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A B S T R A C T

Hydrotreated Vegetable Oils (HVOs) have won significant attention worldwide as a viable alternative to fossil 
diesel in transportation. In the present study, a life cycle analysis (LCA) of the production of HVO is conducted, 
focused on HVO in the case of Portugal. The production process considered exploits used cooking oils (UCOs), 
alongside green hydrogen (GH2). SimaPro software is used to analyse the environmental impacts of the entire 
value chain associated with the production of GH2 and HVO. The resulting environmental impacts are also 
compared with other conventional scenarios that include using virgin oils and the grid mix electricity. The LCA 
results demonstrated that the HVO produced using GH2 and UCO has a reduction in environmental impacts by 
around 0.23 to 0.45 kg CO2 eq./kg HVO compared to the conventional scenarios. The lowest GWP level observed 
is in the UCO with PV/Wind electricity scenario at 0.304 kg CO2 eq/kg HVO, While the highest GWP is for using 
Palm Oil with grid mix at 0.748 kg CO2 eq/kg HVO. These findings underscore the significant influence of 
electricity sources and feedstock type on the GWP values in HVO production.

1. Introduction

In the modern era, energy demand and climate change represent 
pressing challenges, highlighting the urgent need for a sustainable en-
ergy transition in the transport sector. Growing awareness about the 
environmental impacts of greenhouse gases (GHG) is increasingly 
driving the search for innovative solutions. In this context, the impor-
tance of renewable fuels like Hydrotreated Vegetable Oils (HVO) be-
comes crucial for many applications, particularly the HVO produced 
based on used cooking oils (UCO) [1]. In terms of liquid fuels, HVOs 
have gained special attention in recent years due to their quality per-
formance in existing diesel engines, their low pollutant emissions and 
their renewable nature [2]. HVO can be considered a superior alterna-
tive to fossil diesel in various applications since it has similar chemical 
characteristics to fossil diesel but can improve the GWP emissions due to 
its renewable nature [3]. HVOs can be obtained from the hydrotreat-
ment of different raw materials such as vegetable oils, animal fats, 
sewage sludge, nut shells, biomass fraction of wastes and residues from 
forestry and forest-based industries [4,5]. The use of waste materials, 
particularly UCO, as sustainable feedstocks for the production process of 
those renewable fuels increased their advantages in terms of costs and 

environmental aspects. Also, transforming used oils into fuels originates 
better yields in biofuel production and can help alleviate the energy 
crisis [6,7].

In addition, HVO usage leads to a notable decrease in the GWP 
emissions in internal combustion engines when contrasted with the use 
of fossil diesel, particularly in the context of transitioning towards ultra- 
low emission vehicles [8]. Moreover, HVO features high reactivity that 
enables increasing combustion efficiency and achieves ultra-low emis-
sions when exhaust gas recirculation strategies are employed [9]. This 
approach using HVO effectively mitigates emissions in usage and pro-
duction stages such as nitrogen oxides and others [10]. On the other 
hand, HVO can also be blended with fossil diesel to contribute towards 
reducing fuel consumption [11,12].

Furthermore, by-products of the production process of HVO such as 
propane, liquefied petroleum gas and naphtha can also be sold on the 
market, adding economic value to the process [13]. The advantages of 
hydrotreatment in relation to transesterification (for example the pro-
cess used to produce Biodiesel) include the possibility of achieving a 
greater percentage of blending with fossil fuels and greater flexibility in 
the selection of raw materials [14]. In this process, hydrogen is used to 
remove oxygen atoms and double bonds from the triglyceride structure 
through decarbonylation, decarboxylation and hydrodeoxygenation 
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[12]. Additionally, the composition of HVOs is mainly based on a 
mixture of paraffinic hydrocarbons that do not contain sulfur or aro-
matics, which enable them to have a high cetane number and properties 
like those observed in traditional diesel produced from fossil materials 
[15]. It can also have better storage properties [16] and greater lubricity 
than fossil diesel [17] while helping to reduce different types of emis-
sions when used in internal combustion engines such as CO2 (up to 4 % 
of reduction) and NOx (up to 25 % of reduction) [4]. Therefore, the use 
of green hydrogen, produced by water electrolysis [18], has appeared to 
be the most effective way to maximize the advantages of HVO (as 
hydrogen is considered an essential component of the production pro-
cess). Thus, renewable fuels have been used for some years as a very 
viable option to meet energy demand in a sustainable way.

In this regard, the importance of employing life-cycle analysis (LCA) 
studies of these fuels appeared not only to address their role in climate 
change mitigation but also to help promote cleaner and more sustain-
able mobility, triggering significant advances in the transition to a more 
efficient future in the transport sector [19]. Therefore, a LCA of the total 
value chain of HVO provides an overall context for improving energy 
efficiency and adjusting the environmental impacts of the system. A 
study by Concas et al. [20] analysed the hydrogen electrolysis produc-
tion powered by wind and PV energy sources for fuel cells and methane 
production applications. A significant enhancement for environmental 
impacts was found for the use of PV in the hydrogen production and 
using hydrogen for fuel cell application with 2.4 kg CO2/kg H2 
(compared to 11.8 kg CO2/kg H2 by steam methane reforming (SMR)). 
Moreover, Wang et al. [21] studied the hydrogen electrolysis production 
and its usage for fuel cells ships in China, and promising performance 
was found regarding the environmental advantages. Sadeghi et al. [22]
reported an enhancement of the lifetime (by 5 years) and a decrease in 
global warming potential (GWP) by 26 %, due to the use of solar 
compared to the SMR process for hydrogen production. In this, the site 
conditions (related to sun radiation or wind speed) play an important 
role in the electricity supply by renewable energy sources, influencing 
the environmental impacts [23].

Renewable energies are used to produce green hydrogen mainly by 
the effective water electrolysis process [24]. Several electrolysis pro-
cesses (different electrolysers) have been used such as alkaline electro-
lyser (ALE) [25], proton-exchange membrane (PEM) and solid oxide 
(SO) that differ in the operation conditions and materials for their 
construction [26]. Using multi-renewable energy sources for the green 
hydrogen production process helps to overcome the power supply 
instability caused by the factors related to the location, e.g., the variable 
sun radiation and wind velocity during the day [27,28]. One of the 
common electrolysis methods is ALE which consists of two electrodes 

made of Nickel, a membrane and an electrolyte solution that is consid-
ered low-cost in the case of materials and it is operated at low temper-
atures (30–80 C◦) [25,27]. However, the water electrolysis method is 
still in continuous development mainly to enhance the current density 
and operation conditions such as temperature and pressure, lifetime and 
energy consumption [32,33]. Also, the produced hydrogen from 
different electrolysis technologies, mainly AWE, PEM and SOEC in 
addition to Anion Exchange Membrane (AEM), are used in further power 
to gas/liquid processes to produce products such as Syncrude and Syn-
thetic Natural Gas (SNG) [34].

Therefore, it becomes good timing to implement green hydrogen 
(produced by water electrolysis powered by renewable energy) in the 
process of HVO production to mitigate the environmental impacts 
(mainly caused by conventional hydrogen production methods such as 
SMR). However, the hydrogen electrolysis production process is still 
causing environmental impacts due to the needed production of the 
components of the electrolysis system and linked renewable sources 
should be considered and optimised [35,36]. The hydrogen electrolysis 
process and renewable fuels production should be evaluated regarding 
the environmental performance using some environmental indicators 
[37,38] such as GWP, eutrophication, abiotic depletion potential (ADP), 
freshwater eutrophication potential (FEP), and ionizing radiation (IRP), 
for example.

