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A B S T R A C T

The paper presents an environmental analysis of the production process for a reconditioned catalyst for dry 
reforming of methane (DRM). This nickel-based catalyst was developed by reformulating a spent catalyst used for 
carbon monoxide oxidation. The environmental impact of its manufacture was compared with that of a catalyst 
made from raw materials with the same composition. The life cycle assessment (LCA) showed that the valori
zation pathway achieved impact reductions in 11 out of 16 categories. Within the adopted system boundaries, 
limited to catalyst production, the aggregated environmental impacts were reduced by 94% compared to primary 
production. The catalyst preparation was the main hotspot, driven by nickel precursors (58%) and energy 
consumption (22%). Sensitivity analysis showed that variations in the electricity mix influences climate change 
outcomes, while differences in aggregated environmental scores remain limited. These results demonstrate the 
potential of secondary production as a sustainable and resource-efficient pathway for catalyst manufacturing.

1. Introduction

Methane reforming is a well-established technology to produce 
hydrogen (H2) from methane (CH4). In particular, the steam reforming 
of methane (SRM) reaction is the most used, especially in oil refining 
and petrochemical plants.

SRM is based on a multi-tubular reactor, where nickel-based cata
lysts initiate a vigorous reaction between CH4 and steam at scorching 
temperatures exceeding 800 ◦C to produce synthesis gas (H2, carbon 
monoxide (CO), and carbon dioxide (CO2)). Following this initial reac
tion, the water-gas shift (WGS) takes place, seamlessly generating 
additional hydrogen to meet rising demands. The hydrogen produced 
undergoes purification through pressure swing adsorption (PSA). At the 
heart of this process there are advanced nickel catalysts, often supported 
by robust supporting materials like alumina (Al2O3), spinel (MgAl2O4) 
silica (SiO2), magnesia (MgO) or their combination. To amplify their 
effectiveness, promoters such as platinum (Pt), palladium (Pd) of other 
metals are thoughtfully incorporated, enhancing catalytic activity while 
minimizing the troublesome issue of coking. In 2023, the global demand 
for H2 for all sectors amounted to 97.2 Mton; this amount is expected to 

grow to nearly 150 Mton by 2030, thanks to the new uses such as power 
generation, buildings, transportation, and high-temperature thermal 
energy in industry, in the net zero scenario [1]. However, 
renewable-based production alone is currently limited by costs and en
ergy requirements. As mentioned, catalysis plays a crucial role in this 
industrial process; several manufacturers produce SRM catalysts, such as 
Clariant/Sűd Chemie, Johnson Matthey, Axens, BASF, and Haldor 
Topsoe. Each company has its own formulations: most of these are 
Ni-based, like ReforMaxTM 330 LDP (14%wt NiO on CaAl12O19, Clar
iant) and Katalco 57-4Q (18%wt NiO on CaAl2O4, Johnson Matthey). 
These types of catalysts are also produced with the addition of K2O as a 
promoter, which improves their activity and stability; promoters 
enhance basicity, boosting CO2 adsorption and coke gasification, thus 
significantly reducing carbon deposition and preventing catalyst deac
tivation. Nevertheless, research never stops trying to find new active 
metals and compositions, mainly aiming at reducing carbon deposition 
and poisoning, for instance by H2S, and prolonging the lifespan, with 
clear economic advantages.

Nickel-based catalysts are by far the most studied. Typical concen
trations of NiO are usually in the range 10-20%wt and must be reduced 
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before use to obtain metallic Ni. Activated carbon is one of the possible 
carriers [2]; other carriers are SiC [3], α-, β-, γ-alumina [4,5], NiAl2O4 
spinel [6], mixed MgO–Al2O3 [7], hydroxyapatite Ca5(PO4)3OH [8], or 
SiO2–Al2O3 [9]. Some catalysts were synthesized using Ni as an active 
metal deposited on rare earth elements (REEs) [10]. Other authors 
investigated the addition of precious metals like Pt as promoter [11,12] 
on REE carriers [10,13,14].

In addition, the effect of different temperatures, catalyst shapes, and 
reactor scale-up has been investigated for process optimization and 
modelling [15–17].

