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Abstract

The leather industry lacks aggregated studies regarding the Life Cycle Assessment (LCA) of leather production. Existing
studies to date are outdated, incomplete, use old methodologies, or do not represent the whole leather segment. There
is a need for more complete, reliable, and updated studies in modern state-of-the-art leather production sites (tanneries),
which are more representative of global leather production than the current limited and isolated studies. This work aims
to provide an average LCA for the leather industry, without focusing on specific tanneries or locations. The goal is to pro-
duce high quality, up-to-date, and aggregated LCA data that accurately represents leather in comparison with synthetic
and alternative materials. SimaPro 9.1.0.8 [1],a robust and reliable LCA software used to ensure the credibility of life cycle
assessment results, and the Ecoinvent 3.6 [2] database, that features more than 2,200 new and 2,500 updated datasets,
were used to conduct 56 LCA studies of bovine leathers produced by 6 leather groups in 16 facilities distributed among
eleven countries (Argentina, Australia, Brazil, China, Italy, Sweden, Thailand, United Kingdom, the United States, Uruguay,
and Vietnam) and for different types of leather (automotive, shoe, upholstery, and leather goods) that represent most
types of leathers produced globally. The ISO 14044 [3] LCA methodology was used for LCA and life cycle inventory (LCI)
studies providing the scope, interpretation, reporting, and critical review of the LCA. The LCA results indicate that, of the
six impact categories studied (Global Warming, Eutrophication, Abiotic Depletion, Water Use, Water Consumption, and
Freshwater Ecotoxicity), the farming stage (upstream) significantly contributes to the impact of five of them. A need for
more basic data on raw material allocation, processing, and chemicals was identified. Nonetheless, the study revealed
that the values for several parameters were much lower than previously indicated, particularly regarding allocation to
raw materials. These new results can be used as a benchmark for complementary studies in this area and to recommend
opportunities for process improvements that will make the leather industry more sustainable in the future. The paper
contains important information for understanding the LCA hot spots and provides insights into the industry regarding
the improvements needed in specific process areas. It also allows for a better understanding of data gaps that, when
addressed, will allow for more reliable aggregated bovine leather LCAs.
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1 Introduction
Commercial leather production is mostly based on hides and skins produced as by-products of the meat industry. The

largest fraction of leather production is made from cow hides. Approximately 270 million bovine hides are produced
every year [4] and it is estimated that 70% of these hides are converted into leather (industry data). We define hide
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(or rawhide) as the skin of cattle and leather as the hide (skin) after undergoing the tanning process. Bovine leather
is mainly produced in Brazil, China, the United States, India, Italy, Vietnam, and South Korea, but almost all countries
have some bovine leather production. As a by-product of the meat industry, hides are allocated a proportion of the
environmental impact of the rearing of animals. This allocation is typically based on the economic value of the hide
and covers environmental parameters, including water consumption, eutrophication, CO, emissions, etc. There is a
lack of availability of primary data to allow proper allocation to cow hides, and the most important data are derived
from the European Commission Publication [5] and De Rosa-Giglio et al. [6]. Using the standard Product Environment
Footprint Category Rule (PEFCR) defined allocation factors and the Ecoinvent 3.6 [2] database, bovine leather products
have a significantly higher CO, eq. load than fossil-based products. However, the use of the updated primary data
might describe the actual attributional allocation more precisely.

Several LCA studies have been conducted on the leather industry, and each of them presents limitations, such as
limited geographical representativeness or the use of old methodologies and not including global data from raw-
hide to finished leather. Several published works have focused on specific processes, for example: comparing the
chrome tanning process with other tanning methods [7]; comparing vegetable, wet-white, and chromium tanning
[8]; comparing waterproofing versus conventional vegetable tanning [9]; using a new degreasing formulation for tan-
ning [10]; developing a new tanning process [11]; comparing vegetable and chrome tanning [12]; with the oxidative
unhairing process [13]; with a new wet-white tanning process using a tannic acid and laponite nano clay [14]; using
nano-hydroxyapatite for fireproofing application [15]; evaluating re-tanning, fatliquoring, and dyeing [16]; compar-
ing chrome tanning, chrome-free metal tanning, and metal-free tanning [17] and evaluating the impact of different
leather thickness [18]. Few LCAs were made in defined countries or regions. LCA for a tannery in Latin America [19],
Bangladesh [20, 21], New Zealand [22], for the Catalan eco-label leather [23], a tannery in Indonesia [24] and a tan-
nery in Turkey [25]. A literature review on LCAs was made by Navarro et al. [26]; carbon footprint for tanneries on five
countries [27] and using lab experiments to collect data for chrome tanned upper leather [28].

Cow hides is the generic term used for all hides of cows, heifers, steers, and bulls. The size, thickness, and weight
of a hide vary based on the animal’s sex and age. The most common cow hides have between 30 and 40 kg of raw
weight and a surface area of 4 to 5 square meters. The hides' thickness is usually 6 to 10 mm, and after tanning, the
hides are split into two parts; the top is called the grain and the bottom, flesh. The thickness of the finished leather
can be 0.6 mm for garments and 2.0 mm for shoes.

Bovine hides can be used fresh, salted, or brine cured. Salted and brine-cured hides are processed for at least 24 h
with salt or a saturated brine solution.

A tannery is the manufacturing facility that converts raw hide to leather. Tanneries may carry out processing from
raw to tanned or finished leather or process from wet blue to crust or wet-blue to finish.

Leather processing is described with the following terminology. Beamhouse is the process of cleaning the hide
and removing hair and subcutaneous material (flesh). Tanning is the process of stabilizing the hide collagen into a
non-putrescible, stable product called leather. Tanning can be performed with chrome lll salts originating from the
wet-blue leather in the intermediate stage. Leather is called wet-white when made with organic tanning materials and
vegetable leather when tanned with vegetable extracts. After the tanning process, chemicals are added to the wet
leather to modify its properties, a process called re-tanning, and oils and waxes are added for softening and effects.
Dyes can be added to the leather to change its color. The dry leather after re-tanning is called crust. Crust leather is
finished with coatings (transparent or colored) to uniformize the surface and offer more protection. The finishing
steps may include light or heavy embossing, sanding, or polishing to modify the surface. A complete overview of
modern leather manufacturing is available in the Leather Naturally [4] publication.

