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Abstract — EN

With the negative consequences of intensive and linear production for environment and society becoming more
apparent, increasing efforts around the world are directed at reaching higher levels of sustainability in industrial
production chains. In this context, the present study focuses on the resource efficiency and circularity of the agri-
food industry in Lombardy, which is shaped especially by intensive livestock rearing leading to considerable
environmental impacts in the region. Among the different sectors of agti-food production in Lombardy, the
dairy industry plays a prominent role in economic and environmental terms, for which reason it was selected as
the focus of research. The study had the goal to investigate the current level of application of circulatity practices
in the sector, to design methods for the assessment of circulatity in the dairy production, to propose and test a
new practical approach to more sustainable and circular production based on high-quality and decentralised by-

product valorisation, and to examine the potential of implementing said model in an Industrial Symbiosis.

The results suggest that, while some sustainable and circular practices have become mainstream, there is still
much room for improvement, especially for activities that require larger investments or do not provide
immediate economic benefits to the production. A practical method was provided that would help dairy
manufacturers to assess their own production in terms of circularity and sustainability based on a detailed flow
assessment as well as an index system including a range of metrics that represent the three dimensions of
sustainability to provide a holistic perspective. Meanwhile, a model for local high-quality whey valorisation was
designed, adapted to the regional dairy sector by focusing on the small- and medium-scale cheese production.
The ability of the modelled process to increase the sustainability of the production chain was tested in a Life
Cycle Assessment by comparing different by-product valorisation scenarios. The assessment revealed that by-
product valorisation especially at high quality can improve the chain performance notably. At the same time, no
clear advantage can be seen for either a decentralised valorisation approach as proposed, or a centralised
valorisation approach. Hence, different case studies may require different solutions depending on the intentions
of the commissioners and practitioners. The economic feasibility assessment of the decentralised valorisation
approach underlined the importance of valorising at high-quality and sufficient size, i.e., medium scale, to profit
of scale-up effects. Examining the potential of implementing the modelled valorisations scenario in an Industrial
Symbiosis showed that there is a considerable interest among local companies to participate in sustainable and
circular production projects, including the suggested one. However, lack of appropriate funding and human
resources prevents the execution of such intentions and should therefore be considered when realising future

case studies.

All in all, the study shows that despite the dairy sector having been an object of scientific interest for decades,
there is still potential to improve the production chain’s performance. Considering the immense environmental,
economic, and social consequences of dairy production, sustainable intensification within the sector via by-

product valorisation can be a keystone in achieving sustainable agri-food production in Lombardy and Italy.
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Abstract — IT

A causa delle conseguenze negative per 'ambiente ¢ la societa, detivanti dalla produzione industriale intensiva e
lineare, diventano sempre piu evidenti gli sforzi, crescenti in tutto il mondo, per raggiungere livelli piu elevati di
sostenibilita nelle catene di produzione industriale. In questo contesto, il presente studio si concentra
sull'efficienza delle risorse e sulla circolarita dell'industria agroalimentare lombarda, carattetizzata soprattutto
dall'allevamento intensivo di bestiame, che ¢ alla base del notevole impatto ambientale nella regione di questo
comparto produttivo. Tra i diversi settori della produzione agroalimentare lombarda, 'industria lattiero-caseatia
svolge un ruolo di primo piano in termini economici e ambientali, per questo motivo € stata scelta come focus
della ricerca. Lo studio aveva l'obiettivo di indagare l'attuale livello di applicazione delle pratiche di citcolarita nel
settore, di progettare metodi per la valutazione della circolarita nella produzione lattiero-casearia, di proporre e
testare un nuovo approccio pratico per una produzione piu sostenibile e circolare, basato sulla valorizzazione di
sottoprodotti di alta qualita e prodotti a livello decentralizzato e infine di esaminare il potenziale di attuazione di

tale modello in una simbiosi industriale.

I risultati suggeriscono che, sebbene alcune pratiche sostenibili e circolari siano state diffuse sul territorio, c'e
ancora molto margine di miglioramento, soprattutto laddove sono richiesti investimenti maggiori o non vengono
forniti strumenti di sostegno economico immediati alla produzione. E stato proposto un metodo pratico che
potrebbe aiutare i produttori lattiero-caseari a qualificare la propria produzione in termini di circolarita e
sostenibilita, basandosi su una valutazione dettagliata dei flussi e su un sistema di indici che include una serie di
metriche in grado di rappresentare le tre dimensioni della sostenibilita con Pobiettivo di fornire una prospettiva
olistica della problematica nel settore lattiero caseario lombardo. Al contempo, ¢ stato definito un modello per la
valorizzazione del siero di latte locale di alta qualita, adattato al settore lattiero-caseario regionale e incentrato
sulla produzione di formaggio su piccola e media scala. La capacita del processo individuato di aumentare la
sostenibilita della catena di produzione ¢ stata testata in una valutazione del ciclo di vita, confrontando diversi
scenari di valorizzazione dei sottoprodotti. La valutazione ha rivelato che la valorizzazione dei sottoprodotti,
soprattutto se di alta qualita, puo migliorare notevolmente le prestazioni della filiera. Allo stesso tempo, non ¢
stato possibile individuare un chiaro vantaggio né per un approccio di valorizzazione decentralizzato, come
proposto, né per un approccio di valorizzazione centralizzato. Pertanto, i diversi casi studio possono richiedere
soluzioni diverse, a seconda delle intenzioni dei committenti e degli operatori. La valutazione della fattibilita
economica dell'approccio di valorizzazione decentralizzato ha sottolineato I'importanza di una valorizzazione di
alta qualita e di dimensioni idonee, cio¢ di media capacita, per beneficiare degli effetti di scale-up. L’esame del
potenziale di implementazione dello scenario di valorizzazione modellato in una simbiosi industriale ha
dimostrato lesistenza di un notevole interesse tra le aziende locali a partecipare a progetti di produzione
sostenibile e circolare, incluso quello proposto. Tuttavia, la mancanza di finanziamenti adeguati e la difficolta da
parte delle imprese di allocare risorse umane dedicate ad un progetto di questo tipo, impedisce I'attuazione a
breve termine di tale proposta e dovrebbe quindi essere presa in considerazione nella realizzazione di futuri casi

di studio.
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Nel complesso, lo studio dimostra che, nonostante il settore lattiero-caseario sia stato oggetto di interesse
scientifico per decenni, esiste ancora un margine potenziale per migliorate le prestazioni della filiera produttiva.
Considerando le immense conseguenze ambientali, economiche e sociali della produzione lattiero-caseatia,
l'intensificazione sostenibile del settore attraverso la valorizzazione dei sottoprodotti pud essere una chiave di

volta per raggiungere una produzione agroalimentare sostenibile in Lombardia e in Italia.
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1. Introduction

Under the influence of evident ecological and related societal issues rising around the world in recent decades,
the concepts of sustainability and Circular Economy (CE) have seen an incredible increase in consideration in
the scientific debate, but also in public discussions, consumer behaviour and political decision making. In this
context, sustainability is usually seen as a goal to reach in order to allow a consistent quality of life for current
and future societies (initiated by the “Brundtland report” (Brundtland 1987)). Circular Economy is one possible
approach to reach this goal by trying to evolve the current production system from a linear one (extract — use —
discard) to a system with strong focus on reuse and recycling of materials in order to keep them within the
system and hence valuable to society as long as possible while simultaneously reducing the need for virgin
materials (Kirchherr, Reike et al. 2017). The EU has identified Circular Economy as a key component to be
achieved (EC 2020b) in the pursue of higher sustainability with regard to ecology, economy and society.

One way to practically create a CE is via an Industrial Symbiosis (Haq, Vilisuo et al. 2021, Marinelli, Butturi et al.
2021). This describes a cooperation between different producers in close geographical vicinity that share
materials and/or energy with one another, which originate as waste or by-products at one facility but can be used
as input for another. That way both parties benefit of the material (or energy) exchange since one party does not
need to bother waste management while the other party has a cheap and close-by source of resources. Ideally,
this leads to economic benefits too since expenses are reduced. If in an area several companies are participating
in such schemes, with each other forming a network of resource exchange, one speaks of an Industrial Symbiosis
Network with potential benefits for society and economy as well as the natural environment (Kerdlap, Low et al.

2020, Marinelli, Butturi et al. 2021).

A large contribution to the ecological sustainability of any process is given by its impacts on the environment in
form of material extractions and emissions. Among the many industries, agriculture is a major contributor to
these impacts on local and global levels. The European agri-food industry was responsible for about 10% of all
greenhouse gas emissions in the EU in 2020 (EEA 2022). Animal husbandry and the dairy industry in particular
contribute strongly to these emissions. According to data presented by the European Commission, animal
husbandry is expected to contribute up to 60% to the total emission of greenhouse gases of the EU-27 in
agriculture in 2018 (EC 2020a), with enteric fermentation from ruminants’ digestion being the largest single
contributor. On a global scale, the dairy industry is estimated to contribute at 3% to global warming (in 2005)
(Gerber, Steinfeld et al. 2013). For the EU-25, it is estimated that the production of dairy goods is responsible
for 10% of the global eutrophication potential, 6% of the acidification potential and 4% of the photochemical

oxidant formation, all from anthropogenic sources (Guinée, Heijungs et al. 2000).

Agriculture is the main driver for land use change and pollution which are both major drivers for biodiversity
loss and ecosystem degradation on local and global levels (Rounsevell, Fischer et al. 2018, Diaz, Settele et al.
2019). As stated by the European Environmental Agency (EEA 2020), agriculture activities compose the largest

group of pressures on habitats and species out of over 200 identified individual pressures. Especially for
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grasslands, a habitat typically associated with cattle, agricultural activities are estimated to be responsible for 60%

of the pressures.

Clearly, agriculture in general and the dairy sector in particular have an immense and diverse impact on the
environment, accelerating climate change, biodiversity loss, eutrophication, acidification, and environmental
pollution. Meanwhile, a growing population with increasing demands for animal proteins puts additional strain
on the food production industry, which needs to ensure food safety while decreasing environmental
consequences (Alexandratos, Bruinsma et al. 2006, Westhoek, Lesschen et al. 2014, R66s, Bajzelj et al. 2017,
IFPRI 2018, Timsina 2018, Aiking and de Boer 2020). Hence, there is a need for assessing the environmental
impact of products in order to identify the least environmentally harmful ones and to improve current

management practices and technologies.

One practical tool for this purpose is the Life Cycle Assessment (LCA) methodology (Guinée and Lindeijer
2002). According to the Commission of the European Communities (EC 2003), LCA provides the best
framework available for the assessment of production impacts. Though it has some important drawbacks
considering its limited focus on environmental impacts, widely excluding social and economic implications, it is a

powerful tool that is being applied commonly.