The current study conducts a LCA for HVO production based on GH2 
produced from renewable energies (both PV solar and wind energy 
sources) and UCOs as feedstock, in Portugal. This study follows the 
objectives defined in Europe for climate neutrality and decreasing 
greenhouse gas emissions, such as the targets defined in the “Fit for 55 
package” [39] and “RED II and III” [40], and to support reasonable 
decisions on the hydrogen technological path and the incorporation of 
hydrogen into each value chain, that best matches the national re-
quirements supervised by a deep scientific and technical discussion 
[41,42]. Additionally, this LCA study uses a comprehensive approach 
that considers several environmental impacts (such as GWP, ODP, AP, 
and other toxicity categories). In contrast, most previous LCA studies on 
H2 and HVO have predominantly focused solely on only GWP. 
Furthermore, the specific conditions of this study distinguish it from 
previous papers: geographical scope and case study in Portugal, the 
capacity of 305 kt UCO, powered by 50 % solar and 50 % wind energy, 
using green hydrogen and comparing four different scenarios. These 
factors make the current study a novelty in the literature.

2. Methodology

It becomes clear that the environmental impacts correlated with 

Nomenclature

ALE Alkaline electrolysis
ALE-P capillary-fed alkaline electrolysis
AP Acidification
EP ter Terrestrial eutrophication
EP fw Freshwater eutrophication
EP sw Marine eutrophicatio
FEW Freshwater ecotoxicity
GH2 Green hydrogen
GHG greenhouse gases
GWP Global warming potential
HTnc Human toxicity, non-cancer effects
HTc Human toxicity, cancer effects
HVO Hydrotreated vegetable oils
IRH Ionizing radiation HH
IRE Ionizing radiation E (interim)

KOH Potassium
LCA Life cycle analysis
LU Land use
MFRDP Mineral, fossil & ren resource depletion
NaOH sodium hydroxide
ODP Ozone depletion
OH− hydroxide ions
PEM proton-exchange membrane
PM Particulate matter
POF Photochemical ozone formation
PTFE Polytetrafluoroethylene
RED II Renewable Energy Directive (2018)
RED III Renewable Energy Directive (2023)
RES Renewable energy sources
SMR steam methane reforming
UCO used cooking oil
WRD Water resource depletion
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HVO production are required to be properly assessed concerning all 
stages of the life cycle to provide appropriate comparisons between 
different possible scenarios of energy sources and input materials. In this 
meaning, the LCA methodology has been widely performed to evaluate 
the ecological performance of the HVO production process during its 
total life cycle. Therefore, the methodology adopted for this LCA 
research is following the ISO 14044 conditions [43] and the related 
instructions for production systems associated with hydrogen [44], 
mainly defining the goal and scope, analysing the inventory, impact 
assessment stage and interpreting the final results.

Moreover, SimaPro software is used for the modelling, where the 
available data are collected from different confidential sources in liter-
ature, different companies, experts and the SimaPro inventory. The re-
sults evaluate the environmental impacts depending on various factors 
such as the operation, requirements, and construction components for 
the stages of the total value chain from the feedstocks collection to the 
hydrogen electrolysis process to the HVO production. The presented 
system boundaries of this study encompass a location in Portugal, a 
conversion capacity of 305 k tons of UCO per year and a renewable 
energy supply (50 % PV and 50 % wind energy). Furthermore, addi-
tional three scenarios, involving the use of conventional feedstock 
(virgin palm oil) and the electricity grid mix in Portugal as a power 
supply to the hydrogen and HVO production processes, are examined 
and compared with the main scenario of using UCO and PV/Wind en-
ergy supply.

Furthermore, a normalization assessment is performed by comparing 
the resulting environmental impacts against a reference system to 
enhance the interpretation of the findings. This assessment utilizes the 
EU Product Environmental Footprint (PEF), with the EC-JRC Global 
framework serving as the benchmark reference [45]. Also, sensitivity 
analysis is conducted to assess the data uncertainties associated with 
HVO production, encompassing all life cycle phases. This analysis em-
ploys a Tornado chart based on the GWP indicator. Key parameters 
considered include critical boundaries such as electricity and steam 
usage during the production phase, as well as possible variations in the 
collection and transportation of UCO feedstock required for the process.

2.1. Goal and scope

The target of the current LCA study is to predict the environmental 
performance of the production process of HVO using GH2 and UCOs as 
feedstocks in Portugal. The pressurised Alkaline electrolyser (ALE-P) 
technology was chosen for this study because of its technological 
maturity. The produced GH2 is supplied with the pre-treated raw ma-
terials to the reactors and the operation requirements of temperature, 
pressure and other inputs are applied to produce the HVO and byprod-
ucts. Furthermore, this study analyses the implementation of a mixed PV 
and wind energy plant in Portugal to provide the needed electricity for 
the different processes. Currently, the grid electricity in Portugal is 
supplied by multiple sources such as fossil fuels and renewable energies. 
Although, the progress towards the change of using fossil fuels for the 
use of renewable energies is going rapidly, mainly wind and solar PV 
which correspond to significant environmental advantages. Thus, this 
study considers 16 environmental impacts presented in Table 1 using the 
ILCD 2011 Midpoint evaluation method recommended by the European 
Commission [46].

Also, the functional unit selected for the HVO production is 1 kg of 
HVO. The UCOs used in the operation were collected mostly from 
Portugal, Spain, Netherlands and Malaysia. This information will be 
discussed in more detail in section 2.2.4.

Additionally, for a better understanding of the results and the ad-
vantages associated with producing HVO based on UCO as feedstock and 
PV/Wind energy supply, three additional scenarios are considered for 
comparison with the main scenario. The three scenarios are mainly to 
examine the use of virgin vegetable oil (Palm Oil) as a feedstock and the 
grid electricity mix in Portugal for the energy supply. Therefore, the 

main scenario and the other three scenarios considered in the current 
study are summarised in Table 2 as follows:

2.2. Life cycle inventory

Firstly, it is important to present the elements and boundaries of the 
HVO production system for a proper LCA study, considering the pro-
duction stages from the electricity supply to the hydrogen production 
and the reactor process including the processes’ inputs and outputs. The 
process stages and boundaries of the current study are presented in 
Fig. 1. The construction processes include the requirements for two main 
units: the water electrolysis system for hydrogen production and the 
reactor systems for HVO production. Also, the construction stage of each 
unit (as presented in Fig. 1) should contain the inputs of materials, 
fabrication, transportation, operation requirements, maintenance, 
dismantlement and end-of-life waste treatment. It should be mentioned 
that the electricity supply sources, and their construction stage (PV solar 
panels and Wind turbines) are also modelled using the database of 
Simapro and validated with correlated literature.

In this section of the inventory, the whole input and output param-
eters of the current LCA study were evaluated and categorized to envi-
ronmental impacts considered, using SimaPro software (version 
9.3.0.3). The used data and values were collected from manufacturer 
companies, experts and found correlated literature (e.g. energy sources, 
materials and processes). Besides, the input data regarding the operation 
supplies and requirements (e.g. raw materials pre-treatment, water, 
cleaning, maintenance, solar irradiation, and wind location conditions) 
of the energy plant, electrolyser and HVO reactor system are accurately 
modelled relying on datasets from Portugal or Europe (according to the 
availability). In addition, the production of the electrolyser technology 
and HVO reactor is modelled (in SimaPro software) based on the con-
ditions of the producer’s regions (the input materials, energy, and pro-
cesses). Furthermore, a waste treatment stage is considered for the 
current LCA study involving the components recycling and the reuse of 
some materials in order to reduce the disposal to the landfill, following 
the end-life methodology reported by Lotric et al. [47] for systems 
related to hydrogen electrolyser production.

Table 1 
The analysed environmental impacts with their abbreviations and units.

Environmental impact Abbreviation Unit

Global warming potential GWP kg CO2 eq
Ozone depletion ODP kg CFC-11 eq
Human toxicity, non-cancer effects HTnc CTUh
Human toxicity, cancer effects HTc *CTUh
Particulate matter PM kg PM2.5 eq
Ionizing radiation HH IRH kBq U235 eq
Ionizing radiation E (interim) IRE CTUe
Photochemical ozone formation POF **kg NMVOC eq
Acidification AP molc H+eq
Terrestrial eutrophication EP ter molc N eq
Freshwater eutrophication EP fw kg P eq
Marine eutrophication EP sw kg N eq
Freshwater ecotoxicity FWE CTUe
Land use LU kg C deficit
Water resource depletion WRD m3 water eq
Mineral, fossil & ren resource depletion MFRDP kg Sb eq

*CFC-11: trichlorofluoromethane; **NMVOC: non-methane volatile organic 
compound.