The locations of and the processes undertaken by the tanneries in this study are listed in Table 1.

Table 1 List of the leather manufacturing processes and locations where the LCAs took place:

Process Tannery locations

Beamhouse and Tanning Argentina, Australia, Brazil, Italy, Sweden, United Kingdom, the United States and Uruguay
Post-tanning Argentina, Brazil, China, Italy, Sweden, United Kingdom, Uruguay, and Vietnam

Finishing Argentina, Brazil, China, Italy, Sweden, Thailand, United Kingdom, Uruguay, and Vietnam
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The objective of this LCA is to broaden the understanding of the potential quantifiable externalities of the modern
cow leather industry. The work represents 16 facilities in eleven different countries with diverse climatic conditions:
Argentina, Australia, Brazil, China, Italy, Sweden, Thailand, United Kingdom, United States of America, Uruguay, and
Vietnam. The climatic conditions impacted energy and water consumption mostly in upstream and core processes.
The study encompasses all four steps of leather manufacturing: Beamhouse, Tanning, Post-tanning and Finishing for a
variety of types and weights of raw materials (bovine hides). Ultimately, the data from 56 assessments for upholstery,
footwear and automotive leather were used to create a modern and global LCA for bovine leather.

For data evaluation, SimaPro 9.1.0.8 [1] LCA software was used with the Ecoinvent 3.6 [2] database and the EPD®
System 3.1 [29] as an independent data verifier. This LCA is a benchmark for the future LCA studies for the leather
industry and provides insights to the improvements needed to minimize environmental impacts in specific process
areas.

The new study is the most up-to-date representation of the LCA status of the current leather industry. It reveals several
parameters that are significantly lower compared to previous figures, especially in terms of raw material allocation. This
data is crucial for identifying the LCA hot spots and offers valuable insights into the industry on areas where specific
process improvements are necessary. The characterized results were comprehensively detailed for six impact catego-
ries. The conclusions are as follows: a) The production of raw hides significantly influenced five out of the six categories
considered and b) chemicals were major contributors to all impact categories, except for Eutrophication.

2 Materials and methods

This work evaluated 16 facilities in eleven different countries, encompassing all four steps of leather manufacturing for
a variety of types and weights of raw materials (bovine hides) for upholstery, footwear and automotive leather; a total of
56 assessments The 56 studies were run separately, with the use of both primary and secondary data. The cattle farming
inventories used were the most well-adjusted PEF compliant datasets for each specific raw material, and the allocation
was done according to the PEFCR-Leather [6]. The specific recipes for the wet batch stages (i.e., Beamhouse, Tanning
and Post-tanning) were used to calculate the chemical inputs. Samples were collected at the drum exhaust to properly
account for the pollutants sent to the effluent treatment plant. The treated effluent was also analyzed to assess water
purity. The local energy matrix included both electric and thermal energy balances, with the specific power of each
process machine considered.

2.1 Life Cycle Assessment

2.1.1 The LCA study details are listed in Table 2, with information on the product classification, references, software,
and study countries.

Table 2 LCA study details

Parameter Details
Product System Global Leather Average of 56 Studies
Product classification Division 29—Leather and leather products; footwear

Group 291—Tanned or dressed leather, composition leather
Class 2912—Other leather, of bovine or equine animals, furless

Reference standard ISO 14040 [30] and 14,044 [3]

Source of sector-specific information PEFCR-Leather [6]. Program operator: The EPD® System 3.1 [29]
LCA software used SimaPro 9.1.0.8 [1]

Database used Ecoinvent 3.6 [2]

Study countries Argentina, Australia, Brazil, China, Italy, Sweden, Thailand,

United Kingdom, the United States, Uruguay, and Vietnam
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Table 3 Product
characteristics that define the
leather type and properties

Characteristics

Details

Animal type, origin

Type of leather

Raw material: average unitary weight (kg/piece)

Raw material: average mass fraction of the live animal

Raw material: average economic allocation of the live animal
Main tanning agents

Stage of the product sold

Uses of the leathers

Average thickness

Bovine (Argentina, Aus-
tralia, Brazil, UK, US, and
Uruguay)

Grain splits (grain-split part)
41.24

8.46%

1.82%

Chrome and chrome-free
Finished leather

Upholstery, footwear, auto-
motive and leather goods

1.34 mm

Average area per kg of leather (dry matter) 1.0632 m?
Reference years of this study 2021-2022

2.1.2 Product characteristics

The product characteristics were defined as simple averages from LCA studies carried out on 56 leather products and
are listed on Table 3. The leathers were produced for automotive, footwear, upholstery, and leather goods in 40 different
and specific supply chain configurations.

All materials and energy flows were considered in this study, excluding the packaging materials of chemicals entering
the processes and non-processing chemicals in the tanneries, e.g., chemicals for maintenance and cleaning. The material
outflows of the packaging materials were accounted for in the waste streams. The electric energy was 100% from the
specific production mix of the suppliers of the tanneries involved. All transportation was accounted for.

2.1.3 System boundaries

The system boundaries were the “cradle to tannery exit gate” including all environmentally relevant processes, such as
wastewater treatment. All livestock-stage processes were also included in the system boundaries. Leather is an inter-
mediate product; therefore, the manufacturing of goods using leather and the related impacts were not included in the
system boundaries. Additionally, the transfer of finished leather to the subsequent steps of processing, distribution, and
end-of-life (EOL) treatment of the final product was beyond the scope of this study (Table 4).