Additionally, indicators and indices can be useful tools to assess the circularity of a process or product from
small to large scale and are often used for this purpose (EMF 2015, Corona, Shen et al. 2019, Saidani, Yannou et
al. 2019). These indicators are not limited to any sustainability dimension and can include considerations of the
ecological, economic and social implications (Saidani, Yannou et al. 2019). However, little can be found on the
degree of application of circular technologies. Moreover, agriculture takes a unique role in Circular Economy, as
it poses particular conditions to the production processes and the ability to recirculate materials (Koppelmaki,
Helenius et al. 2021) and only recently this particular context has arrived in literature (Barros, Salvador et al.
2020, Velasco-Mufloz, Aznar-Sanchez et al. 2022) with only few indicators having been adapted to the sector

(Velasco-Mufioz, Mendoza et al. 2021).

The present study deals with the ecological, economic, and social impact of agricultural activities in Italy and
Lombardy since it was commissioned by the Region of Lombardy. In Italy, agriculture has a long tradition and
importance for the society, visible in the many traditional foods and wines with PDO and PGI certifications
(EUIPO 2022) and over one million farms situated within the country (Istat 2016). At the same time, agriculture
is very relevant for the natural environment since a large extent of the country surface is shaped by agricultural
activities (12.6 million ha in 2018 (Eurostat 2020)). Within Lombardy milk and meat products have the largest
contribution to the output value of the agricultural sector (Giuca, Giannini et al. 2015). Since livestock rearing is
also one of the most relevant activities in terms of environmental impact, the present study lays focus on the
dairy sector and its main production chain: the cheese production, to which 80% of the produced milk is
directed (CLAL 2022a). Italy is the fourth largest milk producer in the EU after Germany, France, and the
Netherlands (CLAL 2022b), producing over 12 million tons of milk and 1 million tons of cheese annually (CLAL
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2022a). In 2022 Lombardy was responsible for 46% of the Italian milk production (CLAL 2022c). Due to the
large production volumes, there is also an immense amount of by-products created, particularly whey from
cheese making. In 2019, there was an estimated 8 million tons of whey produced in Italy of which 3.7 million
tons were from the Lombardy region (CLAL 2022d). Naturally, these side streams need to be treated either as
waste or reutilised into additional by-products. Due to the structure of Italian farms with a large number of
small- and medium-sized enterprises, by-product valorisation is often not practiced by the producers and large
amounts of whey are sold to be valorised abroad or sold for low-value applications such as animal feed (CLAL
2022a). Meanwhile, little can be found on the potential of improved by-product valorisation within the dairy

value chain to increase the sustainability and circularity of production (Bacenetti, Bava et al. 2018).

Hence, the main research gaps to be addressed by the present study were firstly, the lack of information available
on the implementation of CE practices in the Lombard dairy sector. Secondly, the lack of suitable circularity
indicators available for agricultural production at small- to medium sized companies. Thirdly, a lack of circularity
and sustainability assessments of by-product valorisation approaches in the dairy industry as well as a lack of by-
product valorisation efforts at high quality in the Italian dairy industry. Lastly, a lack of incentives for Italian

small- to medium-sized producers to participate in CE practices including high-quality by-product valorisation.

Considering the mentioned research gaps, the present study presents four main objectives in order to identify the
main issues related to reaching higher circularity and sustainability within the Lombard dairy sector and to

propose potential improvement approaches.

1) Investigate the current state of application of circular production practices in the Lombard dairy sector.

2)  Develop a methodology to assess circularity in dairy production and test it in an exemplary case study.

3) Model a circular by-product valorisation approach for the Lombard dairy sector and test it in
experiments and in an exemplary case study, comparing its performance in terms of sustainability to
real-life scenarios.

4) Examine the potential for an Industrial Symbiosis based on the modelled by-product valorisation

approach.

Despite the dairy sector having been a focus of innovation and scientific research for many decades, it is
evidently still one if not the most ecologically impactful agricultural sector with great relevance for the economy
and society in Italy and around the world. Hence, this study is aiming at detailing out improvement potentials for
the sector’s sustainability based on emerging concepts and methodologies that have not yet been applied
extensively in this context. The Italian and Lombard dairy industry hereby pose a specific setting with a large

number of small, family-run producers to which the methods, but also the results and solutions will be adapted.

The research project was performed in collaboration with the ENEA laboratories SSPT-USER-RISE and SSPT-
BIOAG-PROBIO.
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2. Background and Literature

The following chapter introduces the historic and recent literature on aspects important to the thesis work.
Trends and advances are viewed critically, and gaps of research identified to situate the goal of the present study

accurately.

2.1. Circular Economy

With the (re-)realisation that planetary resources are not endlessly available 50 years ago (Meadows, Meadows et
al. 1972) — resoutrce scarcity has been a common concept and problem among societies in all of human history,
e.g. (Crone and Watson 2002, De Keyzer 2018) — new concepts of economy and management needed to be
developed in order to provide an alternative to the still common produce-and-discard economic approach. One
of these new concepts was Circular Economy, a term made popular in recent decades (Ghisellini, Cialani et al.
2016, Lieder and Rashid 2016, Geissdoerfer, Savaget et al. 2017). Though there is still a debate on the exact
definition of the concept (Kirchherr, Reike et al. 2017), it is widely agreed that its core purpose is to reach
economic and environmental benefits by applying a closed-loop or a 3R approach: reduce, reuse, recycle
(Brennan, Tennant et al. 2015, Ghisellini, Cialani et al. 2016, Kirchherr, Reike et al. 2017). That way, matetial and
energy use efficiency is increased and hence the production should ideally become more economically feasible
and less ecologically damaging. One aspect that is mentioned less frequently in this context though it is still
relevant, is the effect of CE on social sustainability or equity (Geissdoerfer, Savaget et al. 2017, Kirchherr, Reike
et al. 2017).

Over the past decades, political bodies have started to include Circular Economy into their future goals both on
national and international levels (Ghisellini and Ulgiati 2020). The European Commission published their “new
Circular Economy Action Plan” (EC 2020b) to accompany the “European Green Deal” (EC 2019) by
promoting Circular Economy as a mean to reach climate neutrality by 2050 and to decouple economic growth
from resource use. Moreovet, it is supposed to help the European industry to become more sustainable and
resilient and to help customers by providing safer and better-quality products. China similarly has shown great
efforts in promoting CE in policies since over 20 years (Lieder and Rashid 2016, Zhu, Fan et al. 2019).
Meanwhile, companies too have started to see the benefits of circular production for themselves, and their

customers and many initiatives can be seen in that direction (EMF 2013).

However, despite Circular Economy being a desired goal of companies and nations to be reached, circularity
itself is usually not what they are interested in. The main goal of CE is to support a sustainable development
(Saidani, Yannou et al. 2019) or sustainability in general in terms of economy, society, and environment
(Geissdoerfer, Savaget et al. 2017, Velasco-Mufioz, Mendoza et al. 2021). This is an important aspect since it
means that circularity for circularity’s sake is to be avoided, yet it can be found among circularity indicators when

they are not linked to sustainability metrics (Harris, Martin et al. 2021). Hence, both concepts can and should be
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used in relation to one another but not interchangeably since sustainability is the main goal while Circular

Economy is a tool to achieve it.

Similar to the uncertainty on the definitions, there is also a wide range of approaches available for how to assess
or measure circularity in a given process (Corona, Shen et al. 2019, Saidani, Yannou et al. 2019). An assessment
of the circularity of production can focus on different size dimensions (Ghisellini, Cialani et al. 2016, Kirchherr,
Reike et al. 2017, Saidani, Yannou et al. 2019). The smallest one, micro, has the goal of considering the
production site, a single company, a single product or the customers at small scale. Hence, focus is laid on
production site specific parameters like recycling of overproduction, losses, and residues. The medium size,
meso, considers smaller areas or large industrial parks with diverse production and the potential to exchange
materials between companies and different value chains. The largest size, macro, considers cities, regions,
countries, and more at large levels of production. Here the structure of the entire economy becomes relevant and

different production methods for the same value chains may exist in parallel.

Apart from the consideration of the system size, there are many other properties that can be used to describe the
different circularity assessment methods available (Saidani, Yannou et al. 2019). One approach that was
presented by Corona et al. (2019), focused on the differentiation between measuring the degree of circularity
(with outcomes between 0 and 100%) and assessing the effects of circularity on the economy and environment.
At the same time, a differentiation is also being made between single value metrics (indicators and indices) and
frameworks. While indicators and indices are present in each group, respectively. Frameworks can only be found
in the assessment methods. The frameworks include Input Output Analysis, Material Flow Analysis and Life
Cycle Assessment (LCA), none of which had been developed for the sake of assessing circularity yet have been
applied for that purpose frequently by now (Corona, Shen et al. 2019). Each of these methods uses data
inventories on input materials and energy as well as outputs including products, wastes and emissions to model
the process under investigation. Based in the modelled flows, different results can be obtained including complex
graphical outputs as well as calculations on the relations between different flows. In the case of LCA, results
from the inventory analysis are used to model potential environmental impacts of the process (Guinée and

Lindeijer 2002).

Meanwhile, single value metrics such as indicators and indices are used to summarize findings and concepts in
order to present complex information in a condensed manner, which is easier to, e.g., communicate and compare
between cases or to standards (Saidani, Yannou et al. 2019). Most of the indices considered in the review by
Corona et al. (2019) focus on material recirculation and efficiency, while economic and social implications are
only mentioned as to be covered by other analyses in the respective studies. The same notion can be observed in
other reviews (Ghisellini, Cialani et al. 2016, Saidani, Yannou et al. 2019). Generally, the social dimension of

circularity has seen the least attention in research (Geissdoerfer, Savaget et al. 2017, Mies and Gold 2021).
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2.2. Circular Economy in Agriculture and the Food Industry

Compared to other, technical industries (Saidani, Yannou et al. 2019), literature on CE assessments in agriculture
seems to be less frequent and the methodologies of the assessments less complex (Velasco-Mufioz, Mendoza et
al. 2021). For example, agri-food CE approaches are often limited to particular strategies or concepts such as the
use of sludge for fertilization, and biogas and energy production from agricultural and urban waste (Gherghel,
Teodosiu et al. 2019, Barros, Salvador et al. 2020). This is a logic result of the classic understanding of CE that
primarily looks at the reuse and recycling of materials and energy at source, post-consumer, and during the waste
treatment (EMF 2015). However, these concepts are of rather limited applicability for the context of agriculture.
Agricultural products are mostly consumed (feed, food, drinks) or used until degradation (building and packaging
materials) which makes material recycling while maintaining its quality difficult if not impossible with few
exceptions such as specific cotton fabric recycling approaches (Johnson, Echeverria et al. 2020). Meanwhile, the
treatments for low-value wastes or by-products, such as biogas and fertilizer, take away much of the value
inherent to the initial by-product streams that are often rich in complex molecules (e.g., proteins) and that have
been produced under large resource consumption leading to significant environmental impacts (R66s, Bajzelj et
al. 2017, Aiking and de Boer 2020, Clark, Springmann et al. 2022). Hence, alternative approaches to reach a

circular production and sustainability, such as the production resource efficiency, become relevant.