Nevertheless, in recent years, the dry reforming of methane (DRM) 
has gained attention due to its ability to use CO2 as a reactant, aligning 
with decarbonization strategies. The reaction is strongly endothermic: 

CH4 +CO2 ↔ 2CO+ 2H2
(
ΔH0

298 =248 kJ
/

mol
)

[Eq. 1] 

Besides that, there are other side reactions to consider in the overall 
thermodynamic model, such as reverse water-gas shift, methane 
decomposition, disproportionation of CO, and hydrogenation of CO and 
CO2. From the environmental point of view, the process is advantageous 
as it uses captured CO2, supporting carbon capture, storage, and utili
zation (CCSU) policies [18,19].

The advantages, drawbacks, technology barriers, and perspective of 
the DRM are described in Agun and Abanades [20]. As for SRM, catalyst 
deactivation and coking are the main problems for DRM catalysts, 
whereas a key limitation is the constant supply of high-grade CO2 [20]. 
Several promoters, including K, are proposed for DRM catalysts [21].

The catalysts used for DRM are very similar to those used for steam 
reforming, with nickel as the main active metal on various supports 
[22–31]. Carbon-based catalysts have been extensively synthesized and 
tested [31].

Recently, there has been increasing attention towards the possibility 
of reforming biogas, which contains around 50%vol of CH4 [32,33]. The 
best conversion results, obtained at 750 ◦C, show CH4 conversion yields 
of 83-99% and CO2 reaction rates of 92-98% [24,26,29].

On a larger scale, industrial-scale DRM projects are being developed 
(e.g. LG Chem in South Korea), using CO2 and CH4 to produce syngas 
within carbon capture and utilization schemes [34]. The new process 
will reduce the reliance on coal.

In Europe, there is a pilot plant developed at Ghent University, 
named “Superdry Reforming (SDR)”, which can convert 1 kg of CO2 per 
hour. The innovation lies in the fact that the process can convert three 
times as much CO2 per unit of CH4 [35].

Nevertheless, the idea of reusing spent catalysts for other catalytic 
processes was already demonstrated with spent fluid catalytic cracking 
catalysts (FCCCs), which were reused for DRM after impregnation with 
nickel. The final CH4 and CO2 conversion was in the 40-60% range [36].

Life cycle assessment (LCA) has recently been applied to methane 
reforming technologies, including DRM, to explore the environmental 
implication of using CH4 and CO2 as feedstock for syngas or hydrogen 
production [37,38]. These studies consistently show that the energy 
supply and feedstock choice strongly influence the overall carbon foot
print [38]. However, existing LCA works mainly focus on process 
configuration and energy integration, while the role of catalysts is 
simplified, often limited to their initial production, with regeneration 
and end-of-life stages generally excluded from the system boundaries 
[37]. Evidence from LCA works on catalyst recycling and regeneration in 
other catalytic applications show that extending catalyst lifetime can 
substantially lower environmental burdens [39–41]. However, such 
approaches have not yet been systematically applied to DRM systems, 
highlighting a clear gap that this study aims to address.

In this paper, an LCA study is performed on a Ni-based DRM catalyst 
obtained from a reformulated spent Pt-containing catalyst, promoting 
reuse before metal recovery.

The outcomes of this paper comply with the Sustainable Develop
ment Goal (SDG) n. 7 as DRM generates a blue H2 as a transition energy 

vector [42,43]. Furthermore, they match the SDG n. 13, as DRM will use 
captured CO2 in the CCSU chain, contributing to concrete actions that 
counter the climate change.

2. Description of the production process

The Ni-based catalyst for DRM was synthesized from a spent catalyst 
used in a thermochemical plant fuelled by natural gas to oxidize CO. The 
catalyst is arranged in corrugated metallic sheets held together by a 
600x600 × 100 mm metal frame. The active layer was deposited on 
these sheets; it was therefore manually scratched, and the powder was 
used as a carrier for the downstream synthesis stages. The sheets and the 
removed powder are shown in Fig. 1. The synthesis method to produce 
the DRM catalyst is detailed in Abotaleb et al. [44].

The flow-sheet of the manufacturing plant is reported in Fig. 2. The 
facility works in batch mode, completing 137 processing cycles per year, 
each one lasting nearly two days. A reasonable target was indeed 
established to collect 10,000 catalytic modules annually, which corre
sponds to catalysts from 10 to 15 plants. 205 t/y of spent oxiCO catalyst 
(steel modules) are treated, yielding about 16.4 t/y of catalytic layer for 
subsequent synthesis. Accordingly, the nominal throughput of the 
hydro-synthesis section is 120 kg per batch [44].