Table 4 Details of the upstream and core processes

Upstream Core

Farming (bovine species are raised for meat production)
Slaughter (killing the animals for meat) and removing the hides for tanning

Beamhouse (removal of hair)

Tanning (conversion of the hide to leather)

Post-tanning (coloring and defining the leather types)
Finishing (aesthetic and protection coatings and processes)
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Table 5 SWOT analysis
Strengths Weaknesses
Data structure defined for detailed primary data collection at the tanneries Medium confidence of the dataset for upstream processes
Actual processes (bovine farming)
High-quality information Medium confidence in data quality on chemicals
Innovative sectorial approach
Data referring to an actual trend, supported by strong producers on the market
Opportunities Threats
Opens the debate on leather LCA The comparison of the present study results with those of others
Establishes a benchmark for future LCA studies LCA studies are not based on real processes but on average

production

2.1.4 Cut off criteria, assumptions, and impact evaluations

To meet the ISO standard 14,040 [30] and 14,044 [3] requirements, we combined the assumptions and limitations with
a Strengths, Weaknesses, Opportunities and Threats (SWOT) analysis (Table 5) to ensure a more comprehensive scope.

The following assumptions and cut-offs were used in this study:

Default data available on Ecoinvent 3.6 [2] for rawhides (Product Environmental Footprint (PEF) rules compliant)
for farming processes, as no specific data were available on the actual upstream supply chain; Default values for
transportation from the farm to the slaughterhouse; Data describing processes carried out in tanneries described
the actual situation.

When the chemical producers did not disclose the exact compositions of the chemicals used in production, the
reference compositions found in PEFCR-Leather [6] were used as approximations. The water quality data from the
tanneries’ measurements were used as inputs and outputs for a water treatment model. The model was based on
previous work carried out by Spin360 [31], where the mass balance of the pollutants was calculated to model the
quality of water being sent to the biosphere.

The impacts generated to produce the packaging of the chemicals entering the product system were not consid-
ered, while their disposal/recycling after use was included.

The chemicals used for the maintenance and cleaning of the buildings and machinery were not considered since
previous studies with the same approach and under critical review were validated.

The significant limitations of this study were the lack of primary data on upstream farming impacts and the need
to rely on approximations for certain chemical compositions, which could affect accuracy of the results. Pandemic-
related restrictions also constrained data collection, limiting on-site visits and engagements with tannery personnel.
Knowledge gaps remain around rawhide production, chemical impacts, and water management practices, which
future studies could address for a more comprehensive assessment.

The Ecoinvent datasets could not fully capture the uniqueness of the leather manufacturing process concerning
the specific treatment of waste generated in the process.

The lack of accurate knowledge about the compositions of chemicals limited the options for reporting their envi-
ronmental impact. Therefore, proxies based on chemical categories were used to model their behavior and effects.
The impact categories selected for this study are listed in Table 6.

Table 6 Impact categories,

methods, and units of Impact category Method Version UoM
measure (JOM) consideredin  |pcc GWP 100a IPCC 2013 GWP 100 1.03 kg CO, eq
this study Eutrophication CML-IA BASELINE 3.06 kg PO,—eq
Abiotic depletion, fossil fuels CML-IA BASELINE 3.06 MJ
Water use AWARE 1.02 m?
Freshwater ecotoxicity USEtox (recommended +interim) 14 CTUe
Water consumption ReCiPe 2016 Midpoint HV1.00 1.4 m3
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The difference between Water use and Water consumption is that Water use accounts for all the water withdrawn
from the ecosphere, while Water consumption refers to the difference between the water withdrawn and the water
sent back, directly impacting water availability.

2.2 Life cycle inventory analysis (LCI)
2.2.1 Data collection procedure

Data collection was carried out through the analysis of documents, direct interviews, and on-site measurements for all
tanneries involved.

The analysis was carried out on the average of 56 different products, each derived from one of the 6 tanneries, thus
considering a global perspective and different supply chains, as compared to other sectoral studies which have mainly
been produced using data referring to the whole production of a reference tannery in a reference period. A “bottom
up” approach was used in which all the different process steps that contribute to the production of the average leather
product were analyzed in detail. This approach significantly increased the reliability of the data and information produced
by this study and, therefore, the potential effects of improvement and corrective measures. According to the structure of
the system boundaries, data had to be collected and allocated for some life cycle stages outside the tannery (farming)
and for different processes inside the tannery.

2.2.2 Upstream processes

Farming—Economic Allocation and Mass Fraction

Due to the nature of the farms providing live animals to the slaughterhouses supplying hides to the tanneries that
took part in this study, the Ecoinvent 3.6 [2] PEF-compliant dataset “Beef co-product, hides and skins, from beef cattle,
at slaughterhouse, PEF compliant/IE Economic/Mass” was considered more appropriate for this study than the default
dataset proposed by the PEF, which refers to dairy farms. Analyzing the composition of the Ecoinvent 3.6 dataset in
detail revealed it was built using the default allocation factors in Table 15 of the PEFCR-Leather [6] and shown in Table 7.

The default values of the PEFCR-Leather [6] on which the allocation of animal farming leather is based are 7.00% for
the mass fraction and 3.50% for the economic allocation. Considering the variability in raw materials, the applied alloca-
tion factors (mass and economic) were calculated as the average of 230 previously performed studies. The revised values
were 8.46% for the mass fraction and 1.82% for the economic allocation.

Since the tanneries taking part in this study were able to collect primary data referring to a full calendar year of pro-
duction, a specific dataset was created, modifying the allocation factors according to the available primary data, which
in turn were used to calculate all impact indicators by inputting their primary values to SimaPro 9.10.8 [1].

Table 7 From Table 15 of the PEFCR-Leather [6] built with the default allocations

Process Type of Allocation Products Mass Fraction Allocation Rate  Alloca-
(AR) tion
Factor
Farming Biophysical Milk 88.0%
Live animal to slaughter 12.0%
Slaughtering Economic Fresh meat and edible offal 49.0% 92.9% 1.90
Hides and skins 7.0% 3.5% 0.51
Food-grade fat 7.0% 1.8% 0.25
Food-grade bones 8.0% 1.0% 0.12
Cat. 3 slaughterhouse by-products 7.0% 0.8% 0.11
Cat. 1/2 material and waste 22.0% 0.0% 0.00
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2.2.3 Core processes

The core processes are represented by the tannery production processes, which include industrial externalities and
impacts from sourced materials (e.g., chemicals and packaging). Emissions from general areas in the tanneries such as
the cafeteria and entrance gate were outside the scope of this study (General) and the emissions from animal farming
are expressed independently (Upstream).