Table 2 
The main scenario and the other three scenarios considered in the current study.

Feedstock Electricity supply

Scenario 1 UCO PV/Wind
Scenario 2 UCO Grid mix
Scenario 3 Palm oil PV/Wind
Scenario 4 Palm oil Grid mix
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Fig. 1. System boundaries of the life cycle for HVO production.

Fig. 2. Schematics of the HVO production process.

W. Ajeeb et al.                                                                                                                                                                                                                                   Fuel 390 (2025) 134749 

4 



2.2.1. The HVO production system
As mentioned earlier, HVO shows similar characteristics (such as 

cetane number, density, etc), chemical composition and heating value 
(around 43 to 44 MJ/kg) to those of fossil diesel [48]. HVO is produced 
by the hydrotreatment, deoxygenation and isomerization chemical re-
actions under suitable conditions, and it is composed of paraffinic ma-
terials. In general, the main stages to produce HVO are the pre-treatment 
of the feedstocks (oils), the chemical reactions mentioned above inside 
two reactors (in the presence of the treated feedstock materials, green 
hydrogen and a catalyst) and final separation [49], as shown in Fig. 2. 
Furthermore, propane and naphtha are common by-products of this 
process and can also be sold in the market [50]. Normally, the UCOs are 
collected from restaurants or other food establishments and points of 
collection around cities and municipalities, where people can drop their 
bottles of UCO. The hydrogen should be supplied to the process in a 
pressure condition between 3 and 20 MPa [9], which is mainly 
responsible for removing oxygen atoms and double bonds from the tri-
glyceride structure [51]. Here, the crucial chemical reaction (for the 
oxygen-free condition) is the deoxygenation reaction (which includes 
decarboxylation and decarbonylation) [52]. Finally, the used type of 
catalyst, the UCO (or virgin oil) properties and the reactor operation 
conditions of temperature and hydrogen pressure have a significant 
impact on the properties of the obtained HVO [53].

HVO production results in a green drop-in diesel fuel, stable in terms 
of oxidation, with a high cetane number, excellent energy density and 
lower cloud and pour points. The typical value chain of HVO produced 
from UCO and green hydrogen is clarified in Fig. 3.

In addition, it should be mentioned that different kinds of reactors 
can be used to produce HVO such as Trickle-Bed reactors [54] which are 
normally used in the petrol industry when a reaction that involves 
hydrogen occurs. Other types of reactors that can be used to produce 
HVO are Batch reactors or Fixed-Bed reactors [55].

2.2.2. Operation and input data for the HVO production process
The operation that produces HVO needs a specific amount of pre- 

treated feedstock material, hydrogen and energy as inputs for each kg 
of HVO produced. Some related input data found in the literature are 
presented in Table 3.

The inputs/outputs for the current HVO production (adopted in the 
current study) are presented in Table 4. These inputs/outputs values 
have been defined based on previous related studies and information 
collected from industries such as Neste [61] and other references 
[56–59,62] as have been analysed in Table 3. Also, the selected catalysts 
are NiMo/γ-Al2O3 (Nickel Molybdenum with gamma-alumina) for the 
hydrotreatment process (in the first reactor) and Pt/SAPO-11/Al2O3 

(Platinum/SAPO-11/Aluminum Oxide) for the isomerization process (in 
the second reactor). NiMo/γ-Al2O3 exhibits significant features for 
processing triglyceride feedstock to generate decarboxylated hydrocar-
bon products [63,64]. The weight of the catalyst used is calculated based 
on the Weight Hourly Space Velocity (WHSV) factor, considered here 
equal to 2 h− 1 associated with the feedstock volumetric flow rate in the 
reactor [63] and the replacement of the catalyst every 3 years, resulting 
in 2217 tons of NiMo/γ-Al2O3 and 975 tons of Pt/SAPO-11/Al2O3 for the 
total lifetime considered in the current study (20 years). Moreover, the 
hydrotreatment process in the reactor is considered to be under tem-
perature from 300 to 450 ◦C and hydrogen pressure from 3 to 20 MPa as 
stated by Lorenzi et al. [65].

In addition, the environmental impacts results obtained in the cur-
rent study are analysed considering the production of 1 kg of HVO and 
its associated by-products (Propane and Naphta) as presented in Table 4, 
avoiding the allocation methods (the allocation methods for the by- 
products are not used in the current study). However, different alloca-
tion methods (energy, market and mass allocations) can be found in a 
study by Xu et al. [58] to define the attribution in the energy use and 
emissions for HVO and the by-products resulting from the reactor sys-
tem. It was reported that the by-products occupied 8.8 % in the energy- 
based allocation method, 4.9 % in the market-based allocation method 
and 9 % in the mass-based allocation method [58].

In the current study, two Trickle-Bed reactors were considered for 
the HVO production process, where the materials to build the reactors 
are considered in the LCA approach by Simapro. A Trickle-Bed reactor is 
a common type used for the hydrotreatment of vegetable oils [54] and in 
petrol manufacturing, mainly for reactions with hydrogen [66]. This 
type of reactor was also used by Srifa et al. [67] for the hydro-
deoxygenation of palm oil at 573 K and 5 MPa. The components and 
materials used to build this type of reactor are described in detail by 
Herskowitz et al. [68], where the main component is stainless steel. 
Also, the BOP-linked components of a feedstock (e.g. UCO) tank include 
gas cylinders, gas/liquid separator, flowmeters, heating pump (for high- 
temperature feedstock) and controllers for the pressure and temperature 
with a suitable safety arrangement to ensure the safe procedure of the 
reactor [68]. The process starts by mixing the raw material (e.g. UCO) 
with hydrogen (under high temperature), followed by feeding the 
hydrogen/oil mixture to the reactor in the presence of a catalyst where 
the decarboxylation, decarbonylation and deoxygenation processes 
happen [65]. Then, the products are cooled down by a heat exchanger 
and derived to the separation stage where the by-products and extra 
hydrogen (unreacted in the process) are removed from the resulting final 
liquid biofuel [7]. Then, the final result is directed to a suitable container 
[69].

Fig. 3. The typical value chain of HVO produced from GH2 and UCO.
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2.2.3. Feedstock supply
Different raw materials can be used to produce HVO such as virgin 

oils, UCO, animal manure and sewage sludge, nut shells, biomass frac-
tion of wastes and residues from forestry, forest-based industries and 
animal fats [70]. In this study, UCO is considered as feedstock for the 
main scenario of the HVO production process, with a capacity of 305 k 
tons of feedstock supply per year for the total project assumed in the 
current study. Additionally, the use of virgin oil is also examined for 
comparison with the UCO scenario.

2.2.3.1. UCO feedstock. In general, the providers of UCOs are, for 
example, restaurants, nutrient industries, and oil recycling centres. UCO 
comes from the wasted vegetable oils (e.g. soybean, corn, olive, sesame 
oils, etc.) after frying in restaurants, houses, and other sources. After 
collecting, the feedstock material is stored and then sent to the HVO 
production plant by suitable transportation such as trucks, ships or rail. 
Then, the feedstock material is stored at the HVO place facility for the 
pre-treatment process. Therefore, the boundaries of the HVO production 
system, particularly regarding the UCO, involve the pre-treatment pro-
cess of the oils (energy and materials needed) and the requirements of 
transportation (collecting) the mentioned amount of UCO. However, it is 
considered for this study that the UCO supply is coming from different 
locations to the proposed project site in Portugal (for the current study), 
mainly 30 % of UCO from Portugal, 40 % from Spain, 10 % from Rot-
terdam Seaport in Netherlands and 20 % from Malaysia. These four 
destinations for oil imports are determined based on Portuguese na-
tional data, which identifies the countries that supply the highest 
amount of UCO to Portugal [71]. The distances considered for the 
transport stage of the UCO to the HVO plant were 626 km from Madrid 
to Lisbon (Spain case), 200 km from Aveiro to Lisbon (Portugal case), 
2000 km from the seaport of Rotterdam to Lisbon (Netherlands case) 
and 13000 km from Malaysia to Lisbon (Malaysia case). The transport 
cases of Spain and Portugal are executed by road transport in a lorry 

with 7,5 to 16 metric tons of capacity. The transport cases of 
Netherlands and Malaysia are made by sea transportation, in a container 
ship.