Module dismantling is planned for over two months, during which 
the catalytic layer is separated from the sheets for Ni/DRM catalyst 
production. This operation also generates 145 ton/y of metal sheets 
made of the FeCrAl Kanthal alloy and 44 ton/y of steel frames (AISI 
304), which can obviously be valorized. The catalyst lifetime in ther
mochemical plants, incinerators, and steelmaking plants is 2-3 years, 
depending on the fuel type and operational conditions.

The recoverable platinum in the catalytic layer was determined at 
4700 mg/kg. Hence, the overall Ni/DRM catalyst produced annually 
amounts to 16.2 tons.

The mass balance is derived from laboratory-scale experiments. All 
process units are equipped with an automated monitoring and control 
architecture that maintains operating variables at their predefined set
points. Instrumentation, valves, and control elements are integrated 
within a distributed control system (DCS), which provides real-time 
visualization of the main process parameters in the control room. The 
Ni/DRM catalyst production facility can be conceptually divided into 
three main sections: (i) physico-mechanical pretreatment operations 
aimed at separating the catalytic layer from the spent oxiCO catalysts 
and preparing it for deposition; (ii) synthesis of the Ni/DRM catalyst; 
and (iii) wastewater and flue-gas treatment.

2.1. Pre-treatment section

The modules collected from power generation facilities are trans
ported to the processing plant and stored in a protected building, given 
the high economic value of platinum. Each module undergoes manual 
disassembly: the external frame is cut, and the metal plates bearing the 
catalytic coating are readily separated and collected in barrels. The 
frames are temporarily stored outdoors under a sheltered area for sub
sequent recycling, while the barrels containing the metal plates are 
conveyed to the crushing unit. The jaw crusher (JC-01 in Fig. 2) com
presses the plate-shaped sheets, minimizing milling effects and conse
quently limiting the release of ferroalloy. As a result, the Al2O3–La2O3 
ceramic catalytic layer containing platinum detaches from the metal 
substrate and is collected at the conical discharge section, which is fitted 
with a 1 mm sieve. The recovered catalytic material is subsequently 
stored in barrels.

The crushing process is conducted in batch mode, with the residence 
time adjusted to ensure the removal of at least 95% of the total catalytic 
layer mass. Following crushing, the stripped metal sheets are extracted 
from the crusher and stored in a separate covered area, reflecting their 
different economic value compared to the frames.

Finally, 120 kg of the recovered catalytic material are charged into a 
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rotary kiln (RK-01), where oxidative treatment is performed at 600 ◦C 
for 1 h to eliminate residual carbonaceous species and hydrocarbons. 
After roasting, the material is discharged onto a covered conveyor belt 
(CB-01) and cooled to 50 ◦C before being transferred to the reactor (R- 
01), where the nickel deposition step is initiated.

2.2. Ni/DRM catalyst synthesis section

Six cubic meters of demineralized water are fed into the reactor from 
tank TK-01 using pump P-02, and the resulting suspension is agitated for 
1 h at ambient temperature. Subsequently, 2.4 m3 of an aqueous 
NiCl2⋅6H2O solution (20 g/L) are gradually introduced over 6 h at room 
temperature via a metering pump (P-06). This solution is prepared in a 
stirred vessel (TK-02), where demineralized water delivered by pump P- 
03 is combined with solid nickel chloride under intense mixing.

Thereafter, 1.2 m3 of a urea solution (100 g/L) are added slowly 

within 30 min. The mixture is then heated to 90 ◦C and maintained 
under continuous stirring for 10 h to complete the deposition process. At 
the end of this stage, the suspension is transferred by pump P-01 to a 
Nutsche filter-dryer (NFD-01), which was selected to integrate filtration 
and drying in a single unit.

Filtration is performed by pressurizing the headspace of NFD-01 with 
compressed air. Once filtration is complete, 3.4 m3 of water are intro
duced to wash the filter cake; this washing cycle is repeated to ensure the 
complete removal of residual nickel-containing solution from the solid 
phase.

The washed cake is subsequently dried in the Nutsche filter-dryer 
and sent via a belt conveyor (CB-02) to a rotary kiln (RK-02). The 
resulting Ni/DRM precursor catalyst is calcined at 800 ◦C for 6 h under 
an air atmosphere. After calcination, the kiln is discharged, and the 
material is partially cooled on a conveyor belt (CB-03) prior to the final 
treatment step. Since nickel is present as oxide species (NiO and Ni2O3), 

Fig. 1. – Metal sheet pieces (a), and catalytic layer powder (b).

