by around 4–10% for the UK, comparing the baseline and Euro
pean supply chain. In the case of Italy, the intensity of carbon footprint 
reduction reaches up to 15% due to the updated equivalent hours, which 
is 8% higher than the value considered by the ecoinvent. This slight 
decrease in GWP values for the updated European supply chain 
compared to the baseline of ecoinvent (global dataset) shows that the 
average global production does not result in a very different carbon 
footprint. Also, only minor changes occurred in the European context 
over the last few years. Examining other environmental impacts, the 
European supply chain and updated equivalent hours result in re
ductions of 11%, 10%, and 8% in the acidification, fossil resource use, 
and mineral and metals resource use, respectively, for the 2 MW wind 
turbine in Italy.

On the one hand, considering the constant equivalent hours for the 
updated scenario (Vestas turbines), increasing the turbine capacity 

decreases the carbon footprint of the produced H2. Although increasing 
the size of the turbine slightly raises the ratio of steel and iron to the 
nominal power, mainly caused by taller towers (80, 92, and 112 m), 
other components like glass fiber, electronics, concrete for the founda
tion, and site equipment are used in lower quantities per kW of nominal 
power, leading to overall marginally lower carbon footprint for bigger 
turbines. It can be noted that the difference in the carbon footprint of 
hydrogen produced using 2–4.2 MW turbines is not significant. There
fore, the trend found in the results can be changed if the characteristics 
of the turbine (tower height and rotor diameter) and the foundation 
alter. On the other hand, for the turbines considered in the ecoinvent 
database, increasing the turbine’s nominal power increases the carbon 
footprint. This behavior can be justified by the characteristics of the 
turbines modeled in ecoinvent. The ratio of the total mass of materials 
used in the turbine, foundation, and site preparation to the nominal 
power increases for larger turbines modeled in the ecoinvent, resulting 
in a rise in GWP value. Specifically, in the case of the 4.5 MW turbine, a 
5900-tonne concrete tower is employed instead of a steel tower, 
significantly increasing the carbon footprint.

The findings emphasize the importance of the best match between 
the size of the turbine (capacity, height, and rotor diameter) and the 
location. For 2 MW wind turbines, the adoption of a newer Vestas tur
bine (V116) instead of the one used by ecoinvent (V80) slightly increases 
the GWP value (if considering the constant equivalent hours like the UK 
case) due to a larger rotor diameter which results in heavier turbine 
designs with a higher material consumption.

3.3. Wind - offshore

The carbon footprints of H2 produced using electricity from different 
offshore wind turbines and an alkaline electrolysis system in Italy and 
the UK are plotted in Fig. 8. The bars represent the recent 9.5 and 15 MW 
turbines with monopile foundation as the most used fixed foundation 
(purple bars), semi-submersible foundation based on two different ref
erences (dark and light blue bars), and spar-buoy foundation (orange 
bars). The carbon footprint of H2 obtained using the default ecoinvent 
dataset for offshore wind electricity (2 MW) is shown with green and red 
lines for Italy and the UK, respectively.

The carbon footprint of offshore wind electricity-based H2 is lower 
than 1.5 kg CO2 eq./kg H2 in all cases, with the maximum of 1.22 kg CO2 
eq./kg H2 (23 g CO2 eq./kWh) for the 9.5 MW turbine with the semi- 
submersible-2 foundation (based on [87]) in Italy. Similar to onshore 
wind electricity, offshore wind electricity is responsible for 90–95% of 
the carbon footprint of the produced H2. The GWP values for H2 pro
duced using the 2 MW fixed bottom offshore wind for Italy and the UK 