Furthermore, the main known steps for UCO pre-treatment are 
filtration, degumming, bleaching and final washing [72–74]. First, the 
UCOs are often filtered to remove solid impurities and contaminants. 
Sodium Hydroxide (NaOH) and Phosphoric Acid (H3PO4) were used for 
degumming where occurs a reaction with the phospholipids in the oil to 
form soaps, which are then removed along with other impurities during 
subsequent washing steps. Next, the activated carbon, which features a 
high surface area and pore structure is used for bleaching which allows 
the adsorption of a wide range of impurities, including colour pigments 
and odours. In the end, water is applied for the final washing. Also, it 
should be mentioned that, in this study, all the energy used for the pre- 
treatment process of the UCO feedstock comes from RES for the main 
scenario.

2.2.3.2. Virgin oil feedstock (Palm oil). In this study, Palm oil, which is a 
virgin vegetable oil feedstock, is chosen for comparison purposes with 
the use of UCO as one of the most used raw materials to produce bio-
fuels. Palm oil features a higher production yield compared to other 
virgin vegetable oils, and it requires less fertilizers, water and pesticides 
for its planting and cultivation [75]. Palm oil production also requires 
less sunlight and can achieve an average annual yield of 4220 kg/ha 
[9,76]. For its production, fresh fruit bunches are harvested, sterilized 
and dismembered into empty fruits. The result is then pressed, giving 
rise to palm oil [49]. From 2000 to 2020, the global palm oil harvested 
area increased from 10,40 to 28,74 million hectares at a rate of around 
0,92 Mha (million hectares) per year but despite this and considering its 
economic benefits, its production is associated [77] with deforestation, 
huge fires, greenhouse gas emissions, soil erosion and the consequent 
loss of biodiversity and fertility, as well as the loss of animal biodiversity 
[78]. The use of palm oil for the production of biofuels is often criticized 
due to the competition that exists with food agriculture and the conse-
quent use of large areas of land for its cultivation and extraction.

However, after the cultivation and extraction of Palm oil, it is also 
collected, stored and sent to the HVO production plant by suitable 
transportation. Then, similar to UCO, the Palm oil is driven to the HVO 
place facility for the pre-treatment process. In this study, considering the 
Portugal case, Palm oil supply is transported to the proposed project site 
(of the current study) by sea in a container ship from Indonesia through 
a distance of 16,000 km.

2.2.3.3. Electricity supply. The electricity supply to the total systemis 
powered by renewable energy sources (50/50 wind/PV sources in 
Portugal), described in Fig. 4. The total capacity of the wind/PV power 
plant is 180 MW. The input data for the renewable energy harvested are 

Table 3 
Reactor operation inputs and outputs for the HVO production process.

Input type Kalnes et al. 
[56]

Roque et al. [9] and 
[57]

Xu et al. [58]
(2022)

Gehrer et al. 
[59]

Xu et al.[60]
(2020)

Neste Oil 
[61]

Sierk de Jong et al. 
[62]

Feedstock (t/t RD) 1.02–1.14 1.19 1.26 1.22 1.18 1.21 1.17
Hydrogen (kg/t RD) 17–38 42 34 32 38 38 47
Electricity (MJ/t 

RD)
 107 430 220 382  224

Steam (MJ/t RD)  29  196   
Water (kg/t RD)  29   208  

Output type  
HVO ✓ ✓ ✓ ✓ ✓ ✓ ✓
Propane ✓ ✓ ✓ ✓ ✓ ✓ ✓
Naphtha ✓  ✓  ✓ ✓ ✓
Fuel Gas   ✓    
Gasoline  ✓     
Kerosene ✓      

Table 4 
The operation inputs and outputs for the HVO production process in the current 
study based on previous studies [56–59,61,62].

Current study
Input type Input value per kg 

HVO
Output type Output value per kg 

HVO

UCO 
Feedstock

1.2 kg Renewable Diesel 
(RD)

1 kg HVO

Hydrogen 0.042 kg Renewable Propane 0.058 kg
Electricity 0.272 MJ Renewable 

Naphtha
0.011 kg

Steam 0.1125 MJ Water 0.14 kg
Distilled 

water
0.116 kg Other 0.13 kg
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found in the ecoinvent version 3 in the SimaPro database. Also, the 
location of the suggested project in Portugal (in the current study) is 
considered for conditions such as wind velocity, solar radiation varia-
tion, and lifetime for their influence on the environmental categories of 
the total renewable diesel production system.

For the electricity grid mix from Portugal, 2023 data were considered 
and applied in SimaPro software. Knowing that Portugal imports some 
electricity from Spain, 8 % of the mix was considered regarding Spain 
data and the rest (92 %) is from Portugal generation. Below, in Tables 5 
and 6, are presented the values of the generation of electricity in each 
country in the year 2023 by fuel.

2.2.3.4. The electrolyser system for hydrogen production. So far, 
hydrogen has been recognized as an important energy carrier, and 
ongoing advancements in its production, storage, and utilization tech-
nologies are underway, underscoring its significance [81]. The water 
electrolysis process has been commonly used to produce hydrogen since 
the beginning of the 19th century [82]. In general, the electrolyser 
system consists of merged cells of electrodes linked to DC voltage elec-
trical energy. The electrodes are the cathodes where hydrogen is 
released and the anodes where the oxygen is released. Also, electrolytes 
and catalyst materials are employed in the electrolysis procedure to 
increase the hydrogen production efficiency [26]. The electrodes are 
parted by a layer of membrane-bounded into a liquid electrolyte of 
Hydroxide Potassium (KOH), mainly 25 wt% aqueous KOH for the 
current study. The working principle is mainly that the hydroxide ions 
(OH− ) are firstly created at the cathode and across the membrane ma-
terial to the anode side, resulting in hydrogen at the cathode side [83]. 
In the second step, the oxygen and hydrogen bubbles are emitted by the 
oxidization reaction of the water particles [90]. However, the features of 
ALE are mainly that it requires low operating temperatures from 30 to 
80 ◦C, and the cheaper materials of its components (e.g. asbestos 
membrane and nickel electrodes) [29–31].

The hydrogen project presented in this study is designed with a 
power capacity of 60 MW, categorizing it as a large-scale facility. This 
60 MW capacity, generated by the wind/PV power plant, is required to 

sustain the electrolysis process, enabling the production of hydrogen at a 
rate sufficient to meet the demands of the HVO production process. The 
electrolysis model was selected to be four units of 15 MW capacity each. 
The unit involves 10 stacks with 139 cells [84]. The lifetime of the stack 
is considered 10 years. The information regarding the materials mass of 
the ALE components and operating inputs was gathered from the man-
ufacturers and through upscaling data inputs for other conducted pro-
jects for ALE systems [23]. Furthermore, the technical description of the 
ALE system was specified relying on correlated publications and man-
ufacturers. The used electrolyser in this study is the pressurized ALE 
which has been showing good performances with a maximum efficiency 
of 80.05 % [23,85,86]. The components like the cell frame, gasket, 
anodes, and cathodes and their materials such as Nickel, Steel, 
Aluminium, Copper etc, are summarised in Fig. 5.