Fig. 2. – Flow-sheet of the plant for the recycling of the oxiCO spent catalyst.
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a reduction step is required. This is carried out in a fixed-bed reactor 
(FBR-01) at 750 ◦C for 1 h using a 5% hydrogen-nitrogen gas mixture.

Nitrogen is generated on-site using a pressure swing adsorption unit 
(NG-01), as this option is more economical than importing compressed 
gas cylinders and represents a cost-effective alternative to argon. 
Hydrogen, by contrast, is supplied in pressurized cylinders, given the 
relatively limited annual consumption.

Following reduction, the fixed-bed reactor is unloaded, and the Ni/ 
DRM catalyst is cooled on a conveyor belt (CB-04) before being pack
aged in 25 kg bags and placed into barrels using the packaging equip
ment PE-01.

2.3. Flue-gas and waste solution treatment sections

The spent solution and the washing effluents from the Nutsche filter 
are collected in a mixing vessel (TK-04), where solid sodium hydroxide 
is added until the pH reaches 8. Under these conditions, dissolved metals 
precipitate in the form of hydroxides, and the resulting sludge is sepa
rated by filtration using a plate-and-frame filter press (PF-01), to which 
the suspension is delivered by pump P-08. The clarified filtrate is 
transferred to tank TK-05 and subsequently discharged into the indus
trial park sewer system for downstream wastewater treatment.

Dust generated during mechanical pretreatment operations and from 
the rotary kilns is treated using a cyclone separator, allowing the re
covery of particulate matter containing platinum. The cleaned flue gas 
stream is then cooled in a gas–gas heat exchanger. Downstream of this 
unit, a wet scrubber removes condensable vapors from both the cooled 
flue gas and the exhaust from reactor R-01, in which partial water 
evaporation occurs at 90 ◦C. The treated gas is finally conveyed by the 
main fan to a cooled stack for atmospheric discharge. The entire gas 
handling and abatement train constitutes the flue gas processing section 
(FGP-01).

The utility systems include a compressed air package (CAP-01) 

supplying both process and instrument air, a boiler (BO-01) providing 
steam for heating reactor R-01 and for drying the filter cake in NFD-01, 
and a nitrogen generation unit (NG-01).

3. Materials and methods

3.1. LCA system boundaries

The production of Ni-DRM catalyst, based on the recycling process 
described in paragraph 2, was evaluated through the LCA analysis 
(Scenario 1) and compared with the primary production of the same 
product based on the exploitation of virgin raw materials (Scenario 2). 
Scenario 2 represents the conventional reference route for catalyst 
manufacture, in which all materials recovered in scenario 1 are supplied 
from primary source. For each material considered, the selected data
base dataset includes the full upstream supply chain, including resource 
extraction, refining, industrial processing, transport as well as the 
associated material and energy inputs and related emission.

In accordance with the methodological hierarchy established by ISO 
standards, metallic components separated during dismantling (metals 
sheets and steel frames), although potentially reusable, were excluded 
from both scenarios to avoid allocation procedures not relevant to the 
goal of the study. The assessment was therefore limited exclusively to 
catalyst production. The use phase was not included, assuming compa
rable catalytic function under equivalent operating conditions. Within 
the system boundaries, Pt is treated as part of the catalyst matrix rather 
than as a separate co-product; therefore, no allocation procedure is 
applied, as suggested by ISO standard 14044 [45]. The Pt content used 
in the inventory corresponds to the recoverable platinum in the catalytic 
layer (4700 mg/kg) [44].The system boundaries of the two processes are 
reported in Fig. 3. Concerning scenario 1, all process water streams are 
sent to the wastewater treatment unit and subsequently recycled within 
the system. Accordingly, only the operational inputs associated with 

Fig. 3. System boundaries of Ni-DRM catalyst production through recycling (scenario 1) and from virgin raw materials (scenario 2). The corresponding energy 
demand for each process stage was also included in the assessment, despite not being explicitly represented in the diagram.
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wastewater treatment and the make-up water (deionised water and 
cooling water) required to compensate evaporation losses are consid
ered in the LCA model. Furthermore, although not explicitly shown in 
the system boundaries, the energy required by each process unit was 
included in the LCA model, as reported in the life cycle inventory.