Fig. 7. GWP values of each kg of onshore wind-based H2 for the baseline and updated scenarios.
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are 1.04 and 0.83 kg CO2 eq./kg H2 (19.4 and 15.2 g CO2 eq./kWh). In 
Italy, the carbon footprint of offshore wind electricity-based H2 can 
experience up to 19% reduction and become lower than its correspon
dence baseline value using the 9.5 MW turbine with monopile or 15 MW 
turbine with monopile/semi-submersible-1 foundations. For the UK, the 
GWP values of modern turbines can be lower than the baseline scenario 
(up to 24%) except for the 9.5 MW turbine with 
semi-submersible-2/spar and the 15 MW turbine with 
semi-submersible-2 foundations. For the acidification, fossil resource 
use, and mineral and metals resource use of the 9.5 MW turbine with 
monopile in Italy, a 150%, 5%, and 165% increase is observed compared 
to the baseline 2 MW turbine. The rise in these impacts is slightly more 
pronounced for configurations with floating foundations. For the 15 MW 
turbine with the monopile foundation, these impact categories change 
by 79%, − 13%, and 80% relative to the baseline. The larger turbine 
demonstrates reductions of 30%, 17%, and 32% for the 
above-mentioned environmental impacts compared to the 9.5 MW 
turbine.

Among the modern offshore turbines, using the higher capacity 
turbine (15 MW) results in a lower carbon footprint for H2 production. 
This reduction trend of GWP values for more powerful turbines is similar 
to the findings in Section 3.2 for the updated onshore wind turbine. 
Manufacturing of the larger turbine causes a slightly higher GWP due to 
its marginally higher specific material consumption per kW of nominal 
power. The ratio of used steel and iron (mainly in the tower) to the 
nominal power rises from 0.79 to 0.88 tonne/kW by increasing the 
power capacity from 9.5 to 15 MW. However, the influence of the 
foundation, site equipment, and export cable decreases for the larger 
turbine resulting in an overall reduction in the carbon footprint of the 
produced H2. Using the monopile foundation, the GWP value for pro
duced H2 decreases up to 16% when the 15 MW turbine is selected over 
the 9.5 MW version. This reduction is more limited (7%) in the case of 
floating foundations. For configurations with monopile, the contribution 
of the foundation to the carbon footprint drops when the larger turbine 
is employed, leading to a steeper decrease in the overall GWP compared 
to floating foundations, where the floating structure causes a marginally 
higher carbon footprint for the 15 MW turbine. Consequently, for con
figurations with floating foundation, the scaling effect is only attributed 
to the site equipment and export cables.

For the baseline scenario (2 MW turbine), shallow water is assumed 
in the ecoinvent database (less than 20 m). In the updated scenario, the 

monopile has a 120 m length (100 m water depth), and the floating 
foundations are modeled for a 200 m sea depth. For the baseline sce
nario, the bottom-fixed foundation is responsible for almost 25% of the 
GWP of the produced H2. For the 9.5 MW turbine, 32–45% of the GWP is 
caused by the foundation while this range is 30–50% for the 15 MW 
turbine. According to the used references, due to the lower amount of 
steel consumed, the monopile results in a lower carbon footprint (4–18% 
lower) compared to floating foundations installed at deeper seas, which 
considerably demand a higher amount of steel or iron for the main 
structure and the moorings. Among floating foundations, semi- 
submersible-1 (based on [86]) shows a lower GWP value (10–14%) 
compared to semi-submersible-2 and spar-buoy. Despite the almost 
similar mass for the semi-submersible foundation based on two refer
ences, the share of low-alloyed steel is higher in the semi-submersible-2 
(based on [87]) which leads to an increase in the final GWP of the 
produced H2 compared to semi-submersible-1.

In the baseline scenario, the wind farm is located almost 150 m away 
from the mainland, and the contribution of network connections (ca
bles) to the overall GWP of produced H2 is only around 3%. In the 
updated scenario, the offshore wind farms are assumed to be 50 km 
away from the coastline. The export cables play a non-negligible role in 
the impact of the produced H2, and 15–25% of the GWP value can be 
caused by such cables, where the upper bound represents the smaller 
turbine case. Subtracting the contribution of the foundation, network 
connection, and the electrolyzer from the overall GWP of produced H2 
results in the share of the impact of the wind turbine itself, which de
creases from 63% for the baseline scenario to around 25% for the case 
with the highest carbon footprint.