At this moment, the methodology available for assessing the circularity of agri-food production is limited
(Velasco-Mufioz, Mendoza et al. 2021). In the review 20 studies were identified which offered a list of 83
indicators, which was reduced to 41 when accounting for duplicates. The list of indicators showed clear
limitations in several aspects. Firstly, the sustainability dimensions as most indicators focused on technical (56%)
or environmental (24%) aspects of agri-food production and only 15% and 5%, respectively, dealt with the
economic and social dimension. Moreover, the perspective of the indicators varied greatly, with some looking at
a global scale and others at process details, making it difficult or impossible to apply them in the same context.
Last but not least, the level of specification between the indicators differed from general overlooks such as the
“Flows in Agro-food Networks” (Fernandez-Mena, Gaudou et al. 2020), which looked at the average
consumption of citizens and livestock compared to the total production, to very specific metrics such as the
“partial nitrogen balance” (Tadesse, Oenema et al. 2019), which deals with the nitrogen management at farm
level. The review concludes that there is no standardised framework yet for CE indicators for agri-food
production and that a clear definition is missing for strategies and applications in this context since the currently
available indicators are either incomplete or not practical enough. Thus, there is a need for more indicators
adapted to the context of the agri-food industry that account for the particular conditions of production as

compared to other industries.

One aspect that did not come up among the indicators listed in the review by Velasco-Mufioz et al. (2021) was
the concept of by-product valorisation. Even though it poses a considerable potential to improve agri-food value
chains and follows the main goal of CE as proposed by the EMF (EMF 2021), to keep all materials in use at the

highest viable value and for as long as possible. Still, only few and recent studies can be found in the context of
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agri-food production that try to link CE efforts with by-product valorisation (Belaud, Prioux et al. 2019,

Carraresi and Broring 2022).

2.3. Dimensions of Sustainability and Circular Economy

One important aspect to be considered when assessing sustainability and circularity, which has come up in the
previous chapters, is the dimensions that are to be covered by an assessment. In order to provide meaningful
results that avoid trade-offs and burden shifts, it is crucial to try and cover as many dimensions as possible. In
the classic understanding of the concept there is the triple bottom line of society, economy and ecology
(Elkington and Rowlands 1999, Sikdar 2003, Ruiz-Mercado, Smith et al. 2012, Purvis, Mao et al. 2019), though

there have been debates on the meaningfulness of that approach (Kuhlman and Farrington 2010).

For the purpose of the present study, the traditional approach is applied due to its common use and familiarity in
science and public debates. Though there is no clear definition of the triple bottom line or dimensions of
sustainability (Purvis, Mao et al. 2019), a general idea is that the ecological (or environmental) dimension entails
impacts on the natural environment and human health. This includes resource use and scarcity, emissions to
nature, biodiversity loss, and land use change that can cause negative effects on nature or the individual human
being. The economic dimension includes impacts on the economy considering aspects of job creation, economic
feasibility, flexibility and robustness of markets, innovation, investment, and research and development. The
social dimension is focused on the effects on the individual (quality of work, quality of life) as well as the society
(education, safety, equality, etc). Additional dimensions that have been proposed since they do not fit well into
the other three, are the cultural, institutional and technical dimensions (Purvis, Mao et al. 2019). Any holistic

assessment approach to both sustainability and circularity should attempt to include all these dimensions.

24. LCA

Having discussed the concepts of circularity and sustainability, it is clear that there is a need for a powerful tool
that would allow the quantitative assessment of complex systems and models. There are some approaches with
the idea of applying parameters, indicators, and indices, they are however limited to the selection of the
practitioners and usually do not provide a detailed view on the implications of a process in particular for
environmental aspects such as the ecological sustainability, human health, and resource scarcity. One of the most
common tools and perhaps the most powerful in this context is the Life Cycle Assessment (LCA). The
Commission of the European Communities (EC 2003) considers LCA the best method available for the

assessment of environmental impacts and it is commonly used to assess circularity (Corona, Shen et al. 2019).

LCA is a method used to assess the environmental impact of a process or a product by analysing and quantifying
the occurring material consumption and emissions in order to translate them into environmentally relevant
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information (Guinée and Lindeijer 2002). It consists of several well-defined steps that need to be followed
precisely and documented in detail to ensure accuracy, credibility, and comprehensibility. The steps are explained
and elaborated in the international ISO standards 14040 and 14044 (ISO 2006a, ISO 2006b). The four phases of
an LCA are the goal and scope definition (including the choice of a functional unit and the system boundaries),
the Life Cycle Inventory Analysis (LCI), the Life Cycle Impact Assessment (LCIA), and the interpretation of the
results. For each of these phases there are recommended guidelines provided for the application in agriculture
and the dairy sector by, e.g., the IDF (2015), the EEA (2019) and the IPCC (Eggleston, Buendia et al. 20006). In
2012 guidelines were published for the Product Environmental Footprint (PEF) methodology (Manfredi,
Allacker et al. 2012). These general guidelines include a framework on how to perform an environmental
assessment of a given product based on a life cycle approach, while also presenting the methodology on how to
develop Product Environmental Footprint Category Rules (PEFCR). With the latter, it is possible to define
stricter requirements on environmental assessments for particular categories of products, and thereby increase
the level of standardisation among the categories, respectively. Between 2013 and 2018, the European
Commission had initiated the pilot phase of developing the PEFCR. During this phase, pilot studies were
conducted on a series of products to exercise the methodology and to act as examples for application (Vincent-
Sweet, Canals et al. 2017). The PEFCR study for dairy products was conducted by the FEuropean Dairy
Association and an extensive final report was published to act as a guideline and reference for future LCAs
(Quantis 2018). Overall, it can be seen that the LCA methodology has been used for several decades and has

been continuously developed and improved and by now it has reached a considerable level of maturity.

Different methods are used to translate the information gathered for the inventory into environmentally relevant
information in form of impact values related to different impact categories. Hereby, the impacts can be
presented as midpoint or endpoint categories. Midpoint categories relate to short- to mid-term impacts that are
more or less directly measurable and therefore easier to quantify. They include, for example, the global warming
potential, eutrophication potential, acidification potential, particulate matter formation, and ecotoxicity.
Endpoint categories on the other hand relate to three long-term categories that are highly relevant to society. In
comparison to midpoint categories, they are much more difficult to quantify and to interpret when describing a
running process. The three categories of concern are the health of the natural environment, human health, and
availability of natural resources. When deciding which categories to include in an assessment, all expected
impacts should be considered (Hauschild, Rosenbaum et al. 2018). If in doubt, more categories should be

included rather than less to avoid a shift of burden among the different categories.

Different methods can be used for the assessment, the translation of the inventory data into environmentally
relevant information (Hauschild, Goedkoop et al. 2013). One commonly applied method is the ReCiPe2016
method (Huijbregts, Steinmann et al. 2017), which is an updated version of the ReCiPe2008 method, improved
according to the findings of Hauschild, Goedkoop et al. (2013). It consists of 17 midpoint categories and three
endpoint categories and considers regional differences for several categories, allowing a better site-specific
accuracy of the results. Moreover, it models impact pathways in detail and considers the time horizon for most

of the different categories.
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Apart from the choices for accurate categories and methods, there is also a differentiation between attributional
and consequential approaches (Ekvall 2019). Attributional hereby describes an approach where all inventory is
given impacts that are related to the process itself. This is a rather straight-forward calculation but can be too
simplified when trying to create realistic models. However, it is helpful especially when performing hotspot
analyses of a process. On the other hand, consequential approaches look at the economic and social
consequences of a change in the process (Ekvall and Weidema 2004). For example, this can include the
consideration that the increased electricity production from one source most likely would lead to a reduced
production from another source, leading to a change of impacts of the latter process, too. For this approach
usually detailed market understanding is needed, yet it is considered to be the more realistic approach
(Schaubroeck, Schaubroeck et al. 2021). Nonetheless, it still offers only a simplified model. The choices for how
any LCA is designed depend on the goal and scope of each study as well as the commissioner and the intended

audience.

2.4.1. LCA range of applications

Initially, LCA was developed as a method for the industrial context (Hauschild, Rosenbaum et al. 2018). It can
be used for hotspot analyses, comparisons between products or companies and alterative scenarios among many
other purposes (ISO 200062), hence there are a range of different approaches and rules. Overall, the method
focuses on the technical aspects of processes and the material and energy consumption. Social and economic
aspects are not included in the “classic” LCA aside from the implications of the results for society and economy.
However, newer variations such as the social LCA (Wu, Yang et al. 2014) and LCC (Gluch and Baumann 2004)
were developed to include these aspects (together forming a LCSA — Life Cycle Sustainability Assessment),
though the exact approach to a holistic LCA is still debated (Fauzi, Lavoie et al. 2019). As with CE, the
methodology struggles to deal with the interactions of Ecosphere and Technosphere (Notarnicola, Sala et al.
2017) as well as with the wide range of impacts caused by processes involved in agricultural production. One
such impact is the loss of biodiversity, which is considered difficult to include in the impact categories (Winter,

Lehmann et al. 2017). The following chapter will introduce difficulties related to performing LCAs in agriculture.

2.4.2. LCA in agri-food production

Aside from these fundamental difficulties of the LCA modelling in the context of agri-food production, there are
also methodological complications related to, e.g., the handling of by-products. This may occur in any LCA and
can be solved with so-called system expansions or different allocation options. For agri-food products, many
different allocation options exist, with more than five having been applied for the product combination of milk
and meat alone (Guerci, Bava et al. 2014, Famiglietti, Guerci et al. 2019, Pirlo and Lolli 2019), though only one,
the bio-physical allocation, is recommended by the IDF (2015).
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There is an overall necessity to include a wide range of impact categories due to the equally wide range of
processes included in agricultural production. The range will hereby reach from mining (fertilizer, different
metals) over petrol refinery (diesel, packaging), to metal production (buildings and vehicles), chemicals and
medicine (pharmaceuticals, vaccinations, pesticides), water purification (cleaning water and wastewater),
incineration (heating, waste treatment, biogas production), high-tech production (solar panels and milking
robots), paper production (packaging), soil management, and sludge treatment (animal rearing). Hence, it is
crucial for any agricultural LCA to try and cover as many impact categories as possible in order to account for all

expected impacts.

In summary, each agricultural LCA may end up being as unique as the agricultural production it is assessing,

which means that only with a detailed and context-oriented interpretation meaningful results can be obtained.