3.2. Life cycle inventory (LCI)

To provide a complete representation of the process inputs and 
outputs, mass and energy balances were developed to perform the LCA 
(Tables 1 and 2). The functional unit was defined as 16,200 kg of Ni- 
DRM catalyst, corresponding to the annual production capacity of the 
innovative recycling process. Since the study compares alternative 
production routes for the same catalyst formulation intended for the 
same dry reforming application, a mass-based functional unit was 
adopted, assuming equivalent catalytic functionality between the recy
cled and conventional Ni-based DRM catalyst. This assumption is sup
ported by the experimental results reported by Abotaleb et al. [44], 
where the recycled catalyst exhibited stable performance under DRM 
conditions, maintaining CH4 and CO2 conversions above 70% and 89% 
(up to 94%), respectively, with negligible deactivation over 7 h of 
continuous operation. These findings support the assumption that the 
recycled catalyst provides the intended catalytic function for compara
tive LCA. The main assumptions considered for the LCI were reported 
below. The inventory for primary catalyst production was developed by 
combining stoichiometric precursor requirements with specific back
ground dataset from Sphera database. For the modelling of scenario 2, 
the Ni-DRM catalyst composition was reconstructed from the catalyst 
preparation procedure described in a previous study [44] and expressed 
as 85.94 wt% Al2O3, 3.92 wt% La2O3, 0.49 wt% Pt, and 9.65 wt% Ni. 

Each precursor was linked to its corresponding industrial production 
dataset (e.g. global production of platinum group metals) The full list of 
datasets adopted for raw materials is reported in the supporting mate
rials (Table S1).

Unit process data for nickel chloride hexahydrate (NiCl2⋅6H2O) were 
not available in the databases used, therefore, the impact of the salt was 
estimated by reconstructing its synthesis from Ni, HCl and H2O, ac
cording to the mechanism described by Gad [46], through the following 
reactions: 

Ni (s) + 2 HCl (aq) → NiCl2 (aq) + H2 (g)                                 [Eq. 2]

NiCl2 (aq) + 6H2O → NiCl2⋅6H2O (s)                                        [Eq. 3]

The resulting impact was calculated as the weighted sum of the unit 
impacts of these precursors. The reconstructed inventory for nickel 
chloride was cross-checked against literature data reported by Affranchi 
et al. [47], where it was identified as a relevant environmental hotspot, 
confirming a comparable order of magnitude for the climate change 
category impact.

Cooling water is assumed to be recirculated, and is therefore 
modelled as make-up water only, corresponding to 20% of the total flow, 
which is included in the inventory as net consumption for roasting and 
H2 reduction steps. Demineralized water is also included as make-up and 
is modelled using a dataset that accounts for the impact of the demin
eralization process (e.g. reverse osmosis).

Nitrogen used in the reduction step is generated on-site from com
pressed air via PSA and is not included as a separate input in the LCI, its 
environmental impact is accounted for through the associated electricity 
consumption. However, this study represents a first estimate of the 
environmental benefits of the DRM, but a more accurate estimate of the 
data would certainly require the tests at a pilot scale before one can 
invest in a full-scale plant.

3.3. Study limitations

The results of this study should be interpreted considering the 
adopted system boundaries and the assumptions used for inventory 
modelling. First, the assessment was limited to the catalyst production 
stage and did not include the catalyst use phase or its end-of-life man
agement, common to both the scenarios. Therefore, functional equiva
lence between the recycled catalyst and a conventional Ni-based DRM 
catalyst was assumed, based on the experimental evidence reported by 
Abotaleb et al. [44]. Furthermore, FeCrAl alloy sheets and the 
stainless-steel frame recovered during catalyst dismantling were 
excluded from the system boundaries; consequently, no environmental 
burdens or credits associated with these recovered materials were 
considered. In addition, part of the life cycle inventory was recon
structed from laboratory-scale experimental data and stoichiometric 
calculations. Nevertheless, the sensitivity analyses performed in this 
study support the robustness of the overall conclusions.

3.4. Software and methods

The life cycle assessment was performed in accordance with the 
principles and framework of ISO 14040 and ISO 14044 standards [45,
48]. The LCI was developed within a single modelling framework using 

Table 1 
– Detailed LCI of scenario 1 (recycling route)a.