Similar to onshore wind cases, the GWP of offshore wind electricity 
and consequently green H2 is lower in the UK due to favorable wind 
characteristics (higher equivalent hours). The capacity factor or equiv
alent hours of wind turbines is one of the most influential factors on the 
carbon footprint of hydrogen production powered by wind electricity. 
The UK’s capacity factor or equivalent hours is based on the official data, 
but for Italy, similar data does not exist due to the lack of offshore wind 
farms. Due to the low capacity factor for Italian offshore wind consid
ered in this study, onshore wind farms generally show lower GWP values 
and may be preferred over offshore systems. However, based on the map 
from RSE [91] depicted in Ref. [10], the equivalent hours of properly 
located future wind farms in Italy can be higher than 2500 h, reducing 
the carbon footprint of offshore wind electricity.

Fig. 8. GWP values of each kg of offshore wind-based H2 for the baseline and updated scenarios.
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In this study, for the sake of simplicity, the distance between the 
wind farm - the coastline and the sea depth are considered to be identical 
for Italy and the UK. This assumption can be practically incorrect due to 
the differences among the characteristics of the seas near Italy and the 
UK. The floating foundation can be a more appropriate solution for deep 
seas like Italian offshore areas. Therefore, the lower GWP values ob
tained for monopile cases may not be achievable. In general, the un
certainty on offshore wind farm modeling is higher than onshore cases 
due to a lack of data and the higher complexity of such systems. Spe
cifically, modeling the foundation of offshore wind turbines for LCA 
analysis demands less supported assumptions that bring a higher level of 
uncertainty to the results.

3.4. A comparison with literature

The findings are compared with carbon footprint data available in 
the literature in Table 2. The carbon footprint of green hydrogen pro
duction in Italy and the UK is less than 3 kg CO2 eq./kg H2. The upper 
range of carbon footprint for green H2 is observed when the electrolysis 
system is powered by PV electricity rather than wind turbines. The 
updated GWPs for PV-based H2 are between 2 and 3 kg CO2 eq./kg H2, 
with the higher values recorded for the UK. The updated carbon foot
print of wind-based H2 production fluctuates around 1 kg CO2 eq./kg H2, 
indicating that a European supply chain over the average global can 
slightly reduce the carbon footprint.

The GWP values found for PV and wind-based green hydrogen are in 
the lower range of the values from the literature. The literature data for 
PV-based H2 production is taken from Ref. [22], where data is classified 
into production in Europe and the Rest of the World. For PV-based H2, 
the current study found GWP values lower than the minimum carbon 
footprint previously reported in the literature for production in Euro
pean territory (2.25 and 2.77 vs. 3 kg CO2 eq./kg H2). For the UK and 
Italy, Freire Ordóñez et al. [20] found GWPs around 4.50 and 4.10 kg 
CO2 eq./kg H2, respectively, which are almost two times the updated 
values estimated in this work (they are very close to the baseline values). 
The updated scenario for PV-based H2 production proved that PV elec
tricity and, consequently, hydrogen can be further decarbonized by the 
progress in the solar industry.

For onshore wind cases, the calculated GWPs are in the lower range 
of the values from the literature, with a maximum of 1.36 kg CO2 eq./kg 
H2 for 4.5 MW in Italy vs. 3.2 kg CO2 eq./kg H2 from Dufour et al. [27]. 
Our updated value for the UK is in agreement with Knight et al. [33], 
who used the GaBi database (0.62 vs. 0.63 kg CO2 eq./kg H2). A similar 
trend is seen for the offshore wind cases. The calculated values in this 

work show a minimum of 0.84 and 0.63 kg CO2 eq./kg H2 for Italy and 
the UK, respectively, which are comparable to the lowest value found in 
the literature for an 8 MW spar-buoy (floating), calculated by Guven 
[41] (0.75 kg CO2 eq./kg H2).