Additionally, the Balance of Plant (BoP) for the electrolysis system 
contains the tanks, heat exchangers, pumps, electronic equipment and 
filters that are considered in the current study, where the total energy 
efficiency of the electrolysis system including BoP becomes 72.4 %.

2.2.3.5. Waste treatment. To lessen environmental impact and costs in 
HVO and GH2 production, it is crucial to minimise material usage across 
the system’s life cycle. This involves recycling the components used in 
the reactor and electrolysis systems, particularly steel, copper, nickel 
and plastics, as outlined in Ferriz’s study [87]. Techniques like hydro-
metallurgical processes for Raney Ni and grinding Polytetrafluoro-
ethylene (PTFE) for reuse are viable. Lotric et al. [47] suggested a 
strategy for waste treatment in hydrogen production that is followed 
here, involving manual dismantling and material recovery. Therefore, 
recycling, reused and landfill rates are three approaches to treat the 
waste materials at the end of the life of system components. In this study, 
steel, copper, nickel and plastics are estimated to be treated as presented 
in Table 7, based on industry standards and literature. At the same time, 
most other materials are targeted for 99 % recycling and 1 % disposal in 
landfills. The landfills scenario is used as an inert waste for final disposal 
without further treatment. For example, 60 % of the steel will be reused 
in other cases, 35 % will be recycled to be transformed into other 
equipment and the remaining 5 % will be disposed of in the landfill.

Landfill disposal was only considered when material recovery or 
recycling was not viable. It’s worth noting that most steel materials that 
serve as frameworks and householding can be reused in future projects, 
while any remaining steel is recycled.

3. Results and discussion

In this section, the environmental impacts of the life cycle stages of 
HVO production are assessed in detail per 1 kg of HVO unit basis.

3.1. Environmental impacts of the total life cycle stages

Fig. 6 presents the environmental impacts across the total life cycle 
stages of HVO production (UCO case with RES and Grid mix), encom-
passing construction, disposal, and operation. This evaluation includes 
the electricity supply requirements and other operational necessities like 

Fig. 4. Hybrid solar and wind electricity sources for GH2 production.

Table 5 
2023 Portugal electricity generation mix.

2023 Portugal electricity generation [79] TWh Percentage

Other fossil fuels (Petroleum) 1,53 3,1%
Wind onshore 13,48 27,2%
Solar 5,21 10,5%
HydroPower 15,03 30,3%
Bioenergy 3,85 7,8%
Natural gas 10,3 20,8%
Other renewables 0,2 0,4%
Total 49,6 100 %

Table 6 
2023 Spain electricity generation mix.

2023 Spain Electricity Generation [80] TWh Percentage

Other fossil fuels 12,16 4,44 %
Wind onshore 62,97 22,97 %
Solar 42,23 15,41 %
HydroPower 31,04 11,32 %
Bioenergy 4,67 1,70 %
Nuclear 57,74 21,07 %
Natural gas 59,9 21,85 %
Coal 3,38 1,23 %
Total 274,09 100 %
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steam, water and materials, as discussed in section 2.2 for HVO pro-
duction, also feedstock pre-processing, electricity supply and electro-
lyser systems. The results indicate that the transport of feedstocks exerts 
the most significant influence on environmental impacts for UCO case 
which is mainly due to the use of fossil fuel for transportation over long 
distances. Transportation contributed around 37 % of the total GWP for 
UCO with PV/Wind electricity source and 20 % for UCO with grid mix 
electricity source, where the transport contribution to the GWP is 
because of the use of fossil fuels in trucks and ships needed. Those 

Fig. 5. Components and input materials for the water electrolysis system.

Table 7 
The waste treatment rates for select materials utilised in the system [47].

Material Reused Recycled Landfill

Steel 60 % 35 % 5 %
Aluminium 0 96 % 4 %
Copper 0 97 % 3 %
N-methyl-2 0 84 % 16 %
Aniline 0 50 % 50 %
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Fig. 6. Environmental impacts (per kg HVO) for the total LCA of HVO pro-
duction for UCO case using electricity from a) PV/Wind, b) Grid mix, Where: 
GWP: Global warming potential, ODP: Ozone depletion. HTnc: Human toxicity, 
non-cancer effects. HTc: Human toxicity, cancer effects. PM: Particulate matter. 
IRH: Ionizing radiation HH. IRE: Ionizing radiation E (interim). POF: Photo-
chemical ozone formation. AP: Acidification. EPter: Terrestrial eutrophication. 
EPfw: Freshwater eutrophication. EP sw: Marine eutrophication. FEW: Fresh-
water ecotoxicity. LU: Land use. WRD: Water resource depletion. MFRDP: 
Mineral, fossil & ren resource depletion.
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Fig. 7. Environmental impacts (per kg HVO) for the total LCA of HVO pro-
duction for Palm Oil case using electricity from a) PV/Wind, b) Grid mix, 
Where: GWP: Global warming potential, ODP: Ozone depletion. HTnc: Human 
toxicity, non-cancer effects. HTc: Human toxicity, cancer effects. PM: Particu-
late matter. IRH: Ionizing radiation HH. IRE: Ionizing radiation E (interim). 
POF: Photochemical ozone formation. AP: Acidification. EPter: Terrestrial 
eutrophication. EPfw: Freshwater eutrophication. EP sw: Marine eutrophica-
tion. FEW: Freshwater ecotoxicity. LU: Land use. WRD: Water resource deple-
tion. MFRDP: Mineral, fossil & ren resource depletion.
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impact percentages associated with the transportation stage become 
lower in the case of Palm Oil, as presented in Fig. 7, as an additional 
stage of cultivation and extraction of the feedstock was added.

Additionally, the impact values of using two different electricity 
sources show different percentages across the total life cycle stages, as 
depicted in Fig. 6 for the UCO case and Fig. 7 for the Palm Oil case, 
because of changing the electricity input option (firstly the PV/Wind 
and second the Grid-mix) required in the stages of Pre-treatment of 
feedstock, Hydrogen production and HVO production. Moreover, the 
waste treatment stage shows negligible impacts with less than 1 % of the 
total life cycle stages, as can be seen in Figs. 6 and 7 (in blue colour).

Moreover, the four scenarios adapted for considering two different 
feedstocks and two electricity sources will lead to obtaining different 
final absolute values of the resulting 16 environmental impacts, as 
presented in Table 8. In the case of UCO and PV/Wind (Scenario 1), the 
results of environmental impacts showed the lowest values compared to 
the other three scenarios. Also, it can be seen that using PV/Wind as an 
electricity source lowers the environmental impact values for both UCO 
and Palm Oil cases. Furthermore, having an additional stage required for 
the cultivation and extraction of Palm Oil led to higher environmental 
impacts for the scenarios involving Palm Oil compared to UCO, reaching 
the maximum impact values for Scenario 4.

Furthermore, given that GWP holds considerable importance in LCA 
investigations, Fig. 8 illustrates the GWP outcomes for the four scenarios 
of HVO production. The total GWP of the entire LCA employing UCO 
with PV/Wind electricity exhibits the lowest GWP value of 0.304 kg CO2 
eq/kg HVO, followed by UCO with Grid mix electricity for a value of 
0.5319 kg CO2 eq/kg HVO. Next, the Palm Oil case with PV/Wind 
electricity for a value of 0.533 kg CO2 eq/kg HVO, and the largest value 
for the Palm Oil with Grid mix electricity of about 0.748 kg CO2 eq/kg 
HVO. These findings confirm the substantial influence of the electricity 
source and feedstock type on GWP values across the four scenarios. The 
results of our LCA analysis highlight significant differences in the GWP 
of HVO production depending on the feedstock and energy source used. 
The scenario utilizing UCO with PV/Wind electricity achieved the 
lowest GWP value of 0.304 kg CO2 eq/kg HVO, aligning well below the 
RED II and RED III (European Renewable Energy Directives of 2018 and 
2023, respectively) [40] thresholds for advanced biofuels, which 
mandate a minimum of 65 % (fossil diesel normally emits around 1.18 
kg CO2 eq/kg diesel) GHG savings compared to fossil fuels. In contrast, 
UCO with grid mix electricity showed a slightly higher GWP of 0.5319 
kg CO2 eq/kg HVO but remains competitive and within the sustain-
ability benchmarks.