OPERATION INPUT OUTPUT

Dismantling and crushing
Electrical energy (kWh/y) 4129 ​
OxiCO spent catalyst (kg/y) 16,200 ​
Roasting
Electrical energy (kWh/y) 1048 ​
Methane (Nm3/y) 4697 ​
Cooling water (make-up) (kg/y) 109,600 ​
Catalyst synthesis
Electrical energy (kWh/y) 244,442 ​
Demineralized water (kg/y) 1200 ​
Methane (Nm3/y) 24,829 ​
NiCl2•6H2O (kg/y) 6439 ​
Urea (kg/y) 16,440 ​
Ni-DRM catalyst (kg/y) ​ 16,200
Calcination
Electrical energy (kWh/y) 1404 ​
Methane (Nm3/y) 35,535 ​
H2 reduction
Electrical energy (kWh/y) 1219 ​
Methane (Nm3/y) 3269 ​
Hydrogen (Nm3/y) 2570 ​
Cooling water (make-up) (kg/y) 137,000 ​
Wastewater treatment
Electrical energy (kWh/y) 4644 ​
NaOH (kg/y) 6850 ​
Waste sludge (kg/y) ​ 12,330
Packaging
Electrical energy (kWh/y) 6165 ​
Fuel gas treatment
Electrical energy (kWh/y) 40,552 ​
NaOH (kg/y) 1370 ​
Waste dust (kg/y) ​ 274
Boiler ​ ​
Electrical energy (kWh/y) 4110 ​

a FeCrAl alloy and stainless-steel frame were excluded from the system 
boundaries; therefore, the associated environmental burdens and credits were 
not considered in the LCA.

Table 2 
– LCI of scenario 2 (primary production route).

PRIMARY PRODUCTION INPUT OUTPUT

Al2O3 (kg/y) 13,923 ​
La2O3 (kg/y) 635 ​
Pt (kg/y) 79 ​
Ni (kg/y) 1563 ​
Ni-DRM catalyst (kg/y) ​ 16,200

A. Amato et al.                                                                                                                                                                                                                                  International Journal of Hydrogen Energy 257 (2026) 156558 

5 



LCA for Experts software by Sphera. Background datasets were primarily 
sourced from Sphera Professional Database (My Professional Database 
2024.2). When equivalent processes were not available, complementary 
datasets were selected from the Ecoinvent database (accessed via 
SimaPro). Only three background datasets were taken from the 

Ecoinvent database, as reported in Table S2. To ensure methodological 
consistency, all datasets were implemented within the same modelling 
framework and harmonized by adopting a consistent cut-off approach. 
The same life cycle impact assessment method was applied to all in
ventory flows regardless of their database origin. Impact assessment was 

Fig. 4. Environmental impact assessment results for catalyst production via recycling and primary production from raw materials (functional unit: 16,200 kg of Ni- 
DRM catalyst).
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carried out using the Environmental Footprint (EF) 3.1 method, in which 
inventory flows are classified into the relevant impact categories and 
converted into category-specific impacts. Normalization and weighting 
phases were applied to support comparison and interpretation of the 
results. The results of normalization and weighting were reported in 
person equivalent (p.e.), which represent the number of average Euro
pean citizens whose annual environmental burdens correspond to the 
assessed impacts [49].

4. Life cycle impact assessment results and discussion

4.1. Classification and characterization phase

For the LCA study, the secondary catalyst production process, 
divided into individual process blocks, was compared with the primary 
production of the catalyst starting from raw materials. As shown in 
Fig. 4, the process under analysis appears overall more sustainable than 
the primary production of the same amount of product. In 11 out of 16 
impact categories, the impacts associated with primary production from 
raw materials are more than twice those related to the production of the 
same products through the investigated process. This result is mainly 
associated with the avoidance of primary platinum production, which 
represent the dominant contribution to most impact categories in the 
conventional production scenario, while alumina provides a secondary 
contribution. The remaining five categories (Fig. 4c, d, i, j and k), in 
which the impact of the process is higher or comparable to scenario 2, 
indicate that the most environmentally impacted process block is 
“Catalyst synthesis”.