2.2.3.1 Chemical supply For the chemical supply used in the tanneries, “market” datasets from Ecoinvent were used that,
as per the following Ecoinvent definition: “already include average transports of that product within the geography, as
well as inputs of the product itself to cover losses in trade and transport”.

2.2.3.2 Tannery The approach followed in this LCA study was to perform calculations on the specific leather articles of
the tanneries. Therefore, a bottom-up process analysis was applied, using a detailed measure of all input and output
flows besides the energy consumption of each phase.

The factories and the machinery involved in production were characterized, qualitatively and quantitatively describing
their interaction with the environment (energy supply, water uptake and discharge, etc.).

For each waste category, as defined by the European Waste Codes (EWC) classification of waste produced from Tanning
processes, the % of waste sent to disposal and recycling was specified, as obtained from the documentation of the tan-
neries. The locations of the waste treatment platforms and their distances from the production sites were also specified.

All the different processes carried out in production were fully characterized by analyzing the documentation (produc-
tion recipes) of the companies, describing the machinery and processes.

The leather production process was based on four “essential” stages: Beamhouse, Tanning, Post-tanning, and Finishing.

Each process was carried out (even if in different phases) in the same type of process reactor:

A beamhouse drum, in which hides are washed, soaked, de-haired, and prepared for tanning.

A tanning drum, in which hides are transformed into leather via the tanning process.

A Post-tanning drum, in which leathers are re-tanned, dyed, and fatliquored to acquire additional technical properties.

A finishing line, in which leathers are surface-coated and acquire more performance properties.

Data referring to all environmental inputs and outputs were collected following the procedures described below.

2.2.3.3 Processinputs All processinput (water, electricity, thermal energy, and chemicals) data were collected by analyz-
ing the process recipes provided by the technical managers of the companies.

2.2.3.4 Process outputs Wastewater quality data were collected by reporting the results of the specific laboratory analy-
ses of the effluent of each process phase. Data describing and quantifying waste (including their destination) were col-
lected from the environmental documentation of the companies for the year 2021 and via direct measurements for each
machine.

2.2.3.5 Water treatment The data on water treatment was derived using an LCA model plant elaborated by Spin 360 [31]
and process-specific primary data on wastewater quantity and water quality.

2.2.3.6 General consumption Apart from production processes, factories consume water and energy for general services
(cleaning, lighting, heating, compressed air, etc.). This consumption was accounted for taking data from direct measure-
ments and reports produced by the companies and comparing them with the relevant BREF technical literature for valid-
ity. BREF are the Best Available Technique Reference Documents [32], which are used as a reference for environmental
standards in different sectors and industries. Each of them is a result of years of multifunctional team work to converge
onto best available techniques and methods for several different industrial sectors [33].

2.2.4 Data calculation
The data calculation was performed considering all elements and data collected as described in the previous section. The

results were calculated by averaging the corresponding results of 56 products. All key environmental indicators for the
average product were first calculated based on a data collection of primary data on the unitary weight of finished leather.
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The key environmental and impact indicators were converted for expression on the weight of the finished leather. For
commercial reasons, the details of the calculation procedures are confidential. However, the calculated data was verified
by an independent external reviewer.

2.3 Allocation

Leather production is a typical case of multi functionality. Specific allocation factors were applied to assess the environ-
mental impacts to be assigned to the leather in the core processes:

The calculation of the impacts of animal farming was carried out using a PEF-compliant dataset, modified accord-
ing to the economic allocations and mass fractions specific to each supply chain configuration, based on primary data
provided by the tanneries.

The equivalent raw material weight necessary to produce 1 kg of product was calculated based on the dry matter
content of leather at different stages and of the co-products generated during production.

The materials and energy inputs and outputs of each core process step were allocated to finished leather based on
the dry matter content of the finished leather, considering co-production.

All environmental interactions of the core processes took into consideration not only the production but also each
interaction with the environment related to the general services of the companies, expressed as a percentage of the
inputs and outputs of the production processes, either quantifying the values with the primary data from the tanneries
or with default values obtained from the relevant literature.

2.4 Validation of data

The primary data underwent internal and external validation processes. The internal validation was performed by the
personnel of the tanneries and the external validation by Spin360 using a set of manual and automated procedures in
the Spin 360 [31] proprietary calculation software before the input of the activity data into SimaPro 9.1.0.8 [1] software.

Some data related to upstream processes and core processes were unavailable (inventory data on farming and water
treatment). For the upstream processes, since no primary data were available, secondary data in the Ecoinvent 3.6 [2]
were modified according to the information on mass fractions and economic allocation provided by the tanneries. For
the core processes, the best possible estimations were adopted.

Other primary data was used to indirectly obtain other information of interest (e.g., aggregated yearly declarations
on waste was used to identify specific waste production per functional unit and electric bills to estimate the electricity
use for general consumptions).

As per the provisions of Paragraph 4.2.3.6 of the ISO 14040 [30] this LCA study involved various activities that aimed
to measure the data reliability to assess the data quality. These activities included using data quality indicators, setting
data quality requirements, and verifying data quality.

In accordance with the provisions of Paragraph 4.2.3.6 of the ISO 14040 [30], what follows provides evidence on the
main parameters to be taken in consideration for data Quality: Time Related Coverage, Geographical Coverage, Tech-
nological Coverage, Completeness, Representativeness, Consistency, Reproducibility, Sources of Data and Uncertainty
of the Information.

2.4.1 Time related coverage
All primary data collected in tanneries refer to 2021-2022. Since the data refers to a specific process, reference for data
have been collected and used as a reference the whole year. All datasets used for modeling are sourced from Ecoinvent

3.6 [2] (except for raw hide, for which the process from the Agri Footprint database was taken into consideration) with
different time representativeness among the processes.