2.4.3. LCA in the Dairy Industry

Dairy is known as being one of the most impactful sectors within the agri-food industry (EC 2020a), in particular
with the methane emissions and over-fertilisation being well-known issues related to intense cattle rearing.
Hence, dairy products are often assessed via LCA studies (Baldini, Gardoni et al. 2017, Seé, Machado et al. 2017,
Finnegan, Yan et al. 2018). For this reason, specific PEFCRs for the sector were among the first ones to be
developed (Manfredi, Allacker et al. 2012, Quantis 2018). The main products are considered with each having a
clear functional unit (f.u.) defined, such as kg fat- and protein-corrected milk (FPCM) or kg cheese DM.
Furthermore, standardised instructions are provided for the choice of boundaries, data sources and quality, and

allocation calculations.

2.5. Review of Dairy LCAs in the Past Decade in Italy

To investigate the local context and situation and to prepare the later experimental work of the study, a detailed
review of recent dairy LCAs from the country and the region was performed. That way, the local production and
structure of the industry could be better understood and the hotspots among the production steps and impact
categories identified. Moreover, an understanding of common methodological choices could be achieved, and
current methodological limitations identified. Altogether, this would allow to identify reference data and possible

research gaps that would be addressed in later steps of the study.

2.5.1. Methodological choices

Three distinct sources of information are considered for the discussion in this review. Firstly, to get a starting

overview on the past development and research on the topic, previous reviews specializing on dairy LCAs were
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analysed. Four reviews published over the past ten years were found. Secondly, a review on recent publications
on the topic was performed. Life Cycle Assessments on milk and milk products in Italy, published in scientific
journals over the past ten years (2010 - 2020), were analysed and evaluated. The literature search was performed

on the SCOPUS database. The search term was:

(Ica OR "Life Cycle Assessment" ORa%sgsachent” OR "Carbon Footprint” OR "Environmental Assessment”
"Environmental Footprint") AND (dairy OR milk OR butter OR cheese OR yogurt) AND (Italy OR Italian)

The search resulted in 70 hits. To select the articles suiting this review, the abstracts of the studies were checked
to understand if the studies were conducting an environmental assessment based on a life cycle methodological
approach. Furthermore, only studies focusing on cattle were considered, other milk producing animals were
excluded, such as sheep and goats. The assessed process or product had to be within the dairy value chain and at
least a part of the investigated production sites had to be in Italy. Finally, the general structure of an LCA had to
be met, meaning the goal and scope, system boundaries, inventory analysis, and impact assessment had to be
included. In the end, 36 studies suiting the review criteria were identified; unfortunately, not all of them were
included in every step of the analysis, as their choices for functional unit, system boundaries or impact categories

made some comparisons impossible.

In a third step, recent activities on LCA standardisation on the European level were investigated, focusing on the
PEF and PEFCR initiatives by the European Commission (Manfredi, Allacker et al. 2012). The initial proposal,
progress reports and in particular the pilot project on the dairy product categories (Quantis 2018) are used to
critically discuss the opportunities of the PEFCR programme to tackle issues remaining within recent LCA

practices.

2.5.2. Results

Four reviews focusing on dairy LCAs were identified. They are described and discussed shortly. Baldini, Gardoni
et al. (2017) analysed 44 international milk LCA studies published between 2009 and 2015. Focus was laid on
each of the different steps of an LCA (e.g., goal and scope, inventory analysis) and the choices made (e.g.,
functional unit, allocation) in all the included studies. Furthermore, a statistical analysis was conducted to
evaluate the influence of the choice of the functional unit and of the allocation method on the results of the
impact categories. Finnegan, Yan et al. (2018) reviewed 16 LCA studies assessing cheese production published
between 2002 and 2017. A qualitative comparison of the studies regarding different aspects of the LCA is
provided, paying particular attention to the Life Cycle Inventory and the Life Cycle Impact Assessment. Sed,
Machado et al. (2017) reviewed 80 international dairy cattle LCAs published between 2008 and 2014. The Life
Cycle Impact Assessments of the different studies included in the review were analysed qualitatively, discussing

several common impact categories. Yan, Humphreys et al. (2011) analysed thirteen European milk production
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LCAs for comparability. The main advantages and disadvantages of LCA as an environmental assessment tool

for agricultural processes were identified and discussed.

It is pointed out by the reviews that LCA results are difficult to compare due to a lack of standardisation (Yan,
Humphreys et al. 2011, Baldini, Gardoni et al. 2017, Finnegan, Yan et al. 2018) within the wide range of possible
functional units, system boundaries, data quality and abundance, choices of allocation, and choices of impact
categories. Naturally, there is some variance expected between the results from different farms and different
studies, as the local conditions and farming strategies have an influence on the outcomes of the assessment, due
to different resource requirements and emissions. Indeed, due to the variety of local conditions as well as farm
management strategies, a detailed picture of the consequences of the dairy value chain on the natural
environment can only be determined on a local scale. A thorough LCA will require a large number of impact
categories of which some have mainly local relevance (biodiversity, soil carbon content, water use, etc.) and
should be calculated according to regional or site-specific conditions (also acidification potential, eutrophication

potential, etc.) (Yan, Humphreys et al. 2011, Baldini, Gardoni et al. 2017, Hauschild, Rosenbaum et al. 2018).

As a first step of reviewing the selected studies, the choices for the first LCA phase, the goal and scope (ISO
20062) were compared between the studies. The goal and scope include the choice of methodology for which
reason it was investigated if the ISO standard was followed. Additionally, the choice of functional unit(s) was
noted, and the considered impact categories listed. Previous reviews already pointed out the difficulty of
comparison if there is a lack of standardisation (Yan, Humphreys et al. 2011, Baldini, Gardoni et al. 2017,

Finnegan, Yan et al. 2018), therefore attention was paid on this aspect.

Tablel: Main characteristics of the reviewed articles. The functional units of each LCA are given ahe a general
type of study is provided. It is stated whethed#ne V&Q stéerred to within each study. The impact categories inc
each LCA are listed, with a description of the numbers provided at the bottom.

First Year Functional units (f.u)* Type of study I1SO Impact categories**

Author 1st fu 20d fu. standard

Bacenetti 2016 1 kg FPCM Mitigation strategy - 1,2,3a,5,10

Baldini 2020 1 kg FPCM 1 m2 UAL Mitigation strategy 1SO 1,2, 3a

Baldini 2018 1 kg FPCM Direct measurement 1SO 1,2, 3a,3b,4,5,9

Battini 2014 1 kg FPCM Mitigation strategy 1SO 1,2, 3b, 3¢, 4, 5,10, 11

Bava 2014 1 kg FPCM 1 ha FLL Farming strategy - 1,2, 3a, 10, 11

Bava 2018 1 kg Grana Padano 1 kg FPCM Hotspot analysis - 1,2, 3a, 3b, 3¢, 4,5,6,7,9
(12 month)

Berton 2020 1 kg FPCM 1 m? FL. Farming strategy ISO 1,2, 3a, 10, 11

Cecchini 2016 1 L Milk Hotspot analysis 1SO 1

Cecchini 2018 1 L Milk Other 1SO 1

Coderoni 2015 1 kg Milk 1 kg Meat Hotspot analysis 1SO 1

Colombini 2015 1 kg FPCM Direct measurement - 1

Dalla Riva 2015 1 kg Raw milk Hotspot analysis 1SO 1,2, 3¢, 9,10, 11

Dalla Riva  2017a 1 kg Mozzarella (high ~ Mozzarella Hotspot analysis ISO 1,2, 3b, 3¢, 5,6, 7,8,9, 10,
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moisture) DM content 1

Dalla Riva  2017b 1 kg Asiago cheese Hotspot analysis ISO 1,2,3c,5,6,7,9,10, 11
(28 d)

Famiglietti 2019 10 g Grana Padano 1 kg FPCM Other ISO 1,2, 3a, 3b, 3¢, 4,5,6,7,8,9,
DM 11,12

Fantin 2012 1 L Bottled milk Other 1SO 1,2,3a,5,6,9,10,13

Forleo 2018 1 kg Mozzarella Mitigation strategy 1SO 1

Ghisellini 2014 Raw milk DM Meat DM Mitigation strategy - 1,2, 3a

Gislon 2020 1 kg FPCM Farming strategy - 1,2, 3a,3b,4,7

Guerci 2013a 1 kg FPCM Hotspot analysis - 1,2, 32,10, 11

Guerci 2013b  1kg ECM Farming strategy 1SO 1,2, 3a,10,11, 14

Guerci 2014 1 kg FPCM Farming strategy ISO 1

Hietala 2014 1 kg ECM Hotspot analysis 1SO 1

Lovarelli 2019 1 kg FPCM Hotspot analysis 1ISO 1,2, 3a, 3b, 3¢, 5,9, 11

Pagani 2016 1 kg ECM Farming strategy - 10

Palmieri 2017 123 g Mozzarella 1 L Milk Mitigation strategy I1SO 1,2,32a,5,6,7,8,9

Penati 2013 1 kg FPCM Hotspot analysis 1SO 1,2, 32,10, 11

Pergola 2018 1 t Compost Hotspot analysis 1ISO 1,2,32a,5,6,7,9

Pitlo 2016 1 kg FPCM Other 1SO 1

Pirlo 2019 1 kg FPCM 1 ha OA Farming strategy 1SO 1,2, 3a

Sabia 2020 1 kg FPCM Farming strategy 1SO 1,14

Todde 2018 100 kg FPCM Hotspot analysis 1SO 1

Torquati 2014 Energy (kWh) Hotspot analysis 1SO 1

Zucali 2016 1 kg FPCM Other - 1,2, 3a, 10, 11

Zucali 2017 1 kg FPCM 1 kg LW Hotspot analysis - 1

Zucali 2018 1 kg FPCM 1 ha FL. Mitigation strategy - 1,2, 3a,10

* DM — dry matter, ECM — energy corrected milk, ESL — extended shelf life, FL. — farmland, FPCM — fat- and protein-corrected milk, LW
— live weight, OA — occupied area, UAL — utilised agricultural land

** Impact categories: 1 global warming potential, 2 acidification potential, 3a terrestrial or general eutrophication potential, 3b marine
cutrophication potential, 3¢ freshwater eutrophication potential, 4 particular matter, 5 photochemical ozone formation, 6 ozone depletion,
7 ecotoxicity, 8 human toxicity, 9 resource depletion, 10 energy use, 11 land use, 12 ionizing radiation, 13 waste production, 14

biodiversity loss

The review by Baldini, Gardoni et al. (2017) grouped the LCA studies depending on their goal into two groups:
descriptive and comparative studies. In the present review, a larger number of categories was chosen to draw a
more diverse picture (Table 1). It was decided to discuss five major categories. The largest number of LCAs was
describing a hotspot analysis (14) of a product (e.g., Grana Padano, Mozzarella). These studies focused on the
overall impact of one production stream, trying to identify the process hotspots and, based on these findings,
suggested mitigation strategies. Eight studies focused on comparing different existing farming systems. Thus, the
best farm management practices could be identified, and mitigation strategies suggested. Seven studies assessed
the potential of mitigation strategies by either testing experimental applications or via theoretical calculations of
particular methods/technologies. Two studies compared the difference in measured and estimated emission data

and their relevance for the calculated environmental impacts. Finally, five studies focused on goals only indirectly
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related to the assessment of environmental impacts like proposing environmental assessment tools or assessing

economical aspects.