The “Catalyst synthesis” process block was therefore analysed in 
greater detail for the impact categories with the highest environmental 
relevance, to identify the main contributing factors. The analysis shows 
that each impact category is dominated by flows consistent with their 
environmental nature. In the case of ecotoxicity, freshwater (Fig. 5a), the 
main contribution is the use of the reagent NiCl2•6H2O, as nickel being a 
heavy metal exhibits high environmental toxicity and is associated with 

harmful effects on both terrestrial and aquatic organisms. Urea con
tributes significantly to the eutrophication, freshwater and ozone depletion 
categories (Fig. 5b and e). In the former case, this is due to its high ni
trogen content, which may be released as nitrates or ammonium, the 
main drivers of eutrophication processes. In the latter case, the impact is 
related to upstream processes associated with industrial ammonia pro
duction. Ionising radiation and land use categories (Fig. 5c and d) are 
mainly affected by electricity consumption, depending on the compo
sition of the energy mix and the infrastructure required for electricity 
generation. The electricity mix used is the European electricity mix, 
which is characterized by combination of fossil fuels, nuclear power and 
renewable sources.

Anyway, scenario 2 shows higher impacts in the ecotoxicity, fresh
water and land use categories (Fig. 4c and j), as it includes the extraction 
and refining stage of alumina, rare earth elements and noble metals, 
which are well known to involve high land occupation and emission of 
metals and residues with high toxic potential.

4.2. Normalization and weighting phase

The normalization and weighting phase resulted in a total score of 35 
p.e. for the analysed process versus 548 p.e. for the primary production 
scenario. Within the adopted system boundaries, corresponding to 
catalyst production, this represents an aggregated impact reduction of 
approximately 94% (Fig. 6a). According to the applied weighting 
method, this indicates that the process is substantially more sustainable 
than the raw materials-based scenario. The dominant impact categories 
for scenario 1 after normalization and weighting are resource use, fossils 
(27%), climate change (23%), acidification (14%), particulate matter 
(13%) and ecotoxicity, freshwater (9%). These results integrate those 
obtained at the characterization stage, since normalization scales each 
impact against a global reference, while weighting assigns relative 
importance based on environmental or societal relevance. As a result, 
categories such as climate change and resource use, fossils become pre
dominant, indicating that the overall environmental burden of the 

Fig. 4. (continued).
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process is mainly driven by energy consumption and upstream emission 
rather than by the direct toxicity of the chemicals involved.

By analysing the process blocks, the results confirm what was re
ported in characterization and classification, where the most impactful 
block appears to be the catalyst synthesis process (Fig. 6b). In light of 
this, a further contribution analysis was carried out, focusing on the 
inputs associated with this block. The normalization and weighting re
sults show that, within the catalyst synthesis process, 58% of the 
aggregated impact is attributable to the reagent NiCl2•6H2O, 22% to 
electricity and 10% to both methane and urea (Fig. 6c). This indicates 
that the overall environmental burden is dominated by the nickel- 
containing reagent, suggesting that strategies to optimize its use and 
recover of any unreacted material could significantly reduce environ
mental impacts.

A sensitivity analysis was performed by varying the consumption of 
NiCl2 • 6H2O by ±30%, since this inventory flow was estimated from 
laboratory scale and stoichiometric calculations. The normalized and 
weighted score ranged from 31.0 p.e. (− 30%) to 39.8 p.e. (+30%), 
compared with 35.4 p.e. for the base case. These values correspond to 
overall impact reduction of 92.6% and 94.2%, respectively, compared 
with the primary catalyst production scenario (548 p.e.), confirming the 
robustness of conclusions despite NiCl2 inventory uncertainty.

4.3. Sensitivity analysis

Although the inventory was reconstructed from laboratory-scale 
data, industrial implementation may lead to changes in process perfor
mance. On the one hand, process scale-up is generally associated with 
improved energy efficiency and reduced reagent consumption through 
process optimization, potentially leading to further reductions in envi
ronmental impact [50–52]. On the other hand, industrial operation may 
also affect the recovery efficiencies achieved under laboratory condi
tions. Although these aspects were not explicitly evaluated in the present 
study, the substantial environmental advantage observed for the recy
cling process over primary catalyst production suggests that the overall 
environmental benefit would likely be maintained. To further evaluate 
the robustness of the environmental assessment, sensitivity analysis was 
performed on selected modelling assumptions.

Energy consumption represents one of the main environmental 
hotspots in industrial and laboratory processes, particularly influencing 
climate change impacts. In the present case, energy demand represents 
the second most relevant contribution, accounting for 19% of the total 
impact. The environmental impact of electricity consumption, however, 
depends not only on the amount of energy used, but also on the 
composition of the electricity mix.