2.4.2 Geographical coverage

All primary data collected refer to the exact location where the processes occur. Datasets used for modelling have been
taken as well referring to the specific location where the environmental aspect is generated. In particular:
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e Thermal and electrical energy: the company established the energy mixes in the data collection file, which were then
modelled by selecting the Vietnamese processes for the Post-tanning phase and Vietnam and China for the Finishing
phase. Where processes were not available, the Rest of the World (RoW) or Global (GLO) processes were considered.

e Chemicals: since the real production site where a chemical is produced is not often known, to adopt a conservative
approach and in compliance with the indications of the PEFCR-Leather [6], the “market” category of the datasets has
been chosen, where possible providing the specific region. Market datasets include average transport of that product
within the geography, as well as inputs of the product itself to cover losses in trade and transport.

2.4.3 Technology coverage

Regarding upstream processes, primary and verified data have been used to measure and calculate the input of raw
hides needed to produce one kg of leather product under study.. Considering the nature of the farms supplying live
animals to the slaughterhouse and subsequently to the production plant located in the US, the Ecoinvent 3.6 PEF-
compliant database, which is specific for the raw hides deriving for the beef cattle production, was deemed more
suitable for the purposes of this study compared to the default dataset suggested by PEF, which specifically pertains
to dairy farms.

All technologies involved in the core processes have been described in detail, characterized and modelled accord-
ing to data collected during on site interviews, document consultations and measurements campaigns, therefore
the study can be considered to properly represent the technologies involved.

2.4.4 Completeness

As described above, all technologies involved in the core processes have been described in detail, characterized
and modelled according to primary data collected during specific sessions and measurements campaigns (carried
out by personnel of the tanneries involved). All materials and energy inputs and outputs (with the only exception of
packaging of chemicals entering the factories and chemicals used for cleaning and maintenance of buildings and
machinery) have been taken into consideration. Slaughtering processes follow the cut off rule of 0,1%.

2.4.5 Precision

Core process data refers to actual production of the product in scope carried out in the reference period. Data has
been therefore taken and an average has been calculated (when needed) from official information either coming
from the companies’ informative systems or included in official documents with legal value. The precision of data
is therefore to be considered high.

2.4.6 Representativeness

Despite the attention put in place to obtain precise and representative primary data, during the implementation of
the study several limitations related to the availability of representative datasets in Ecoinvent have been identified.
The most relevant case refers to chemicals, where lack of precise information from chemical producers and a lack of
proper representation of their composition in the available datasets have been identified as the two most important
findings of the study.

2.4.7 Consistency

The same methodology has been uniformly applied to the various components of the analysis during the execution
of the study.
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2.4.8 Reproducibility

The reproducibility of the results of this study by an independent LCA practitioner, based only on the data included
in the present report, is low as most of the primary data from industrial processes and recipes have been kept con-
fidential by the participating companies.

2.4.9 Sources of data

As previously described, official and verified documents of the tanneries involved, together with measurements cam-
paigns carried out directly by their personnel, were the most important and relevant data sources for primary data
representing the processes studied. A smaller portion of data was obtained through estimations or default values.

2.4.10 Uncertainty of the information

The most relevant assumptions of the study have been already detailed and are briefly summarized as follows:

-Default data have been used for farming processes, since no specific data have been collected on the actual upstream
processes.

«Exact composition of chemicals used in production approximated to the references found in table IX of the PEFCR
[5], when not explicitly declared by the producer.

-Dry matter content of chemicals used in production approximated to an industry average, when not explicitly
declared by the producer.

«Inputs and outputs on water treatment have been modelled using real data on water quality taken from measure-
ments done by the tanneries and inputting them in a model plant created thanks to previous sectoral work carried out
by Spin360.

2.5 Data quality rating (DQR)

In alignment with 1ISO 14040 [30] and ISO 14044 [3] standards, a Data Quality Rating (DQR) assessment was conducted
to evaluate the reliability and accuracy of the data used in this study, focusing on each component of the final product’s
composition. The DQR analysis included several dimensions to ensure a comprehensive assessment of data quality:

Time Representativeness: Evaluates how current the data is in relation to the reporting period, ensuring it reflects
recent conditions.

Proximity and Verifiability: Assesses the extent to which the data sources are directly related to the processes analyzed,
as well as the ease of verifying the data through credible sources.

Technological Representativeness: Reflects the accuracy of the data in representing the specific technology and pro-
cesses used in the production stages.

Geographical Representativeness: Determines how well the data aligns with the specific locations where the activities
occur, ensuring the data accurately reflects local conditions and practices.

Each of these quality dimensions was rated to produce a Global Data Quality Rating for the study, summarized in
Table 8.

The Global Data Quality study achieved a rating of 2.03, categorizing it as “good” according to the International Ref-
erence Life Cycle Data System (ILCD) [34] Data Quality Requirements (DQR) guidelines. This rating reflects a high level
of confidence in the data, with robust representation across key quality dimensions such as time representativeness,
proximity and verifiability, technological representativeness. As a “good” quality study, this DQR score aligns well with
ISO 14040 [30] and ISO 14044 [3] standards.

3 Results

Table 9 contains the average results of the life cycle impact assessment and the Uncertainty Analysis for all six impact
categories considered for a 1 kg leather.
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Table 9 ngrall average Impact category Value Uncertainty UoM
results per impact category
for 1 'Sgr]'ef]thef (1.0632 IPCC GWP 100a 220x 10" +1.54 kg CO, eq
m°) wit . t .e respective Eutrophication 1.52x 107" +0.011 kg PO,—eq
uncertainties

Abiotic depletion, fossil fuels 1.40x10%2 +9.8 MJ

Water use 1.13x 10" +£0.791 m3

Freshwater ecotoxicity 2.56x10%2 +17.92 CTUe

Water consumption 3.44x107 +£0.024 m3

The uncertainty analysis is conducted using the final Data Quality Rating (DQR) of the study, which is 2. According to
ILCD guidelines, a DQR of 2 corresponds to an expected standard deviation in results between 7 and 10%. This range
indicates that, while the study’s data quality is rated as “good,” there remains a moderate level of variability that could
influence the life cycle impact results.