2.5.2.1. Functional unit

Among the investigated studies (Table 1), the mass or volume of milk was chosen most commonly (31 times) as
the functional unit, with kg of Fat- and Protein-Corrected Milk (FPCM) being the most popular choice (21
times), as recommended by the International Dairy Federation (IDF 2015). Mass of cheese was chosen six times,
land use five and mass of meat three times. Energy and mass of compost was chosen once each. Some studies
used more than one functional unit. Previous studies pointed out the necessity to include land use as a functional
unit together with a product weight-based unit. Otherwise, intensive and highly productive systems tend to be
favoured (Bava, Sandrucci et al. 2014, Pirlo and Lolli 2019, Berton, Bittante et al. 2020), which provides an
incomplete picture of the observed environmental impacts of such systems in comparison to extensive ones
(Salou, Le Mouél et al. 2017, Hauschild, Rosenbaum et al. 2018). Hauschild, Rosenbaum et al. (2018)
recommend that three functions of agriculture should be represented by different units in an LCA. This includes
the production of food (e.g., mass of product), land management (e.g., land use area), and income of the farmer
(e.g., revenue or profit as monetary value). Comparing them in the discussion will enable the researcher to obtain

a more comprehensive picture of the situation.

Co-products were rarely considered with a separate functional unit. 30 studies mentioned meat as a co-product
and 20 accounted for it in the allocation, but only three of them calculated the impact of the co-product in

relation to its function (e.g., kg meat). Moreover, only eight studies provided the amount of meat produced.

2.5.2.2. Allocation

For production processes that have more than one product, a decision needs to be made on how to divide the
impacts between the products. This is usually done via an allocation. Among the studies, 22 allocated between
products, mostly between meat and milk (20). A number of different allocation scenarios can be found. Though
the IDF (2015) recommends a biophysical allocation (11) based on the cattle’s feed intake and physiological
requirements to produce milk and meat, economic (15) allocations were the most common. Other allocation
scenatrios were based on mass, dry matter content, fat content, protein content, and nutritive value. Some studies
(11) used more than one allocation scenario, often as part of the sensitivity analysis. One study applied two

different system expansions for the meat production.
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2.5.2.3. System boundaries of the studies

The choice of appropriate system boundaries is another essential step to ensure a detailed and meaningful
assessment. Most studies focused on milk production for which reason the most common system boundaries
were ‘cradle to farm gate’ (27 out of 36). This includes all on-farm and off-farm activities related to the milk
production and farm management. Purchasing of farm equipment as well as the construction of farm buildings
were usually excluded, while transportation was included to different extents. Studies focusing on cheese
production (6 out of 36) set the boundaries at the plant gate (4), distribution gate (1), or grave (1) with one study

excluding milk production from the assessment (Dalla Riva, Burek et al. 2017b).

2.5.2.4. Inventory data

Depending on the goal and scope of the study, the amount and type of data collected can vary. The sample size
chosen for the reviewed studies was ranging from a single farm up to over a hundred farms. 30 studies worked
with primary data collected at the farms/plants and three studies used primary data collected for a different LCA

study. Another two studies worked with secondary data and one study worked exclusively with modelled data.

To accompany the collected primary data with background data, most of the studies relied on the Ecoinvent
database (Weidema, Bauer et al. 2013). Furthermore, estimations suggested by the IPCC (Eggleston, Buendia et
al. 2006), EEA (2019), IDF (2015), and other reference literature were used commonly to calculate, for example,

emissions to the air when it was not possible to measure them.

2.5.2.5. Impact categories

To assess the environmental impact of any product, the choice of the most adequate impact categories is
essential to obtain meaningful results. There is a large number of impact categories applied in dairy LCAs (16
within the reviewed studies). However, there are distinct decisions being taken by the studies on which and how
many to include (Table 1) (Yan, Humphreys et al. 2011, Baldini, Gardoni et al. 2017, McClelland, Arndt et al.
2018). Apart from one study, global warming potential (GWP) was used in all cases. It was followed by the
eutrophication and the acidification potential (23 cases each). Eutrophication was at times included as a single
category, while other times it was divided into two or three categories including general or terrestrial (19),
freshwater (7), and/or marine (7) eutrophication. Other common categories were energy use (14), land use (12),
and photochemical ozone formation (11). Biodiversity (2), waste production (1) and ionizing radiation (1) were

the least frequent choices.

In the individual assessments, one to thirteen different categories were chosen (Table 1). Twelve studies used a

single impact category (eleven times GWP, one time energy use) and 23 studies worked with five or fewer.
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Evidently, there is a preference for simplified LCAs. This may be due to the fact that more detailed LCAs require
better and more data, especially for particular impact categories such as soil carbon and biodiversity for which no
commonly accepted cause-effect models exist (IDF 2015), or human and eco-toxicity which contain thousands
of compounds that can potentially contribute to the impact. Meanwhile other categories require less extensive
data and, to a certain degree, depend on the same emissions (e.g., global warming, acidification, eutrophication)
(Guerci, Bava et al. 2013b, Bava, Sandrucci et al. 2014). Moreover, there is a strong recent trend in politics to
focus on global warming (e.g., the carbon-neutral economy target of the EU for 2050 as part of the European
Green Deal (EC 2019), the Paris Agreement of the United Nations (UN 2015)) with a lot of funding being

directed on this topic, which may also enforce the strong focus on global warming in dairy LCAs.

One problem of this observed, narrow focus can be a shift of burden when applying mitigation strategies
(Salomone, Clasadonte et al. 2013, Chobtang, McLaren et al. 2017, Marvuglia, Rege et al. 2017, Hauschild,
Rosenbaum et al. 2018, FAO 2020a). Therefore, besides the number of categories it is important to include
categories that represent every aspect of the environmental impact the production has (Meier, Stoessel et al.
2015), which may lead to complex results where different strategies favour different impact categories (Sabia,
Kihl et al. 2020). In other words, the set of impact categories should be chosen with the aim of describing the
interaction between the process and the environment in as much detail as possible. Therefore, it is important to
include indicators for, e.g., water use (agriculture is the main industry using fresh water (FAO 2011)), toxicity
(agriculture is a major user of antibiotics and pesticides (Casado, Brigden et al. 2019)), biodiversity loss
(agriculture poses one of the main threats on species and habitats (EEA 2020)), and resource depletion, which
have also been shown to lead to results favouring organic production strategies (Knudsen, Dorca-Preda et al.

2019).

Yan, Humphreys et al. (2011) and Hauschild, Rosenbaum et al. (2018) noted that for some impact factors, such
as eutrophication potential or biodiversity loss, it is essential to consider the regional/local conditions to be able
to fully grasp the ecological impact. The implementation of regional characterisation factors was seldom
mentioned in the reviewed LCAs (though they may be part of the applied methods) which could lead to
inaccurate results, as the categories in question may be over- or underestimated if global factors are applied (Yan,
Humphreys et al. 2011). Especially areas with high sensitivity or pre-existing environmental burdens, e.g., for

eutrophication or water-stress, require special consideration.

2.5.2.6. Analysis of the results of the case studies

To create an overview on the results of recent LCA case studies in the Italian dairy sector, the studies that
focused on mass of FPCM as a functional unit and on real-life data were selected. For the three most common
impact categories, i.e., global warming potential, acidification potential, and eutrophication potential, the average
or base scenario values were noted to allow a reasonable base for comparison. Ten international studies were

chosen as a reference for evaluating the findings from the Italian studies. They were selected to be recent, having
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FPCM as the functional unit, and focusing on case studies from European and industrialised countries. Table 2

and Table 3 provide an overview of the results.

Table: The characterisation of three impact bategamesiggfmtential (GWP), acidification potential (AP) and
eutrophication potentiall{ieP)eviewed studies that applied the most common functional unit (kg FPCM) are shov
presented values are, depending on the information provided by the study, the base scenagdtipor the average. (
scenarios were presentptiytieabione was preferred over the economic and the mass allocation scenarios).

First Author Year Farming GWP Unit/kg AP Unit/kg EP Unit/kg
Strategy FPCM FPCM FPCM
Bacenetti 2016 Intensive 1.12 kg COzeq 155 ¢SO0z ¢eq 5.62 g POS eq
Baldini 2018 Conventional 1.41 kg COzeq  0.0401 mol H* eq 0.17 mol N eq
11.00 g Neq
Baldini 2020 Conventional 1.12+0.09 kg COzeq  14.8%1.1 2SO0z eq 5.02£0.39 g PO eq
Battini 2014 Conventional 113 kg COz2eq  0.0123 mol H* eq 0.115 gPeq
8.75 gNeq
Bava 2014 Conventional 1.2620.17 kgCOzeq 152134 2SO0z eq 7.33£1.39 g PO eq
Bava 2018 Intensive 1462025 kgCOzeq  0.0237£0.0081 molc Ht eq  0.1021£0.037  molc N eq

8.78+1.73 gNeq
0.093+£0.041 gPeq

Berton 2020 Traditional 1.10 kg COzeq 2247 2SO0z eq 6.51 g PO eq
Intensive 0.95 19.93 6.03
Colombini 2015 Model farm 1.49 kg COz eq
Famiglietti 2019 Intensive 1.43 kg COzeq  0.0217 molc H* eq 0.0954 mol N eq
11.9 g Neq
0.119 gPeq
Gislon 2020 Intensive 1.37 kg COz2eq  0.03 molc H*eq  0.14 mol N eq
8.48 g Neq
Guerci 2013a  Intensive 1.30£0.19 kg COzeq  19.713.6 g SOz eq 9.01£1.78 g PO eq
Guerci 2014 Traditional & 1.60£0.27 kg COzeq
Intensive
Lovarelli 2019 a 1.38£0.33 kg COzeq  0.023+0.005 molc H* eq 0.102+0.021  molc N eq
7.7£1.9 gNeq
0.0771£0.030 gPeq
1.46£0.38 kg COzeq  0.027£0.007 molc Ht eq  0.118%0.033  molc N eq
8.2%2.3 g Neq
0.077£0.025 gPeq
Penati 2013 Conventional 1.14£0.27 kg COzeq 2116 ¢S50z ¢eq 77119 g NOj5 eq
Pirlo 2019 Conventional 1.00* kg COzeq  19% ¢S50z eq 8* g PO eq
Organic 1.20* kg COzeq  23* ¢SOz eq 9* g PO eq
Sabia 2020 Traditional 1.34 kg CO; eq
Todde 2018 Conventional 1.56 kg COz eq
Zucali 2016 Conventional 1.29+0.25 kg COzeq  15.7%3.9 ¢S50z eq 7.58+1.68 g PO eq
Zucali 2017 Average 1.31 kg CO; eq
Zucali 2018 1.15% kg COzeq  13.0% 2502 eq 4.8% g PO eq