3.5. Broader perspective beyond research

The findings presented in this work, which are in agreement with the 
literature, show that the carbon footprint of green hydrogen is mainly 
caused by the life cycle of renewable electricity. This carbon footprint is 
more significant when PV electricity rather than wind turbines power 
the electrolysis system. The updated scenario for PV-based H₂ produc
tion highlights that advancements in the solar industry can further 
reduce the carbon footprint of PV electricity and, in turn, hydrogen 
production. Similarly, for wind-based H₂ production, utilizing a Euro
pean supply chain along with modern offshore wind turbines and 
advanced foundation technologies has been shown to achieve a modest 
reduction in carbon emissions.

On the one hand, the advancement at upstream of the electrolyzer, 
like more efficient production processes or application of energy sources 
with a lower environmental footprint in the solar panel or wind turbine 
supply chains, can further decrease the carbon footprint of this hydrogen 
production route. On the other hand, the specific electricity consump
tion of downstream components (e.g., the efficiency of the electrolyzer) 
can play an important role in the carbon footprint of H2 production. 
Alkaline electrolyzers typically have a specific consumption of around 
50 kWh/kg H2 [92,93] which is lower than PEM electrolysis systems 
with 55 kWh/kg H2 [94,95], resulting in lower GWPs for H2 production. 
The application of more efficient electrolysis systems, such as devel
oping SOEC electrolyzers with lower electricity consumption (e.g., 
35–40 kWh/kg H2 [96]) compared to alkaline electrolyzers can take 
forward the green H2 to lower levels of carbon footprint and in general 
deliver less impactful hydrogen. As discussed in Sections 3.1 to 3.3, the 
contribution of electrolyzer manufacturing to the final carbon footprint 
is marginal. A recent study estimated the GWP values associated with 
the manufacturing of alkaline, PEM, and SOEC electrolyzers to be 
approximately 90, 30, and 45 g CO2 eq./kg H2, respectively [97], con
firming its small contribution to the carbon footprint of the produced H2. 
However, the type of electrolysis system may have a more significant 
influence on the other impact categories, such as minerals and metals 
resource use.

In this study, the authors implemented a cradle-to-gate LCA, mean
ing that the product system under analysis stops at the H2 production (i. 
e., electrolyzer), neglecting downstream phases, i.e., compression and 
distribution (knowing that the combustion is climate-free, without CO2 
eq. emissions). The hydrogen can be distributed from the production site 
to the user utilizing alternative options, i.e., (i) compressed and trans
ported via pipelines, (ii) liquefied and transported by ships, (iii) trans
ported in the form of ammonia, and (iv) compressed and transported by 
trucks. Analyzing the two extreme cases (i and iv), with proxy data 
derived from ecoinvent, the authors obtained the following outcomes: 

• Compressed and transported via pipelines, 30 g CO2 eq./kg H2 (1.3% 
increase for PV-based H2 in Italy). The value obtained by considering 
the incidence of natural gas distribution infrastructure in Europe 
(significantly more extensive than the infrastructure for hydrogen if 
produced locally, within the continent) – ecoinvent process market 
for pipeline, natural gas, low-pressure distribution network (8.44 g CO2 
eq./Nm3 of natural gas). The value from the natural gas was derived 
for H2 (based on the energy content) and considering: (i) Higher 
Heating Value (HHV) 40.4 MJ/Nm3 and density 0.80 kg/Nm3 (for 
natural gas) and (ii) HHV 12.7 MJ/Nm3 and density 0.09 kg/Nm3 

(for hydrogen) [98].
• Compressed and transported by trucks, 42 g CO2 eq./kg H2 (1.5% 

increase for PV-based H2 in Italy). The value obtained utilizing the 
scenario provided by Famiglietti et al. [98], i.e., assuming gaseous 

Table 2 
A comparison between the range of carbon footprint of green H2 production 
found in this study and the literature.