The data in Table 10 shows that chemical use and solid waste are two of the most important contributors among
all six impact categories. The production of raw hides is the major contributor to the impact of five out of the six
categories considered: Global Warming Potential (Fig. 1); Eutrophication (Fig. 2); Water Use (Fig. 3); Water Con-
sumption (Fig. 4) and Abiotic Depletion, Fossil Fuels (Fig. 5). For Freshwater Ecotoxicity the impacts were more
evenly distributed between the Upstream, Beamhouse, Tanning and Post-tanning stages, its source being the
solid waste generated in the different processes (Fig. 6). Chemicals were relevant impact sources in all categories
except Eutrophication. It is important to highlight that Eutrophication’s primary source is the raw material (hides)
due to agricultural inputs such as fertilizers. Synthetic inputs have low Eutrophication contributions, due to these

Table 10 Hot spot analysis and contribution of the different process factors to the six impact categories

Environmental aspect IPCC GWP 100a Eutrophication Abiotic depletion, ~ Water use Freshwater Water
fossil fuels ecotoxicity consump-
tion
Raw materials 67.8% 91.4% 33.0% 64.9% 13.7% 59.0%
Water Consumption 0.0% 0.0% 0.0% 13.6% 0.0% 21.1%
Thermal energy 0.9% 0,2% 2.1% 0.1% 0.5% 0.1%
Electrical energy 3.8% 0.9% 6.4% 1.9% 1.9% 5.9%
Chemicals 18.3% 4.6% 44.9% 21.4% 33.8% 19.8%
Transport 6.0% 1.0% 13.3% 0.6% 3.8% 0.7%
Emissions to air 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Emissions to Water 0.0% 0.1% 0.0% 0.0% 0.0% 0.0%
Solid waste 3.1% 1.7% 0.2% 0.1% 46.2% 0.1%
Wastewater 0.0% 0.1% 0.0% -2.5% 0.1% —-6.8%
Total impact 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
Global Warming Potential (GWP100a) Global Warming Potential (GWP100a)
All Stages Core
“* 1? 14% _ 18%
14% ‘ Upstream o
‘ = Beamhouse = Beamhouse
7% ‘ = Tanning = Tanning
5% | _d = Post-tanning - = Post-tanning
68% Finishing Finishing
= General

Fig. 1 Relative global warming potential of different processes (UOM kg CO, eq)
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Eutrophication Eutrophication
. All Stages Core
2% 4% 1%
0% 9%
S Upstream

= Beamhouse = Beamhouse
= Tanning = Tanning
= Post-tanning = Post-tanning
1 Finishing « Finishing
= General

91%

Fig.2 Relative eutrophication caused by different processes (UOM kg PO, —eq)

Water Use Water Use
All Stages Core

% 2% 8%
5% < ¥ 18%

16%

= Beamhouse = Beamhouse

” » = Tanning
m Post-tanning

6% 65% = Finishing

; ‘ Upstream

= Tanning
= Post-tanning
Finishing

48% 0%

= General

Fig.3 Relative water use (UOM m?)

Water Consumption Water Consumption
All Stages Core
2% 3% 7% 6%
' Upstream ’
20%
= Beamhouse = Beamhouse
24% ,
= Tanning = Tanning
= Post-tanning = Post-tanning
9% 59% i ey
Finishing = Finishing
6% = General b2%

Fig.4 Relative water consumption of different processes (UOM m?)

chemicals being mainly fossil based. The following figures provide the relative contribution of each process factor
and for each life cycle stage/process for the six impact categories considering two views: all stages (left) and core
processes only (right).
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Abiotic Depletion, fossil fuels
All Stages

10%

2%

Upstream
4% = Beamhouse
= Tanning
= Post-tanning
Finishing
6% = General

34%

13%

Fig. 5 Relative abiotic depletion, fossil fuels of different processes (UOM MJ)

Freshwater Ecotoxicity
All Stages

0,
3% 3% 14%

Upstream

= Beamhouse
30% = Tanning

= Post-tanning
94% Finishing
= General

15%

36%

Abiotic Depletion, fossil fuels
Core

10%

16%

- = Beamhouse
= Tanning
m Post-tanning

Finishing

Freshwater Ecotoxicity
Core

4%

= Beamhouse
41% )

= Tanning

= Post-tanning

Finishing

18%

Fig. 6 Relative freshwater ecotoxicity caused by different processes (UOM CTUe)

3.1 Sensitivity analysis

Sensitivity analysis is a method of testing how the LCA results change when one or more input parameters or assump-
tions is varied. It can help assess the reliability, validity, and uncertainty of LCA results, and reveal the most influential
factors that affect the environmental performance of the product or service.

For the average leather product under study, four different scenarios were elaborated to verify the effects of
changing key variables of main hotspots (raw hides, chemicals and electric energy).

For raw hides, changes in the Economic Allocation Factor were investigated in scenarios A1 and A2 (Table 11).
The scenario of “100% renewables” was calculated based on global mix of renewable energies [36], 2023 data, and

Table 11 Characterization of different scenarios

Ref Description Baseline To be scenario
A1 Increasing economic 1.82% 2.82%
allocation for raw hides (1
percentage point)
A2 Decreasing economic 1.82% 0.82%

allocation for raw hides (1
percentage point)
B 100% switch to renewables Actual energy mixes specific for each of
the plant involved in the products under
study

C  Reduction of chemical use  Actual chemical use in processes

100.00% renewable energy, in a mix reflecting the produc-
tion of renewable energy from different sources at global
level

30% reduction for dosage of all chemicals
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is displayed in Scenario B. Finally, the effects of a reduction of 30% in the dosage of chemicals used in the process
were calculated in Scenario C.

The main assumptions used for alternative scenarios are listed in Table 11.