31



* Estimated from the provided figures, as the values were not noted in the paper.
2 Values for milk produced by four dairies supplying Grana Padano and Parmigiano Reggiano production, respectively
AP — Acidification Potential, EP — Eutrophication Potential, eq — equivalent, FPCM — Fat- and Protein-Corrected Milk, GWP — Global

Warming Potential

Table: Ten selected internationdahstuajppdied the same functional unit (kg FPCM) are provided for comparison

First Year Country Farming GWP Unit/kg AP Unit/kg EP Unit/kg

Author strategy FPCM FPCM FPCM

Chobtang 2017 New Zealand  Conventional ~ 0.80* kg COzeq  0.0155*  molc H*eq  0.066* molc N eq
0.097* gPeq
2.7% ¢Neq

Christie 2011 Australia Conventional ~ 1.04£0.13 kg COzeq

Dolman 2014 Netherlands Conventional ~ 1.4£0.2 kg COzeq 11.1£34 ¢SOz eq 78.3%242  gNOs eq

Gollnow 2014 Australia Conventional ~ 1.11£0.22 kg CO; eq

Kiefer 2015  Germany Conventional ~ 1.53 kg CO;z eq

O’Brien 2014 Treland Conventional ~ 1.11£0.13 kg COzeq

O’Brien 2015  Ireland Conventional ~ 1.20£0.25 kg CO; eq

Van der 2009  France Organic 1.0810.13 kg COzeq 06.8%1.1 ¢SO eq 5.0£3.7 g POS eq

Werf Conventional ~ 1.04£0.15 kg COzeq 7.6£1.2  gSOszeq 7.1£2.6 g PO eq

Wang 2016  China Confined 1.60 kg COz eq

Zehetmeier 2014  Germany Intensive b 1.06£0.10 kg COz eq

09840.12 kg COseq

* Estimated from the provided figures, as the values were not noted in the paper.
b Values for the breeds dual purpose Fleckvieh and Holstein-Friesian, respectively
AP — Acidification Potential, EP — Eutrophication Potential, eq — equivalent, FPCM — Fat- and Protein-Corrected Milk, GWP — Global

Warming Potential

As the tables show, the farming strategy does not influence the calculated impacts notably. This indicates that the
individual farming conditions and practices, as well as the methodological choices taken, have a considerably
large influence. This is in line with findings from other studies (Guerci, Bava et al. 2013b, Meier, Stoessel et al.
2015). Generally, the values for the global warming potential can be found between 1.00 and 1.60 kg CO» eq/kg
FPCM. A study by Zucali, Tamburini et al. (2017), that was assessing the GWP for milk production in all of
Lombardy, found a value of 1.3 kg CO; eq/kg FPCM, which is in the centre of the observed range. For the
acidification potential, a range of 13 to 25 g SO» eq/kg FPCM and 0.014 to 0.037 mol H* eq/kg FPCM was
found. There is a number of different units used to quantify the eutrophication potential. The three most
common ones were g PO4> eq, g N eq and mol N eq. The identified range was 5 to 11 for g PO4* eq/kg FPCM,
8 to 12 for g N eq/kg FPCM, and 0.10 to 0.16 for mol N eq/kg FPCM.

For all three categories, the variation of the impacts is high, with higher value differences for acidification and
eutrophication than for global warming. The same can be observed for single studies that reported an error
margin which often reaches the same variation as the one found between studies. Going deeper into the detail of
single LCA studies, even higher degrees of variation can be found when comparing single farms to one another.

For example, Guerci, Bava et al. (2014) report a carbon footprint (kg CO2 eq/kg FPCM, economic allocation)
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between 1.39 and 2.37. Generally, the differences observed between studies can be expected due to differences
in the assessment methodology and farming practices, while differences within studies should be mainly due to
farming practices and farm conditions. Overall, the range of impacts identified in this review is similar to the
range found in previous reviews (Se6, Machado et al. 2017) and comparable to the international literature
presented in Table 3. Among the international studies, there are relatively more studies with findings close to
1.00 kg CO; eq/kg FPCM, yet due to the — for this matter — inadequate and incomplete selection of studies, no
significance analysis was conducted. Additionally, the tables provide evidence for the difficulty of comparison
due to the large number of units present for the same impact category as well as a lack of application for most

other impact categories (not included in the table).

2.5.2.7. Hotspots and mitigation strategies

Among the considered studies, potential mitigation strategies were tested directly by comparing different farming
strategies or by applying a particular strategy or method at the sample farm(s). Other studies gave more general
suggestions based on hotspot analyses. The studies agree that within the dairy production chain (including cheese
production), the raw milk production poses the most impactful step. It is mainly driven by enteric fermentation
(Hietala, Smith et al. 2014, Colombini, Zucali et al. 2015, Cecchini, Torquati et al. 2016) and feed production,
especially considering purchased feed (Guerci, Bava et al. 2014, Dalla Riva, Burek et al. 2015). Therefore, most

mitigation strategies take on these aspects.

Most commonly it is noted that optimizing the feeding strategy, e.g., by changing the type of feed (Zucali,
Bacenetti et al. 2018) or feeding method (Guerci, Bava et al. 2014), can improve the feed self-sufficiency (Penati,
Tamburini et al. 2013), and reduce the enteric fermentation, while improving the animal productivity (Guerci,
Bava et al. 2013b, Coderoni, Valli et al. 2015, Cecchini, Torquati et al. 2016, Gislon, Ferrero et al. 2020). Animal
productivity would at the same time reduce the impact per milk-based functional unit. This could be enhanced
by choosing animals and breeds with higher milk productivity/efficiency (Penati, Tamburini et al. 2013, Guerci,
Bava et al. 2013b). Another aspect mentioned in this context is intensification, which is considered to be an
efficient measure to reduce the impact related to global warming, though the negative influences on animal
welfare and, for example, biodiversity are usually discussed (Guerci, Bava et al. 2013b, Bava, Sandrucci et al.
2014, Gislon, Ferrero et al. 2020, Sabia, Kihl et al. 2020). Moreover, the advantages of intensification are only
observable when kg of product is chosen as a functional unit. For other functional units like land use, the
findings can be contradictory (Pitlo and Lolli 2019). Other frequently mentioned mitigation strategies are
improved manure, fertilizer, and waste management in general and the adoption of anaerobic fermentation in
particular (Battini, Agostini et al. 2014, Bacenetti, Bava et al. 2016, Dalla Riva, Burek et al. 2017a). The
importance of economic incentives (Bava, Bacenetti et al. 2018, Cecchini, Venanzi et al. 2018) and policy

measures (Pagani, Vittuari et al. 2016, Zucali, Tamburini et al. 2017) are mentioned by several studies.
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2.6. Milk product and by-products in Italy

Italy is among the largest milk producers in the EU-27. According to Eurostat data (CLAL 2022b), Italy is
ranking fourth for milk delivered in 2021, after Germany, France, and the Netherlands. Within the Italian dairy
sector there is a wide range of dairy products from fresh milk to cheese, butter, yoghurt, and ricotta with many
traditional and local variants of the products that are famous throughout the world (EUIPO 2022). The largest
fraction of milk is hereby cow milk (>90%) (CLAL 2022a), while other animal sources contribute only smaller

amounts to the total (sheep 3.4%, goat 0.4% and buffalo 1.8%).

Milk treatments have advanced greatly over the past century to improve quality (homogenisation) (Dhankhar
2014), and shelf-life (pasteurisation) (Watts 2016). Eventually, membrane filtering became popular, further
increasing the shelf-life by providing an easy and cheap mean of sterilising the milk and also allowing the making
of additional products (Brans, Schroén et al. 2004, Fernandez Garcia, Alvarez Blanco et al. 2013). All treatment
technologies have further advanced since then, increasing their efficiency with regard to resource use and quality

of outcome.

Within the Italian dairy industry, cheese is the most important product with over 80% of the milk being
dedicated for its production (CLAL 2022a). Hence, the main by-products are those of the cheese making
process, including mainly whey and cream. Hereby, whey represents over 80% of the weight of the milk used in
the cheese making process, mostly in the form of water (CLAL 2022d). It also contains 20% of the milk
proteins, all proteins apart from casein, and 40% of the milk dry matter (Modler 2009, Argenta and Scheer 2020,
Tsermoula, Khakimov et al. 2021). Overall, the solid concentration in whey is at roughly 50 - 70 g/L of which 8 -
10 g are proteins and 40 - 50 g are lactose (Argenta and Scheer 2020). Whey protein is considered to be one of
the highest value proteins available for human nutrition, equalled only by egg protein (Hoffman and Falvo 2004).
Hence, there are many applications imaginable for whey and its components (Barba 2021). This includes high-
value applications such as food additives and supplements that benefit of the balanced amino acid content and
the beneficial bioactivity of many peptides within the whey (Brandelli, Daroit et al. 2015, Almeida, Alvares et al.
2016). With further purification and valorisation even higher value applications are possible including industries
such as cosmetics, nutraceuticals, and pharmaceuticals for which high purity proteins are extracted (Yadav, Yan
et al. 2015, Tsermoula, Khakimov et al. 2021). These include, e.g., lactoferrin and glutathione peroxidase that
show antioxidant and antimicrobial activity (Brandelli, Daroit et al. 2015, Khan, Nadeem et al. 2019, Yu, Jing et
al. 2020, Barba 2021, Costa, Azoia et al. 2021). While whey proteins are the most valuable solids contained in
whey, the largest solid fraction is lactose. Despite its lower value, it is still an interesting component for
applications in the food, cosmetics, and pharmaceutical industry (Barba 2021). Hereby, in particular the
production of polysaccharides and lactose fatty acid esters as food additives, and galactooligosaccharides (GOS)
and lactulose as prebiotics are of interest (Lappa, Kachrimanidou et al. 2021). Moreover, lactose can be used as a
carbon source for microorganisms in bioprocesses that produce different chemicals such as pigments

(carotenoids) and different aroma and flavour compounds (Lappa, Kachrimanidou et al. 2021).

34



Traditionally, whey is used for making certain types of cheese such as ricotta, however in Italy only a small
fraction of the produced whey is treated that way. Most of it is used in feed for animals such as pigs,
concentrated and dried into whey powder, or fractionated to produce whey proteins and lactose (CLAL 2022a).
Often, these later processing steps are taking place outside of Italy with concentrated whey being shipped to, for
example, Germany or France. Cream is mostly used to produce butter as it contains around 25% fat, which is

responsible for over 80% of the cream dry matter (CLAL 2022a).