However, the scenarios using palm oil as feedstock demonstrate 
considerably higher GWP values, with 0.533 kg CO2 eq/kg HVO for PV/ 
Wind electricity and 0.748 kg CO2 eq/kg HVO for grid mix electricity. 

These figures may struggle to meet the RED III requirements, especially 
given the directive’s stricter sustainability criteria and focus on mini-
mizing indirect land-use change impacts. These results underscore the 
importance of feedstock selection and renewable energy integration in 
ensuring compliance with European targets and maximizing the envi-
ronmental benefits of HVO production.

Also, the results in Fig. 8 show that the Pre-treatment stage of the 
feedstock results in here 0.081 kg CO2 eq/kg HVO for the use of PV/ 
Wind electricity source, and 0.093 kg CO2 eq/kg HVO for the use of grid 
electricity source that it is almost equal for UCO and Palm Oil feedstock 
types. Those obtained values for the Oil feedstock pre-treatment process 
are close to the findings in the literature for HVO production [72]. Also, 
the HVO production stage presented a 0.0175 kg CO2eq./kg HVO for the 
use of PV/Wind electricity source, very close to the values found by 
Roque et al. [9] (0.018), Xu et al. (0.029 kg CO2/kWh) [58] and Sierk De 
Jong et al. (0.025 kg CO2/kWh) [62]. Related to the extraction stage of 
palm oil, the high contribution to the GWP (0.18 kg CO2 eq per kg HVO) 
was mainly due to the use of fossil fuels in the machinery used for the 
cultivation and extraction of vegetable oils.

In this regards, Roque et al. [9] conducted a LCA of HVO production 
based on soybean and palm oil. The hydrogen used for production was 
obtained by natural gas reforming process. The results showed great 
contributions to GWP in the stages of cultivation and extraction (350 kg 
CO2 eq./1000 kWh for soybean and 100 kg CO2 eq./1000 kWh for palm) 
of the vegetable oils and in the transport stage (90 kg CO2 eq./1000 kWh 
for Soybean and 15 kg CO2 eq./1000 kWh for Palm in land trans-
portation and 60 kg CO2 eq./1000 kWh for both Soybean and Palm in 
sea transportation). The GWP of soybean cultivation was four times 

Table 8 
Environmental impacts (per kg of HVO) for the total LCA of HVO production.

Scenario 1 Scenario 2 Scenario 3 Scenario 4

Environmental Impact Abbreviation Unit Total LCA 
UCO and PV/Wind

Total LCA 
UCO and Grid mix

Total LCA 
Palm oil and PV/Wind

Total LCA 
Palm oil and Grid mix

Global warming potential GWP kg CO2 eq 3.0E-01 5.32E-01 5.33E-01 7.5E-01
Ozone depletion ODP kg CFC-11 eq 3.6E-08 6.5E-08 4.2E-08 6.9E-08
Human toxicity, non-cancer effects HTnc CTUh 1.9E-07 9.5E-08 1.8E-07 9.3E-08
Human toxicity, cancer effects HTc CTUh 6.3E-08 3.7E-08 6.6E-08 4.1E-08
Particulate matter PM kg PM2.5 eq 2.6E-04 2.8E-04 4.9E-04 5.1E-04
Ionizing radiation HH IRH kBq U235 eq 2.3E-02 5.0E-02 2.5E-02 5.0E-02
Ionizing radiation E (interim) IRE CTUe 1.0E-07 1.7E-07 1.2E-07 1.9E-07
Photochemical ozone formation POF kg NMVOC eq 1.6E-03 8.2E-03 6.8E-03 1.3E-02
Acidification AP molc H+eq 2.9E-03 3.9E-03 9.7E-03 1.1E-02
Terrestrial eutrophication EP ter molc N eq 5.7E-03 7.0E-03 2.6E-02 2.8E-02
Freshwater eutrophication EP fw kg P eq 1.4E-04 9.5E-05 1.4E-04 1.0E-04
Marine eutrophication EP sw kg N eq 5.3E-04 6.5E-04 2.4E-03 2.5E-03
Freshwater ecotoxicity FWE CTUe 3.5E+01 6.8E+00 3.5E+01 8.2E+00
Land use LU kg C deficit 7.7E+00 2.2E+00 8.0E+00 2.7E+00
Water resource depletion WRD m3 water eq 1.3E-03 3.4E-03 1.1E-03 3.3E-03
Mineral, fossil & ren resource depletion MFRDP kg Sb eq 3.2E-05 1.3E-05 3.2E-05 1.4E-05

0 0.2 0.4 0.6 0.8
GWP kg CO2 eq/ kg HVO

HVO Production H2 Production
Feedstock Pretreatment Feedstock transportation
Palm Oil -Cultivation and Extraction

UCO- Grid mix

Palm Oil- PV/Wind

UCO- PV/Wind
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Fig. 8. GWP (kg CO2 eq per kg HVO) for the total LCA of the value chain of 
HVO production for the four scenarios.
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bigger when compared to palm. In the step of hydrogen production 
based on natural gas reforming, carbon emissions are associated too and 
were an important contribution to the GHG emissions (15 kg CO2 eq./ 
1000 kWh for both palm and soybean).

However, the variation in emissions results of different vegetable oils 
(from different LCA studies) is due to carrying emissions from various 
inputs such as chemicals, diesel, electricity, and water used during the 
cultivation stage of the crops. The latter was discussed by R. Chatterjee 
et al. [75] for the use of rapeseed oil, palm oil and jatropha as feedstocks 
to produce HVO. The resulting GWP was lower for HVO produced from 
Palm oil (380 g CO2 eq./kWh) and higher for HVO produced from 
Rapeseed and Jatropha (700 g CO2 eq./kWh and 590 g CO2 eq./kWh 
respectively). In addition, Sierk de Jong et al. [62] focused on the pro-
duction of renewable jet fuel (SAF – Sustainable Aviation Fuel, also a 
HVO). The hydrogen considered for the SAF production process was 
achieved by the steam methane reforming process. UCOs, Jatropha and 
Camelina were the feedstocks considered. The results showed that the 
GHG emissions reductions exceeded 60 % compared to fossil jet fuel. 
Jatropha (30 g CO2 eq./MJ) and camelina (20 g CO2 eq./MJ) showed 
particularly high cultivation emissions.

Also, hydrogen production is found to be an important contributor to 
the overall GHG emissions. Furthermore, using the UCO (from waste 
residues) shows better emission mitigation potential than virgin oils (e. 
g. food crops that interfere with agriculture), because of low emissions 
related to fertilizer use, feedstock cultivation or feedstock collection.

3.2. Environmental impacts of the H2 production stage

The results presented in Table 9 illustrate the environmental impacts 
encompassing the entire life cycle of hydrogen production, including the 
construction, disposal, and operation stages. In this evaluation of the 
overall hydrogen production system, factors such as electricity supply 
and additional operational necessities like steam, KOH, and nitrogen are 
taken into account. Nitrogen is utilized for washing the electrolyser 
system during its working phase. It can be also noticed from Table 9
higher environmental impacts for the use of the Grid mix option 
compared to PV/Wind case.

Also, the results presented in Fig. 9 for the contribution of each 
operation factor (steam, nitrogen, electricity input, KOH, ALE 

Construction and Disposal stage) reveal that the PV/Wind electricity 
supply exerts the most significant influence on various environmental 
impacts, contributing approximately 98 %. This underscores the lesser 
significance of certain operational requirements (steam, KOH, and ni-
trogen) compared to electricity supply.