Renewable 
electricity source

Reference Lower bound [kg 
CO2 eq./kg H2]

Higher bound [kg 
CO2 eq./kg H2]

PV Literature- 
EU

3 6.4

Literature- 
RoW

2.1 9.37

This Study- 
Italy

1.76 2.25

This Study- 
UK

2.65 2.77

Wind-Onshore Literature 0.33 3.2
This Study- 
Italy

0.8 1.36

This Study- 
UK

0.62 1.06

Wind-Offshore Literature 0.75 1.49
This Study- 
Italy

0.84 1.22

This Study- 
UK

0.63 0.91
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hydrogen, compressed at 70 MPa and with a density of 38 kg/Nm3, 
transported for an average of 250 km in a diesel-powered truck with 
16–32 tonne of gross capacity and an average load factor of 5.79 
tonne.

The results obtained underscore the importance of including the 
impact of the hydrogen distribution system in the evaluation, using 
primary data for greater accuracy. They also provide an indication, 
albeit in summary, to policymakers about the importance of a hydrogen 
carrier distribution network along with widespread production on the 
European continent.

4. One at-the-time sensitivity analysis and limitation of the 
study

It is important to implement a sensitivity analysis of the most 
important identified factors to validate the assumptions implemented in 
the study. The test was conducted on offshore wind configurations with 
monopile and semi-submersible-2 foundations (the lower and higher 
GWPs obtained in Section 3.3) using a One-at-a-time Sensitivity Analysis 
(OAT-SA), performed by changing the value of uncertain factors (sea 
depth, distance to shore, and equivalent hours) one at a time while 
keeping the others constant [99]. The behavior of the carbon footprint of 
hydrogen production with respect to the main factors of offshore wind 
electricity is depicted in Fig. 9.

The sea depth was changed from 20 to 100 m for the fixed foundation 
case (monopile 40–120 m) and 100–300 m for the floating configura
tions. Reducing the water depth from benchmark 100 m to 20 m, the 
carbon footprint of the produced H2 drops to 0.7 and 0.5 kg CO2 eq./kg 
H2 for 15 MW turbines in Italy and the UK, respectively. For the offshore 
wind with the floating structure, 100 m increasing or decreasing the 
water depth from the 200 m benchmark rises or drops the carbon 
footprint in the order of 0.05 kg CO2 eq./kg H2, respectively. The find
ings show that a monopile foundation is more sensitive to the sea depth 
compared to floating structures. The entire mass of the monopile foun
dation drops accordingly for shallower water, while for floating struc
tures only the mass of mooring chains is reduced, which has a smaller 
contribution compared to the main structure (vertical cylinders). 
Assuming a similar 100 m sea depth, monopile foundations still over
perform the semi-submersible-2 with 14% and 23% lower GWP for 9.5 

MW and 15 MW turbines, respectively.
The distance to shore is varied from 10 to 200 km (the benchmark is 

50 km). The analysis shows that distance to shore can be an influential 
factor in the carbon footprint of the hydrogen produced (electricity), 
raising it to as much as 2 kg CO2 eq./kg H2 (0.8 kg CO2 eq./kg H2 higher 
than benchmark value) for the smaller wind turbine with the floating 
foundation installed 200 km off the Italian coastline. For the UK, the 
GWP values remain below 1.5 kg CO2 eq./kg H2 and can be reduced to as 
low as 0.5 kg CO2 eq./kg H2 when the larger turbine with monopile 
foundation is installed near the shore (10 km).

The equivalent hours are varied from 2000 to 4000, keeping constant 
the distance to shore (50 km) and sea depth (100 m for monopile and 
200 m for floating). Intuitively, increasing the equivalent hours de
creases the carbon footprint of the produced hydrogen (electricity). 
Doubling the equivalent hours results in an almost 50% drop in the GWP 
values. Using the 15 MW turbine, the carbon footprint of hydrogen 
production is 0.5 and 0.7 kg CO2 eq./kg H2 for monopile and floating 
foundations, respectively.