Fig. 5. Analysis of the impact of individual factors during the classification and characterization phase for the most impactful categories in scenario 1.
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To assess the robustness of the results, a sensitivity analysis was 
performed considering three different electricity supply scenarios: the 
European mix, the Ontario (Canada) mix and a completely photovoltaic 
scenario. In this context, the comparison among three different energy 
supply options does not aim to assess the effect of the electricity source 
selection on the overall process impact. Rather, this aspect is considered 

relevant in order to support and guide the choice of plant location. In 
this regard, the European mix includes a relevant share of fossil fuels, 
while Ontario mix was selected as a low-carbon scenario, as it is pre
dominantly based on nuclear and hydropower, with a limited contri
bution from fossil fuels. The photovoltaic scenario, on the other hand, is 
characterized by negligible operational emission, with impacts mainly 

Fig. 6. Results of normalization and weighting steps (expressed as person equivalent). Comparison between the two considered scenarios, where the pie-chart on the 
top reports the contribution on impact category mainly affected for scenario 1 (a). Details of scenario 1 most impacted process blocks (b) and input contribution 
within the catalyst synthesis block (c). Charts legends report only the categories with impact greater than 3%.

Fig. 7. Sensitivity analysis of the process under different electricity mixes: carbon footprint (a) and normalized and weighted impacts (b). “Others” is the sum of the 
impacts of methane, cooling water, NiCl2•6H2O, urea, hydrogen, NaOH, hazardous waste, which is constant among the scenarios.
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related to the production, installation and end-of-life of the panels. In 
this scenario, however, only electricity was assumed to be fully supplied 
by photovoltaic energy, whereas thermal energy was modelled using the 
conventional European mix. Within the LCA framework, Carbon Foot
print analysis is used as the reference indicator for climate change 
impact and is expressed in kg CO2 eq. The results of this analysis show 
higher climate change impacts for the European mix, while low-carbon 
scenarios significantly reduce CO2 emissions (Fig. 7a). The carbon 
footprint of the two low-carbon scenarios is similar, since in the 
photovoltaic scenario the benefit of using photovoltaic electricity for the 
electrical demand only is partially masked by the contribution from 
thermal energy use (Fig. 7a). However, after normalization and 
weighting, according to Environmental Footprint 3.1 method, the 
Ontario mix shows the highest overall environmental impact due to 
increased contribution in non-climate categories (such as human 
toxicity, ionising radiation, and freshwater eutrophication) (Fig. 7b). A 
similar trend can already be observed at the normalized (non-weighted) 
level (Table S3, supporting materials), indicating that these differences 
are inherent to the environmental profiles of the electricity mixes rather 
than solely a result of the weighting step. Conversely, the photovoltaic 
scenario results in the lowest aggregated environmental impact 
(Fig. 7b). Overall, the sensitivity analysis indicates that a reduction in 
carbon footprint does not necessarily correspond to a reduction in total 
environmental impact, confirming the relevance of multi-category LCA 
approach and supporting the robustness of the results with respect to 
electricity supply assumptions. Increasing the share of photovoltaic 
electricity has the potential to reduce the environmental impacts, but it 
provides only a limited additional improvement to the performance of 
the analysed process.

5. Conclusions

This study assessed the environmental performance of a Ni-based 
catalyst for DRM obtained through the valorization of a spent catalyst, 
comparing it with a conventional primary production scenario based on 
raw materials extraction and refining. The results demonstrate that 
recovering and reprocessing the spent material represents a significantly 
more sustainable alternative, with lower impacts across most categories 
and a substantial reduction in the aggregated environmental score after 
normalization and weighting (with an environmental gain exceeding 
90%). These findings highlight the strong environmental relevance of 
avoiding extraction and refining stages, which are major contributors to 
ecotoxicity, land use, and overall resource-related impacts.

Within the analysed system, the catalyst synthesis block represents 
the primary hotspot, with nickel-containing reagent dominating the 
overall impact. Nickel is essential for catalyst activity; however, careful 
management of its use could further reduce environmental impact. En
ergy demand, particularly electricity consumption, is a significant 
contributor to climate change and resource use categories, highlighting 
the importance of exploring low-carbon alternatives. Sensitivity analysis 
across different electricity supply scenarios demonstrates that the 
overall sustainability of the process is robust, and that although low- 
carbon or photovoltaic electricity can further lower the carbon foot
print, they do not necessarily translate into a proportional decrease in 
the total environmental burden. These results underline the importance 
of a multi-category LCA approach when evaluating emerging processes. 
Overall, the proposed process offers clear environmental advantages 
over primary production, while also identifying specific priorities for 
further optimization.
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