In addition, the results of GWP presented in Fig. 10 for the hydrogen 
production stage show that the total GWP using PV/Wind (with the 
value of 2.34 kg CO2 eq/Kg H2) is demonstrated to be lower than the use 
of grid mix electricity supply option (with the value of 7.51 kg CO2 eq/ 
Kg H2) by around 5.17 kg CO2 eq/Kg H2 decrease (69 % decrease). The 
results confirmed the good choice of using PV/Wind for electricity 
supply for better environmental performance compared to the electricity 
grid mix.

The present research reveals a GWP value of 2.34 kg CO2 eq./kg H2 
for ALE hydrogen production, marking a significant 80 % decrease 
compared to the conventional method of steam methane reforming, 
which stands at around 11.89 kg CO2 eq./kg H2 [88]. However, the GWP 
value of hydrogen production varies notably across different studies due 
to factors such as total capacity, energy source, location, and materials 
used in electrolyser systems. For instance, Sadeghi et al. [22] identified a 
GWP value of 3.1 kg CO2 eq./kg H2 for a hydrogen production system 
utilizing PV solar power. Also, Zhang et al. [89] noted a fluctuating GWP 
value ranging between 8.67 and 4.33 kg CO2 eq./kg H2, depending on 
the system’s lifetime changing from 30 to 60 years, for an electrolysis 
system based on PV power.

3.3. Environmental impacts of only the HVO production stage

The results regarding only the HVO production stage are presented in 
Fig. 11, considering only the scenarios involving UCO utilization – a) 
UCO with PV/Wind energy supply and b) UCO with grid mix energy 
supply. It can be seen that, in the first case, steam is responsible for the 
bigger part of the environmental impacts. In the case of the grid mix 
energy supply, the energy input is also a big part of the environmental 
contributions, reaching a similar value like steam. The catalyst shows a 
very low value in this contribution and the reactor materials (for the 
construction of the systems) are almost insignificant in the total 
landscape.

3.4. Normalization

The process of normalization is executed, and the outcomes for HVO 
production, utilizing UCO feedstock and electricity from Photovoltaic 
(PV)/Wind sources, are depicted in Fig. 12. This figure represents the 
stages of the entire process. The normalization analysis takes into ac-
count 16 different environmental impacts. Very low normalized values 
can be observed of about 0.043 (the sum of the 16 environmental im-
pacts) for all stages. The results indicate that FWE has the most signif-
icant contribution to the normalized environmental impacts with 
around 0.02 value. Additionally, Human Toxicity impacts (both 
cancerous, HTc, and non-cancerous, HTcn) also make a substantial 
contribution to the overall normalized results, accounting for approxi-
mately 0.022 (for the sum of both HTc and HTcn) of the annual impacts 
of an average EU citizen. However, the life cycle of the entire HVO 
production system over 20 years represents less than 4.5 % (the highest 
value obtained) of the annual impacts of an average EU citizen, ac-
cording to the EU Product Environmental Footprint (PEF), which can be 
considered a good outcome.

3.5. Sensitivity analysis

In this section, a sensitivity analysis is performed to check the data 
uncertainties for the HVO production process based on the UCO and PV/ 
Wind electricity supply scenario, including all the stages (operation, 
construction, and disposal). Therefore, the sensitivity analysis considers 
the HVO system boundaries that may change based on the operation 

Table 9 
Environmental impacts (per kg H2) for the H2 production.

Environmental Impact Abbreviation Unit PV/ 
Wind

Grid mix

Global warming potential GWP kg CO2 eq 2.4E+00 7.6E+00
Ozone depletion ODP kg CFC-11 

eq
2.6E-07 9.1E-07

Human toxicity, non- 
cancer effects

HTnc CTUh 2.9E-06 7.2E-07

Human toxicity, cancer 
effects

HTc CTUh 1.0E-06 4.5E-07

Particulate matter PM kg PM2.5 
eq

2.6E-03 3.1E-03

Ionizing radiation HH IRH kBq U235 
eq

2.1E-01 8.1E-01

Ionizing radiation E 
(interim)

IRE CTUe 7.7E-07 2.4E-06

Photochemical ozone 
formation

POF kg NMVOC 
eq

1.0E-02 1.6E-01

Acidification AP molc H+eq 2.1E-02 4.6E-02
Terrestrial eutrophication EP ter molc N eq 3.3E-02 6.3E-02
Freshwater eutrophication EP fw kg P eq 1.6E-03 6.4E-04
Marine eutrophication EP sw kg N eq 3.1E-03 5.7E-03
Freshwater ecotoxicity FWE CTUe 7.1E+02 6.8E+01
Land use LU kg C deficit 1.7E+02 4.0E+01
Water resource depletion WRD m3 water 

eq
2.1E-02 7.3E-02

Mineral, fossil & ren 
resource depletion

MFRDP kg Sb eq 5.4E-04 1.1E-04
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conditions, mainly significant boundaries such electricity and steam. 
Also, sensitivity analysis considers the change that may happen in the 
collection of UCO feedstock, where it is considered here that all the UCO 
are collected from Portugal, thus the transportation stage is analysed. 
Thus, a Tornado chart is created for the total GWP indicator that has 
been chosen for the sensitivity analysis as the most critical and known 
parameter among the 16 environmental impacts. The variations of the 
input boundary parameters are presented in Table 10. The ranges shown 
for parameters 1 and 2 in Table 10 are due to the variation of the data 
obtained for the HVO production stage (presented in Table 3). There-
fore, the uncertainty of the electricity consumption is assumed here to 
range between 100 and 400 MJ/t HVO, while the uncertainty of the 
steam input is assumed here to be between 20 and 200 MJ/t HVO. In 
addition, another transportation scenario of having 100 % of UCO 
collected in Portugal is considered for the sensitivity analysis and 
compared to the transportation scenario previously conducted (30 % of 
UCO from Portugal, 40 % of UCO from Spain, 10 % of UCO from Rot-
terdam Seaport in the Netherlands and 20 % of UCO from Malaysia).

The resulting Tornado chart in Fig. 13 displays the range of the GWP 
changes according to each associated boundary parameter value in 
Table 10. It can be observed that the HVO production can be derived the 
most by the new transportation scenario of UCO collected totally in 
Portugal up to 0.048 kg CO2 eq./kg HVO (with a final value of 0.256 kg 
CO2 eq./kg HVO). Also, the steam uncertainty required in the HVO 
production stage showed a range of variation between 0.313 and 0.295 

kg CO2 eq./kg HVO. Furthermore, the GWP showed a range between 
3.06 and 3.02 kg CO2 eq./kg HVO based on the electricity consumption 
in the HVO production stage.

Fig. 9. Environmental impacts per kg H2 of the hydrogen production stage using PV/wind power. Where: GWP: Global warming potential, ODP: Ozone depletion. 
HTnc: Human toxicity, non-cancer effects. HTc: Human toxicity, cancer effects. PM: Particulate matter. IRH: Ionizing radiation HH. IRE: Ionizing radiation E 
(interim). POF: Photochemical ozone formation. AP: Acidification. EPter: Terrestrial eutrophication. EPfw: Freshwater eutrophication. EP sw: Marine eutrophication. 
FEW: Freshwater ecotoxicity. LU: Land use. WRD: Water resource depletion. MFRDP: Mineral, fossil & ren resource depletion.

Fig. 10. GWP of the hydrogen production stage for electricity input from PV/ 
wind power compared to Grid mix.
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Fig. 11. Environmental impacts (per kg HVO) for the HVO production stage for 
UCO using electricity from a) PV/Wind, b) Grid mix. Where: GWP: Global 
warming potential, ODP: Ozone depletion. HTnc: Human toxicity, non-cancer 
effects. HTc: Human toxicity, cancer effects. PM: Particulate matter. IRH: 
Ionizing radiation HH. IRE: Ionizing radiation E (interim). POF: Photochemical 
ozone formation. AP: Acidification. EPter: Terrestrial eutrophication. EPfw: 
Freshwater eutrophication. EP sw: Marine eutrophication. FEW: Freshwater 
ecotoxicity. LU: Land use. WRD: Water resource depletion. MFRDP: Mineral, 
fossil & ren resource depletion.
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4. Conclusions

In this study, a LCA for HVO production based on GH2 and UCOs as 
feedstock is conducted for the Portugal case. The environmental impacts 
were evaluated based on the operation, requirements, and construction 
components for the procedure stages of the feedstock collection, pre- 
treatment, transportation, hydrogen electrolysis production and HVO 
production. The scenario of using UCO and PV/Wind energy supply for 
GH2 and HVO production is compared with the additional three sce-
narios involving the use of virgin palm oil and the electricity grid mix in 
Portugal.