As stated in Section 3.3, floating foundations can be a more suitable 
option for Italian offshore areas due to their rapid increase in water 
depth. There are currently no operational floating wind farms in Italy, 
which limits the availability of reliable data. However, according to the 
Italian wind atlas, the assumed parameters (equivalent hours = 2500 h, 
distance to shore = 50 km, and sea depth = 200 m) represent feasible 
values. Therefore, the calculated GWP values in Section 3.3 (0.97–1.22 
kg CO2 eq./kg H2, based on 18 and 23 g CO2 eq./kWh) provide a 
reasonable estimate for Italian offshore scenarios. Keeping the conser
vative 2500 equivalent hours, for a sea depth of 300 m and a distance to 
shore of 200 km (the upper bounds of assumed parameters), the carbon 
footprint of the H2 production powered by 9.5 MW and 15 MW turbines 
is 2 and 1.7 kg CO2 eq./kg H2, respectively.

The majority of UK wind farms are located in shallow waters. The 
average water depth and distance to the shore of the installed UK wind 
farms are less than 20 m and slightly more than 10 km, respectively 
[100]. Therefore, it is expected that the carbon footprint of the produced 
H2 should be in the lower range of the values reported in Fig. 9. 
Assuming these parameters, the GWP values of hydrogen production in 
the UK are 0.52 and 0.47 kg CO2 eq./kg H2 (9 and 8 g CO2 eq./kWh) for 
9.5 MW and 15 MW turbines with 40 m monopile foundation, almost 
30% lower than the benchmark values calculated in Section 3.3. 

Fig. 9. Sensitivity analysis of the most influential factors in the GWP values of hydrogen produced via offshore wind electricity.
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However, some projects such as Hornsea and Dogger Bank are located 
120–190 km off the coast with water depth up to 60 m [101–103]. 
Considering an average distance to shore of 150 km, 80 m monopile, and 
the average equivalent hours in the UK, the estimated carbon footprints 
are 1.1 and 0.8 kg CO2 eq./kg H2 (29% and 22% higher than the 
benchmark) for 9.5 MW and 15 MW turbines.

The authors highlight the importance of implementing a global 
sensitivity analysis to test the reliability of the results. If the OAT-SA 
belongs to local sensitivity analysis, i.e., determines the effect of a 
(small) change in one of the input parameters at the time, the global 
sensitivity analysis is an extension of the uncertainty propagation 
(implemented by the Monte Carlo simulation method). The global 
sensitivity analysis determines how much each parameter contributes to 
the output variance, thus emphasizing the unit processes and the 
elementary flows that contribute more to the final uncertainty of the 
study, permitting to highlight where the model can be improved [104]. 
In addition, the authors highlight the importance of future studies 
implementing the analysis using a consequential, rather than relying 
solely on an attributional approach. Attributional LCA is not designed to 
study the effect of changes in production systems, but it is typically 
applied to hot-spot identification and generic consumer information. On 
the contrary, consequential LCA examines how the relevant physical 
flows will change in response to a change in demand for the analyzed 
product, thus introducing market mechanisms [105].

Another important limitation of the study is related to the Life Cycle 
Impacts Assessment (LCIA). The LCIA is only related to the climate 
profile of the product systems under analysis. Analyzing other envi
ronmental impact categories may further shed light on other findings of 
the environmental burdens of hydrogen produced using PV and wind 
electricity. Furthermore, the developing cost and social life cycle 
assessment methodologies can provide additional information.