The present study is situated in the dairy value chain of Lombardy, which represents the most important agti-
food sector in the region together with pork production (Giuca, Giannini et al. 2015). According to recent data,
Lombatdy is responsible for roughly one third of the milk processed and cheese produced in Italy (CLAL 2022c)
with an annual production volume of over 450,000 tons of cheese and over 3,600,000 tons of whey (CLAL
2022d). Given the protein concentration in whey at around 1%, this equals 36,000 tons of high-quality proteins

produced every year. Clearly, the fate of these proteins is a challenge and an opportunity for the region.

2.7. Research gap

The literature review revealed that there is a wide range of impact categories applied in milk and cheese LCAs,
both in type and number. In general, it could be seen that in most cases too few impact categories are applied,
with a strong focus on global warming that is not necessarily justified by the expected potential impacts and the
expressed goals of the studies. Moreover, it was visible that when too few categories are included, intensive
production is often favoured, which is a debatable result as mentioned by some studies (Guerci, Bava et al.

2013b, Bava, Sandrucci et al. 2014, Gislon, Ferrero et al. 2020, Sabia, Kiihl et al. 2020).

Another apparent observation was that by-product valorisation was seldom considered for impact reduction, nor
was it recommended nor tested. This is expected due to the common focus on the milk production and little
potential for increased valorisation of the by-products since they are already sold for human consumption (beef).
However, when looking at cheese production and the dairy production chain as a whole, increased by-product
valorisation would offer the opportunity for improved resource efficiency. There are few studies on the
valorisation of whey and its environmental impacts (Kim, Thoma et al. 2013, Bacenetti, Bava et al. 2018,
Depping, Grunow et al. 2020) however, even they do not apply a holistic perspective on the potential of by-

product valorisation for the production chain.

As a matter of fact, a holistic value chain view was not observed in any of the reviewed impact assessments.
Most studies focus on single steps of the production process which risks focusing on limited optimization
strategies and burden shifts between process steps. Moreover, when focusing on single products, the necessary
allocations introduce a sensitivity to the assessment that would not be needed in a production chain perspective.
Opverall, among the dairy LCAs the object of research is most commonly the milk production at farm level, with

comparably few studies investigating cheese and even less the dairy industry by-products. Similar observation can
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be made for circularity assessments, where few studies can be found on agri-food production and even fewer

that try to integrate the environmental, economic, and social dimensions into one assessment.

Altogether, the objectives of the present study fit well into attempting to close the observed research gaps by
focusing on holistic and integrated perspectives on dairy by-product valorisation. A new LCA approach is
developed outside of the common standard (Quantis 2018) to include by-products and products into a single

framework and a production chain perspective is taken for both the sustainability and circularity assessment.
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3. Methods

3.1. Survey on current Circular Economy practices in the Lombard dairy sector

The first objective of the research was to investigate the current state of application of circular production
practices within the dairy value chain in Lombardy. In order to meet this objective, a survey was conducted. The
survey had a scoping character to be able to gather an overview on the current state and later prepare more
detailed follow-up investigations. Experts from environmental engineering and economics and representatives of
an agricultural cooperative in Lombardy contributed to the design of the questionnaire. The survey was sent out
by the cooperative as an online form to 48 of its members. All of the contacts were producers of dairy products,

i.e., different types of cheese and butter (Supplement A, Table A33).

Due to the general and explorative character of the survey, focus was laid on the main resource streams,
common circular strategies, and common technologies. The resource streams of interest included milk input,
energy carriers both fossil and renewable, water, by-product outputs as well as waste and wastewater production.
Circular strategies included renewable energy production, energy efficiency, wastewater treatment, by-product
valorisation, material efficiency and recycling (EMF 2013). Finally, information on technologies like solar panels,

biogas production, whey concentration or pulverisation, and eco-packaging was inquired.

The questionnaire consisted of three main sections with a total of around 60 questions (Supplement A, Table
A34). The first section focused on resource input and consumption, the second one on by-products and waste
flows, and the third one on current and future activities. The aim of the first two sections of the questionnaire
was to draw a picture of the size of resource streams and their economic relevance for the annual production.
Especially the second part was focusing on the circularity by including the major by-product and waste streams
of cheese production and their use or treatment. In the last part, the current and planned circularity activities
regarding the different streams as well as the companies’ motivation to (or not to) extend their efforts were

investigated.

Due to the complexity of the questionnaire, the response rate was low. Therefore, the dairies were contacted

multiple times telephonically by the cooperative to remind them to complete the survey.

3.2. Development of an integrated circularity assessment methodology

For the second objective of the research, a comprehensive and practical circularity assessment method had to be
developed for the context of the dairy production chain, since no such methodology is currently available
(Velasco-Mufioz, Mendoza et al. 2021). The method would include considerations of the three dimensions of
sustainability — ecology, economy, and society (Elkington and Rowlands 1999) — and attempt to account for
circularity and sustainability (Geissdoerfer, Savaget et al. 2017, Harris, Martin et al. 2021), since this type of

integrated assessment approach is rarely found in literature (Corona, Shen et al. 2019, Velasco-Mufioz, Mendoza
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et al. 2021). Another aspect mentioned by Velasco-Mufloz, Mendoza et al. (2021) was the lack of practicability
for many of the reviewed methods, for which reason one of the main goals in the present method proposal was
to offer an approach that would be easily applied and understood by the practitioners. Focus was laid on the
manufacturing step of the dairy production chain since it is of great importance for the production chain (cheese

is the most common dairy product, (CLAL 2022a), yet only comparably few research considers it (Chapter 2.5).

The proposed method consists of two parts. Firstly, a detailed flow analysis of materials, energy, finances, and
environmental impacts will allow the producer to better understand the hotspots and bottlenecks of production
with regard to the three dimensions of sustainability. This provides opportunities in particular for improvement
and mitigation internally. The second part of the methodology presents a list of indices covering the three
dimensions of sustainability, which are aimed to be easily understood, communicated, and compared, allowing
for cross-comparison between production years, scenarios and companies. The second part of the results could
be more easily communicated to outsiders and can be used to monitor the development of production in the

perspective of sustainability and circularity.

3.2.1. First part: Detailed flow analysis

For this section, detailed data is collected for a given production process in order to be able to analyse the
material, energy and financial flows as well as social and organisational data. The data can be used for internal
hotspot analyses and other follow-up assessments such as Life Cycle Assessments (Guinée and Lindeijer 2002)
or Material Flow Analyses (Bringezu and Moriguchi 2018). Moreover, it is the data used to calculate the indices
presented in the second part of the assessment method. The following subchapters describe the different types

of data that are collected.

3.2.1.1. Material and energy flow data

Data on material and energy flows are collected at a case study company. The collected data includes the
amounts of the materials needed for the production, for cleaning and maintenance, for transportation, and for
offices and administration as well as the output materials including products, by-products, and waste. The
collected data is in reference to a year of production, respectively, and data for several years is considered to

calculate averages and deviations as well as allowing the observation of trends (Quantis 2018).

Depending on the company’s preferences, the data can be collected via questionnaire or directly from company
records on purchases and sales as well as processing data (Noor 2008). Potentially missing data is investigated on

during interviews and, if necessary, estimated in collaboration with the responsible staff members.
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A Life Cycle Assessment can be performed as a hotspot analysis in order to identify the process steps and input
materials with the largest environmental impact contributions to allow the company to reduce their impacts and
optimize their production practices. Precise LCA choices such as the goal, scope, boundaries, and functional

unit(s) are dependent on the case study. The case study investigated in the presented study is elaborated further

in Chapter 3.3 and 4.3.

3.2.1.2. Financial flow data

Financial information is gathered in the same manner as the material and energy flows. Expenses and revenues
of a year of production are collected for the material and energy flows. Additionally, personnel costs and past
investments are noted. This has once again the purpose of identifying hotspots and mitigation potentials.
Furthermore, the feasibility of new measures or processes can be tested. This allows an estimation of suitable

investments and the design of realistic development models for the case study.

In case a more detailed financial analysis is required, an LCC (Korpi and Ala-Risku 2008) can be performed,
which would allow a deeper understanding of economic implications of each production step and the related

material and energy streams as well as personnel costs.

3.2.1.3. Social and organisational data

The collection of social and organisational data is not as straightforward since no clear flows can be identified
and quantified. Hence, existing assessment approaches for social and organisational sustainability were consulted
(Hutchins and Sutherland 2008, Hale, Legun et al. 2019, GRI 2020) and suitable data selected that has
implications for both sustainability and circularity. Much of the reviewed methodology, however, was not
applicable in the context of the present research as it focused on wider social issues such as poverty, literacy, and
crime (Hutchins and Sutherland 2008) or required high-effort data collection in form of detailed surveys (Baffoe
and Mutisya 2015). Since the aim of the present method is to propose data that is easy to collect, practical, and
understandable, only a limited range of data could be considered. This includes data on company goals for
sustainable and circular practices, work quality, demographics, product quality assurance, and the embeddedness
in local networks (Hale, Legun et al. 2019, GRI 2020). As much of this data is sensitive (personnel data), it is
collected via interviews or questionnaires filled-in by company representatives, to ensure that any personal
information is anonymised. The retrieved information is then communicated as individual metrics rather than
flows, which can help the company understand how internal working conditions can be improved, but also be

communicated to external parties in form of indices as presented in the following chapter.
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3.2.2. Second step: Indices

To ease the communication of data it is essential to condense the most important aspects into few relatable
numbers. For that purpose, a list of indices was prepared to cover all relevant aspects of sustainability and
circularity, including the environmental, economic, and social concerns in order to be able to provide a holistic
picture. Each index is calculated for several years to obsetve trends. Based on the trends identified, a simple
rating can be given (improving, deteriorating, and stagnating). Reference values would be needed for more

precise and meaningful ratings as discussed below.

The indices are grouped into four groups related to the three sustainability dimensions plus a fourth group
focusing on by-product valorisation as further explained in Chapter 3.5.7. That way, the sustainability dimensions
can be analysed individually and, in case summarized ratings are given to each group, a shift of burden between

the groups is avoided (e.g., if one terrible rating is outweighed by another outstanding rating).

The indices were chosen based on their relevance for both sustainability and circularity. This way the selected
indices are considered to best represent the goal of Circular Economy to create sustainable economic practices
(Geissdoerfer, Savaget et al. 2017, Corona, Shen et al. 2019, Saidani, Yannou et al. 2019). Furthermore, they are
intended to be easily calculated and understood. Lastly, they should be based on readily available data to simplify
the data collection efforts. The indices were either based on previously published indices or index systems
(Hristov and Chirico 2019, GRI 2020) or alternatively were suggested newly in order to fill in any persisting holes
in the holistic picture intended for the assessment. All proposed indices were then discussed with the
practitioners at the cooperative and the cheese making case study and the unfeasible or impractical ones were
removed. The following chapter presents the final list of indices, the reason for their choice, and supporting

literature sources when applicable.