3.1.1 Scenario A1—increasing economic allocation

The sensitivity analysis for each scenario is shown in Table 12., In the interests of brevity, the specific breakdown per
stage is shown for Global Warming Potential only for all scenarios. The breakdown for scenario A1 can be viewed in

Table 12 Sensitivity Analysis

. : Environmental impact UuoM Baseline Scenario A1 VAR %

- Scenario A1 (Increasing

Economic Allocation) for 1kg  Global warming potential (IPCC kg CO, eq 2.20E+01 3.02E+01 37.27%

leather (1.0632 m?) average GWP 100a)
Eutrophication kg PO,—eq 1.52E-01 2.28E-01 50.20%
Abiotic depletion, fossil fuels MJ 1.40E+02 1.65E+02 18.13%
Water use m3 1.13E+01 1.54E+01 35.64%
Freshwater ecotoxicity CTUe 2.56E+02 2.75E4+02 7.53%
Water consumption m3 3.44E-01 4,55E-01 32.43%

Sensitivity Analysis
Global Warming Potential per Impact Center

Scenario Al
25 23.22
20
k= 15.03
~ 15
o
@
o~
S 10
ap
a4
5 3.12 3.12
1.45 1.45
1.18 1.18 0.96 0.96 0.24 0.24
0
Upstream Beamhouse Tanning Post-tanning Finishing General

Baseline Scenario Al

Fig. 7 Effects on Global Warming Potential of Increasing economic allocation comparison by Impact Center (Scenario A1)
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Sensitivity Analysis
Global Warming Potential per Impact Center

Scenario A2
16 15.03
14
12
E
210
(o
v 8 6.84
o~
o
O 6
ap
~ 4 3.12 3.12
2 118 1.18 1.45 145 I 0.96 0.96 024 024
0 m | [ -
Upstream Beamhouse Tanning Post-tanning Finishing General

Baseline m Scenario A2

Fig. 8 Effects on Global Warming Potential of decreasing Economic Allocation by Impact Center (Scenario A2)

Sensitivity Analysis
Global Warming Potential per Impact Center

Scenario B
16 15.0315.03
14
12
E
— 10
o
v g
o~
o
O 6
L
4 312 787
2 1.18 1.11 1.45 1.36 l 0.96 076 028
-24.0.10
0 | L [ -
Upstream Beamhouse Tanning Post-tanning Finishing General

Baseline m Scenario B

Fig.9 Effects on Global Warming Potential of 100% renewable energy by Impact Center (Scenario B)
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Sensitivity Analysis
Global Warming Potential per Impact Center
Scenario C
16 15.0315.03
14
~ 12
€
- 10
(o
v o8
S s
2 3.12
4 241
1.18 145 109
2 0.92 0.96 0.89 024 0.24
0
Upstream Beamhouse Tanning Post-tanning Finishing General
Baseline Scenario C
Fig. 10 Effects on Global Warming Potential of reducing the use of chemicals by Impact Center (Scenario C)
Table 13 . Sensitivity An'alysis Environmental impact uom Baseline Scenario A2 VAR %
- Scenario A2 (Decreasing
Economic Allocation) for kg Global Warming Potential (IPCC kg CO, eq 2.20E+01 1.38E+01 —37.27%
leather (1.0632 m?) average GWP 100a)
Eutrophication kg PO,—eq 1.52E-01 7.56E-02 —50.20%
Abiotic Depletion, Fossil Fuels MJ 1.40E+02 1.14E+02 —18.13%
Water Use m3 1.13E+01 7.29E+00 —35.64%
Freshwater Ecotoxicity CTUe 2.56E+02 2.37E+02 —7.53%
Water Consumption m3 3.44E-01 2.32E-01 —32.43%
Table 1,4 Sensitivity analysis— Environmental impact UoM Baseline Scenario B VAR %
Scenario B (100% Renewables)
for 1 kg leather (1.0632 m?) Global warming potential (IPCC kg CO, eq 2.20E+01 2.12E+01 -3.43%
average GWP 100a)
Eutrophication kg PO,-eq 1.52E-01 1.51E-01 -0.75%
Abiotic depletion, fossil fuels MJ 1.40E+02 1.32E+02 —5.70%
Water use m3 1.13E+01 1.14E+01 0.22%
Freshwater ecotoxicity CTUe 2.56E+02 2.56E+02 —-0.02%
Water consumption m3 3.44E-01 3.31E-01 -3.61%

@ Discover



Research

Discover Sustainability (2025) 6:80 | https://doi.org/10.1007/543621-025-00798-6
Table 1,5 Sensitivi.ty analysis - Environmental impact uom Baseline Scenario C VAR %
Scenario C (Chemical Dosage
Reduction) for 1 kg leather Global warming potential (IPCC kg CO, eq 2.20E+01 2.06E +01 ~6.37%
(1.0632 m?) average GWP 100a)
Eutrophication kg PO,—eq 1.52E-01 1.49E-01 -1.90%
Abiotic depletion, fossil fuels MJ 1.40E+02 1.21E+02 —13.55%
Water use m?3 1.13E+01 1.06E+01 —6.44%
Freshwater ecotoxicity CTUe 2.56E+02 1.96E+02 —23.36%
Water consumption m3 3.44E-01 3.23E-01 —-5.97%

Table 12, Fig. 7; for the scenario A2 in Table 13, Fig.8; for scenario B in Table 14, Fig.9 and for scenario C in Table 15,
Fig.10.

3.2 Conclusions of the sensitivity analysis

To understand the dynamics underlying the variations in terms of environmental impact following the setting of alter-
native scenarios compared to the initial ones, it is appropriate to summarize the results on three different dimensions:

3.2.1 Changes in terms of impact of the six environmental footprint (EF) categories under study

With reference to scenarios A1 (increasing economic allocation by 1 percentage point) and A2 (decreasing eco-
nomic allocation by 1 percentage point) it can be observed that the most influenced categories are Eutrophication
(53.20%) and Climate Change (+37.27%).

As per the Scenario B (100% switch to renewable energies) the most influenced categories are Abiotic Depletion
fossil fuels (— 5.70%) and Climate Change (- 3.43%), while it can be observed that the Water Use moves upwards
(+0.22%) mainly due to the increased use of hydroelectric energy.

Finally, as regards the scenario C (reducing chemicals), the most influenced category are Freshwater Ecotoxicity
(—23.36%) and Abiotic Depletion Fossil Fuels (— 13.55%) (.