5. Conclusions

This paper analyzes the supply chain effects on the climate profile of 
renewable electricity and green hydrogen for Italy and the UK. First, the 
available data from the ecoinvent database regarding photovoltaic (PV) 
and wind electricity for hydrogen production via water electrolysis in 
Italy and the UK are reviewed to define a baseline scenario. Then, an 
updated scenario for PV-based hydrogen production considering the 
advances in the photovoltaic industry, applying state-of-the-art modules 
that offer higher efficiencies and are manufactured under lower energy 
and material consumption conditions, is presented. The wind-based H2 
production in the updated scenario is based on a European supply chain 
for wind turbine production using the updated European steel market 
and Vestas turbines. Both scenarios utilize an alkaline electrolysis sys
tem for hydrogen production. The key findings are summarized as 
follows: 

• Applying the updated supply chain of PV panels, the carbon footprint 
drops from 4.28 to 3.78 kg CO2 eq./kg H2 (baseline) to 1.76 and 1.83 
kg CO2 eq./kg H2 (updated) in Italy, equivalent to 59% and 52% 
reduction for single and multi-Si panels, respectively. Considering 
the real production data from the Italian electricity transmission 
operator (Terna), the reduction in Global Warming Potential (GWP) 
is then recalculated at 50% and 40%. For the UK, the reduction 
percentages are lower, 46% and 31%, due to a decrease in the annual 
specific yield in the updated scenario compared to the ecoinvent 
baseline.

• The findings confirm that the ecoinvent dataset for photovoltaic 
applications is outdated and does not represent the current and near- 
future installations. The more advanced panels with efficiencies up 
to 22% and 25%, which may be introduced with the development of 
the solar modules industry, can reduce the carbon footprint of 
hydrogen production in Italy to 1.61 and 1.44 kg CO2 eq./kg H2.

• The more favorable wind conditions in the UK (higher capacity 
factors) with respect to Italy result in less impactful wind-based 
hydrogen production in that region. Italy and the UK’s correspond
ing GWP values for onshore wind-based hydrogen production are 
less than 1 and 0.8 kg CO2 eq./kg H2 when using turbines from 800 
kW to 4.2 MW. Depending on the selected region, the updated Eu
ropean supply chain slightly decreases the GWP values by around 
4–15%.

• For offshore wind electricity cases, the GWP is well below 1 kg CO2 
eq./kg H2 for installations in the UK, while for Italy, only with the 15 
MW turbine and monopile/semi-submersible-1 foundation, the car
bon footprint can go slightly below 1 kg CO2 eq./kg H2. For the 
offshore wind scenario, the updated GWPs can show a 19% or 24% 
reduction compared to the ecoinvent baseline for Italy and the UK, 
respectively.

Compared to the literature, for PV and wind-based green hydrogen 
production, the current work found GWPs in the lower range of the 
existing values. The updated carbon footprint of PV-based H2 production 
is lower than the minimum carbon footprint previously reported in the 
literature for production in European territories. For wind-based cases, 
the updated GWPs are comparable to the lowest values found in the 
literature. In agreement with the literature, it is demonstrated that 
renewable electricity from photovoltaic and wind power plants is 
responsible for the majority of the carbon footprint of hydrogen pro
duction via electrolysis, and only 1.5–11% of the GWP is actually caused 
by electrolyzer production and operation. The progress at upstream of 
the electrolysis system, like the application of state-of-the-art photo
voltaic panels manufactured under more efficient routes and with the 
use of less impactful electricity or the adoption of wind turbines with a 
European supply chain benefiting from a decarbonized steel industry 
can promote the reduction of climate profile of the green electricity and 
thus of the green hydrogen. Also, the evolution of electrolysis systems 
with lower electricity consumption, such as solid oxide electrolyzers 
(SOEC), allowing 25–30% lower electricity demand than the baseline 
alkaline electrolysis, will provide the opportunity to further reduce the 
carbon footprint of hydrogen production. The authors highlight that 
data availability and reliability can introduce uncertainties in the Life 
Cycle Assessments of green hydrogen production, particularly for 
offshore wind systems, which are inherently more complex. Addition
ally, future research efforts could focus on incorporating hydrogen dis
tribution, potential alternative supply chains for wind turbines that may 
emerge in the market, and an analysis of other impact categories using a 
consequential approach combined with stochastic evaluation of the re
sults, offering valuable insights for policymakers and stakeholders.
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