The LCA results demonstrated that the transportation stage, pri-
marily due to fossil fuel use in trucks and ships, constitutes about 37 % of 
the total GWP (with the most significant influence on environmental 
impacts) for UCO with PV/wind electricity case and 20 % for UCO with 
grid mix electricity case. Furthermore, in Scenario 1 where UCO is 
combined with PV/Wind energy, the environmental impacts are the 
lowest among the four scenarios. Additionally, utilizing PV/Wind en-
ergy reduces the environmental impacts for both UCO and Palm Oil 
cases. However, the extra stage needed for the cultivation and extraction 
of Palm Oil results in higher environmental impacts for scenarios 
involving Palm Oil compared to UCO. The LCA reveals the lowest GWP 
at 0.304 kg CO2 eq/kg HVO for UCO with PV/Wind electricity scenario. 
UCO with grid mix follows at 0.532 kg CO2 eq/kg HVO, then Palm Oil 
with PV/Wind at 0.533 kg CO2 eq/kg HVO, and the highest is Palm Oil 
with grid mix at 0.748 kg CO2 eq/kg HVO. This emphasizes the critical 
impact of electricity sources and feedstock on GWP values of HVO 
production.

For the hydrogen production stage, the PV/Wind electricity supply is 
the dominant factor in environmental impacts, contributing about 98 %, 
overshadowing other operational inputs like steam, KOH, and nitrogen. 
The research shows that ALE GH2 production achieves a GWP of 2.34 kg 
CO2 eq./kg H2, which is an 80 % reduction from the SMR method.

For the HVO production stage, steam contributes the most to envi-
ronmental impacts in the UCO with PV/Wind energy scenario, while in 
the grid mix energy scenario energy input similarly matches steam in its 
environmental contribution. The catalyst has a minimal impact, and 
reactor materials are nearly insignificant.

The normalization analysis across 16 environmental impacts shows 
consistently low values around 0.043 for all stages, with FWE contrib-
uting the most at approximately 0.02.

The sensitivity analysis demonstrated that the new transportation 
scenario for UCO collected entirely in Portugal results in lower HVO 
production emissions of 0.256 kg CO2 eq./kg HVO. Also, uncertainty in 
steam usage during HVO production varies between 0.313 and 0.295 kg 
CO2 eq./kg HVO. Additionally, GWP ranges from 3.06 to 3.02 kg CO2 
eq./kg HVO based on electricity consumption in the production stage.

Our study focuses on the LCA of HVO production in Portugal, high-
lighting its importance in addressing global decarbonization efforts. As a 
renewable diesel fuel produced from waste feedstocks like UCO, HVO 
offers significant greenhouse gas emission reductions, aligning with EU 
targets such as the Fit for 55 package and RED II and III. By conducting 
an LCA, our research evaluates the environmental impacts across the 
entire production process, providing transparency and identifying op-
portunities for optimization, particularly in leveraging local feedstocks 
and renewable energy sources like PV and wind.

This study is especially relevant for Portugal, where HVO production 
could reduce fuel import dependency, create circular economy oppor-
tunities, and integrate emerging technologies like green hydrogen. On a 
broader European scale, our findings contribute to harmonized biofuel 
assessment methods, fostering collaboration and investment in 
advanced biofuels. In 2024, as decarbonization deadlines approach, this 
work empowers stakeholders with the insights needed for evidence- 
based policies and sustainable energy decisions.

Future studies on HVO production could explore innovative oppor-
tunities, such as optimizing decentralized facilities to reduce logistics- 
related carbon footprints. Research could assess trade-offs between 
waste-based feedstocks like used cooking oils and animal fats to improve 
supply chain strategies. Co-locating HVO plants with renewable energy 
facilities offers potential synergies for efficiency and cost savings, while 
analysing social and economic benefits in rural areas could further 
support policy development.

Other promising avenues include advanced carbon capture integra-
tion for emission reductions, emerging catalytic technologies to enhance 
production efficiency, and evaluating the long-term impacts of large- 
scale production on feedstock availability and land use. Comparative 
studies with other advanced biofuels and exploring circular economy 

Fig. 12. The normalization of environmental impacts per kg HVO for total LCA 
for the scenario UCO and PV/Wind. Where, GWP: Global warming potential, 
ODP: Ozone depletion. HTnc: Human toxicity, non-cancer effects. HTc: Human 
toxicity, cancer effects. PM: Particulate matter. IRH: Ionizing radiation HH. IRE: 
Ionizing radiation E (interim). POF: Photochemical ozone formation. AP: 
Acidification. EP ter: Terrestrial eutrophication. EP fw: Freshwater eutrophi-
cation. EP sw: Marine eutrophication. FEW: Freshwater ecotoxicity. LU: Land 
use. WRD: Water resource depletion. MFRDP: Mineral, fossil & ren 
resource depletion.

Table 10 
The ranges of parameters for sensitivity analysis.

Parameters Unit Ranges

Electricity by year 100–400 MJ/t HVO
Steam − 20–200 MJ/t HVO

0.254 0.267 0.279 0.292 0.304 0.317 0.329 0.342 0.354

Electricity

Steam

Transportation

kg CO2 eq./kg H2

Sensitivity Analysis

Fig. 13. Sensitivity analysis for GWP of the HVO production.
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frameworks, such as repurposing industrial by-products, could also 
drive innovation and sustainability in HVO production.

CRediT authorship contribution statement

Wagd Ajeeb: Writing – review & editing, Writing – original draft, 
Visualization, Validation, Software, Methodology, Investigation, Formal 
analysis, Data curation, Conceptualization. Diogo Melo Gomes: Writing 
– review & editing, Visualization, Validation, Software, Investigation, 
Conceptualization. Rui Costa Neto: Writing – review & editing, Visu-
alization, Validation, Supervision, Resources, Project administration, 
Methodology, Conceptualization. Patrícia Baptista: Writing – review & 
editing, Visualization, Validation, Supervision, Software, Methodology, 
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

This work has been supported by the Fundação para a Ciência e 
Tecnologia (FCT), Portugal through IN+, under the M-ECO2 project, 
contract nr. C632471917- 00467009, co-funded through the Resilience 
and Recovery Plan (PRR-IAPMEI).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.fuel.2025.134749.

Data availability

No data was used for the research described in the article.

References

[1] No SY. Application of hydrotreated vegetable oil from triglyceride based biomass 
to CI engines - A review. Fuel 2014;115:88–96. https://doi.org/10.1016/j. 
fuel.2013.07.001.

[2] Yadav J, Deppenkemper K, Pischinger S. Impact of renewable fuels on heavy-duty 
engine performance and emissions. Energy Rep 2023;9:1977–89. https://doi.org/ 
10.1016/j.egyr.2023.01.016.

[3] Szeto W, Leung DYC. Is hydrotreated vegetable oil a superior substitute for fossil 
diesel? A comprehensive review on physicochemical properties, engine 
performance and emissions. Fuel 2022;327(July):125065. https://doi.org/ 
10.1016/j.fuel.2022.125065.

[4] Pinto GM, et al. Experimental investigation of performance and emissions of a CI 
engine operating with HVO and farnesane in dual-fuel mode with natural gas and 
biogas. Energy 2023;277(August 2022):127648. https://doi.org/10.1016/j. 
energy.2023.127648.

[5] Pinto F, Varela FT, Gonçalves M, Neto André R, Costa P, Mendes B. Production of 
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