3.2.2 Detail of changes for the category “climate change”, at impact center level

In the case of scenarios A1 and A2 (Increasing/Decreasing Economic Allocation), the changes focus solely on the
Raw Material emission factors, while all other factors remain unchanged. In the same way, the impact of a different
energy mix (Scenario B) only reflects on the impact deriving from the use of Electric Energy. Finally, as per scenario
C (Reducing Chemicals), in addition to the reduction in the impact of chemicals (equal to their reduction in dosage),
waste is also affected due to a lower production of sludges.

3.2.3 Detail of the changes for the category “climate change” at the environmental aspect level

Also in this case, the scenarios that provide for different economic allocation (A and B) only affect the activities
upstream of the tanning ones. As per scenarios B and C, the variation of impact is higher in the departments where the
resources under analysis are used most (for chemicals: Tanning and Post-Tanning department; for energy: Post-Tanning
and Finishing Dept.).

4 Discussion

This LCA study was carried out to assess the environmental impacts related to production of 56 leather products manu-
factured by 6 leather groups in multiple supply chain configurations.

@ Discover



Discover Sustainability (2025) 6:80 | https://doi.org/10.1007/543621-025-00798-6
Research

For tannery operations, this study was based on high-quality primary data obtained directly from the official docu-
mentation of the tanneries involved and complemented by specific measurements of energy (for the specific machinery
involved) and wastewater quality (taking samples from the water streams produced from the specific processes involved
in the production of the article itself).

The present report adheres to the 14,040 [30] and 14,044 [3] standards and has been critically reviewed [35].

All primary data collected from tanneries refer to the years 2021-2022 and the exact locations where the processes
occurred. The datasets used for modeling were obtained as well, referring to the specific location where the environ-
mental aspect was generated.

Primary and verified data were used to measure and calculate the input of rawhides needed to produce 1 kg of finished
leather. All technologies involved in the core processes were described in detail, characterized, and modeled according
to data collected during on-site interviews, document consultations, and measurement campaigns; therefore, this study
properly represents the technologies involved using high-quality primary data.

This study endeavored to obtain exact and typical primary data, but several difficulties were encountered due to the
unavailability of characteristic Ecoinvent [2] datasets, most significantly regarding rawhides and chemicals.

The global pandemic caused travel restrictions that limited the possibility of directly interacting with leather techni-
cians and factory personnel and visiting different plants.

Thanks to their relationships with raw material suppliers, tanneries were able to collect primary data referring to the
overall supply of hides to the different supply chain configurations, such as mass fractions and economic allocations,
obtaining results that were significantly different and more updated than the default ones proposed by the PEFCR-
Leather [6].

All the different processes carried out for production were fully characterized by analyzing the official documentation
(production recipes) of the companies describing machinery and processes. All transport was accounted for.

Some data related to upstream processes as well as core processes were unavailable (inventory data on farming and
water treatment). For the upstream processes, since no primary data were available, and secondary data in the Ecoinvent
[2] dataset “Beef co-product, hides and skins, from beef cattle, at slaughterhouse, PEF compliant/IE economic/mass (Agro-
footprint)” were used and modified according to the information on mass fractions and economic allocation provided
by suppliers.

The characterized results were presented in detail for six impact categories, and the conclusion is as follows:

1. The production of raw hides substantially contributed to the impact of five out of the six categories considered.
2. Chemicals were major contributors to the impact categories, except for Eutrophication.

Another important point is the difference in the relevance of the Beamhouse stage when comparing water use and
water consumption. By focusing on water use, the consequences of the fact that multiple beamhouses have water
recovery systems in place, effectively reducing the consumption of water, can be seen.

Additionally, the study highlighted the significance of the Post-tanning stage in all the different impact categories
studied. This highlights the need to address the nature and use of chemicals in the post-tanning stage in order to reduce
the environmental impact of leather.

Software and methodologies are always being updated. Repeating this work in a few years will generate significantly
more accurate results, as this research will help to indicate the most impactful process areas and provide an opportunity
to reduce this impact. This study also highlights the need for more data gathering and modeling for the different man-
agement practices at the farm level and in leather chemistry.

5 Conclusions

The present study with the aggregated data of 56 LCA studies of 16 facilities in 11 countries provided a broad represen-
tation of the LCA status of the current bovine leather industry and can hopefully guide future studies. It shows several
parameters that are much lower than previous data, particularly the economic allocation of the impact of livestock
rearing to the raw material.

The data contains important information for understanding the LCA hot spots and provides insights into the industry
regarding the improvements needed in specific process areas.
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The numeric findings highlighted the significant relevance of animal farming (Upstream) and chemicals in the envi-
ronmental impact of the different impact categories. Concomitantly, it made clear the importance of the solid waste
management processes to minimize freshwater ecotoxicity.

The Upstream processes were especially pertinent in Eutrophication (91%), Global Warming Potential (68%), Water
Use (65%) and Water Consumption (59%). This highlights the importance of the promotion of better farming practices
and more accuracy in the datasets available for animal farming.

Representing as much as 44.9% of the source of impacts for Abiotic Depletion, Fossil Fuels and 33.8% for Freshwater
Ecotoxicity, the pursuit of lower impact chemicals and decrease in their use through process recipe improvements must
continue.

Considering the evidence presented and the collection and analysis of data from multiple products within different
tanneries and countries, the findings have the potential to provide a benchmark for continuous improvement in sustain-
able practices, encouraging ongoing research and incentivizing advancements from farms to tanneries.

The LCA study of the global cow leather industry reveals several important implications for stakeholders. For tanneries,
this study highlights areas for improvements, particularly in rawhide production, water use, batch processes in drums,
and chemical applications. The findings provide a benchmark for sustainable practices, encouraging ongoing improve-
ments across the industry. Policymakers can use this data to guide regulations on sustainable sourcing and production
methods, supporting the adoption of greener technologies. Additionally, consumers can benefit from increased trans-
parency, enabling informed choices that may drive demand for sustainably produced leather.
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