Firstly, the aspects of circularity and sustainability that are accounted for in the indices are described and justified
(Table 4). As described in Chapter 2, these indices cannot focus exclusively on material and energy recovery,
since both approaches only represent a fraction of the potential for increased circular and sustainable production.
This may include having to go past the most intuitive understandings of circularity, but rather consider the
overall goal of a more sustainable production to be sure to exhaust the potential for improvement (and not limit
it to what may be considered strictly circular). E.g., waste minimisation due to process optimisations may not be

representing any “circle” in production, yet it will most likely improve the process’ sustainability.

Tablel: List of aspects of circularity and sustainability aimed to be covered by the list of indices proposed for the
methodology.

Aspect of circularity | Description

and sustainability

Local production Firstly, a local production allows for short transportation distances or short supply chains (SSCs). These

are not by definition circular or sustainable but tend to perform better especially in terms of

40



environmental impacts, food quality, health, consumer behaviour and local economy when the
surrounding conditions are feasible. This included features like the spatial location, type, and
stakeholder attitudes (Kiss, Ruszkai et al. 2019). Local production also supports intensive personal
interactions and cooperations which are fundamental to build up trust between stakeholders and
productive communities which are themselves considered social sustainability indicators (Hale, Legun et
al. 2019). Another advantage of local production is the adaptation to the local conditions. This is a
feature typical to nature and often related to the strength of biodiversity. At the same time, it has been a
proposed feature for sustainable human production (McDonough and Braungart 2010). Local
production simplifies and enables more value chain transparency and traceability which is important for
consumer trust and provides the opportunity to choose more circular and sustainable products (Dimara
and Skuras 2003, Hoogland, de Boer et al. 2005, Giraud and Halawany 2006, Baralla, Pinna et al. 2021),

though this option is not always chosen by the consumers (Peschel and Aschemann-Witzel 2020).

Resoutce efficiency

A high tesource efficiency is an important feature (or companion) and consequence of a Circular
Economy (Di Maio, Rem et al. 2017, Camilleri 2018, Corona, Shen et al. 2019, Velasco-Mufloz,
Mendoza et al. 2021) and a goal of the EU (Domenech and Bahn-Walkowiak 2019), as it allows to
reduce the consumption of virgin and non-renewable materials while increasing the value and profit of
production, thereby lowering the relative impacts of production processes. However, it has been argued
that focusing on efficiency alone is not enough to reach circularity in the production (EMF 2013). Since
in the context of agriculture material circulation is not as simple as in other industries (EMF 2015),

efficiency plays a more prominent role.

Waste minimisation

Reducing or ideally eliminating waste is one important consequence of reaching a Circular Economy
(EMF 2013) as it is related to the reuse, recycling, and recovery of waste materials and energy back into
the economy. This potentially reduces the efforts and impacts of waste treatment while simultaneously
reducing the need for virgin resources for which reason the waste production and/or reduction of it are
often integrated into circularity metrics (EMF 2015, Corona, Shen et al. 2019). Reducing waste is
considered a major interest for reaching circular and sustainable production in the agri-food sector

(Jurgilevich, Birge et al. 2016, Sherwood 2020).

Food packaging

Besides the efforts to increase resource efficiency in the production process, limiting material use for
packaging and using sustainable materials are other important material related goals in a Circular
Economy and sustainable food consumption (Geucke, Groh et al. 2018, Guillard, Gaucel et al. 2018,
Meherishi, Narayana et al. 2019). This also corresponds with the waste hierarchy prioritising reduction
over recycling and recovery (EMF 2013). Nonetheless, recycling rates of the used packaging materials
are still crucial in the context of Circular Economy (EMF 2013, Jang, Lee et al. 2020). Meanwhile,
packaging should also support the conservation of food at good quality in order to avoid food waste at
later stages in the life cycle of the products. Hence, a compromise between material use and food

conservation has to be found (Guillard, Gaucel et al. 2018).

By-product

valorisation

As the Ellen MacArthur Foundation (EMF 2015) describes, the main aim of Circular Economy is to
keep materials within the economy at the highest practical value, for as long as possible. This includes
the attempted elimination of waste. Valorising materials previously handled as waste naturally reduces
the amounts of waste, while increasing their value for economy and society (Sherwood 2020, Velasco-
Mufioz, Mendoza et al. 2021). One possible drawback of by-product valorisation would be a process
that requires large amounts of resources and thereby increases the impacts of the production
significantly. In that case it needs to be assessed whether the benefits creating value outweigh the

negative effects on the sustainability of the production chain (Harris, Martin et al. 2021).
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Renewable resource Producing materials and energy from renewable sources is another key component of Circular
production Economy (Bagliani, Dansero et al. 2010, EMF 2013, Velasco-Mufioz, Mendoza et al. 2021) as it lowers
the need for fossil resources and thereby the risk of resource scarcity. Moreover, the environmental
impact of production processes can be lowered when renewable resoutces are used (Gallagher, Basu et
al. 2019, Sherwood 2020). Moreover, socioeconomic benefits can be achieved by employing renewable

energy production (del Rio and Burguillo 2009).

Emissions and Having low emissions and environmental impacts is one of the main goals of sustainable production
environmental impact | (Elkington and Rowlands 1999, Sikdar 2003, Ruiz-Mercado, Smith et al. 2012, Purvis, Mao et al. 2019)
and should be considered in any Circular Economy assessment since sustainable production is the main

goal of CE (Geissdoerfer, Savaget et al. 2017).

Economic efficiency Being efficient in terms of economic performance is perhaps the main driver of industrial behaviour
change for which reason it is an important aspect to consider (Silva, Soares et al. 2013, Tomsi¢, Bojnec
et al. 2015). Moteover, economic efficiency is closely related to economic sustainability of production
and is therefore a goal of any CE practice and different indicators have been proposed (Sinchez-Ortiz,

Rodriguez-Cornejo et al. 2020).

Sustainable work A sustainable work environment allows for more comfort and safety for employees at the workplace
environment but also in life (Hale, Legun et al. 2019, GRI 2020). The Global Reporting Initiative (GRI 2020)
proposes a wide range of guidelines for sustainable work environments, presented in section 400,
including, e.g., occupational health, contract conditions, and equality. Research shows that confident
employees work more efficiently and are sick less often (Lundstrom, Pugliese et al. 2002, Sikdar 2003,
Roelen, Koopmans et al. 2008), which is beneficial for the company but also for the surrounding area
since, e.g., healthcare costs in most European countries are financed publicly (Jensen and Naumann
2016). Moreover, supporting a CE outside big cities and metropolitan areas additionally supports rural

development (Dimitrov and Ivanova 2017, Cotral, Vazquez et al. 2022).

Product quality As previously mentioned, reaching and maintaining high product quality is an integral part of CE (EMF
2015, Steinmann, Huijbregts et al. 2019). Moreover, ensuring a high product quality creates trust in
suppliers, clients, and customers, which is essential for strong collaborations and networking (Hale,

Legun et al. 2019).

The following Table 5 introduces the selected indices and the reason for their choice, with reference to the listed
aspects of circular and sustainable production. The last group of indices, by-product valorisation, is explained in
more detail in Chapter 3.5.7. Each of the indices was chosen in order to fulfil requirements of a circularity mettric
as described by Corona, Shen et al. (2019). This includes the validity that the metric represents what it is
supposed to represent (circularity and sustainability), the reliability of consistency and robustness, and the utility

or practicability of application.

Tablé: List of indices, reasons for their choice and literature references.

Group Index Unit Reason for choice

Environmental | Transportation input | tkm/year Local production and resource efficiency are represented.

Milk can be handled separately, due to its large contribution as compared

to the other input materials.
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Transportation tkm/year Local production and resource efficiency are represented. Cheese, whey,

output and cream can be given separately to identify improvement potentials.

Transportation per tkm/kg A summary of the previous two indices in order to include the relation of

product product input to output (and thereby the material efficiency).

Average km Local embeddedness of the production with input and output potentially

transportation handled separately.

distance

Packaging amount g/kg product Resource efficiency, waste minimisation, and low packaging are
represented. Paper and plastic usage are considered.

Recyclable packaging | % Considering recyclable and recycled packaging to represent waste
minimisation and resource efficiency.

Water use L/kg product Resource efficiency. Here only for the use at the cheese maker (for the
entire value chain, LCA)

Wastewater L/kg product Waste minimisation. Here only for the production at the cheese maker.

production

Water recovery % Representing resource efficiency and waste minimisation by treating water
to be released into the environment.

Solid waste g/kg product Waste minimisation is represented. The totality of waste and non-recycled

production waste can be considered.

Energy consumption | kWh/kg Resource efficiency is represented. Especially in combination with

electricity product renewable energy production.

Energy consumption | kWh/kg Resource efficiency is represented.

fossil product

Renewable energy kWh/kg Resource efficiency and renewable energy usage is represented.

production product

By-product amounts kg/kg product | Valorisation attempts ate represented in general terms.

Economic By-products income Yo Valorisation attempts in monetary terms are represented.

to total income

Energy savings due to | € Renewable resource production is represented.

renewable energy Yo

production

Savings due to € Economic efficiency due to sustainable and circular measures is

circular measures Yo represented. Can include additional revenue, too.

Member income € A sustainable work environment and business practice is represented.

development % This can relate to the members of a dairy cooperative as well as the
individual staff members.

Investments € Indicates the willingness of a company to improve sustainability and

(sustainable/circular) % circularity.

Incentives for good % Increased Support for high quality and sustainable suppliers.

quality milk price paid

Social Local suppliers (by % Local embeddedness. Milk can be considered separated since the
weight) (<50 km) production is all local and it represents the main input.
Local clients (by % Local embeddedness. Cheese, whey, and cream can be considered

weight) (<50 km)

separately.
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Employee turnover Person/year Sustainable work environment allowing long-term planning and social
security.

Permanent contracts % Sustainable work environment allowing long-term planning and social
security.

Average working h/person Sustainable work environment.

hours (weekly)

Average age Years Sustainable work environment, supporting young and old workers.

Ration highest to % Sustainable work environment, supporting fair wages and an even

lowest income payment ratio.

Quality testing Tests/yeat Product quality is represented for wastewater, milk, and the input water

frequency (chem. and bio.).

By-product Monetary valorisation | €/kg FPCM By-product valorisation in monetary terms is represented together with
valorisation in the value chain resource efficiency. (Can be accounted for with and without milk since

the milk price is more constant and has a large contribution)

Mass valorisation in kg DM/kg By-product valorisation and resource efficiency as well as waste

the value chain FPCM minimisation are represented.

Protein valorisation in | kg protein/kg By-product valorisation and resource efficiency as well as waste

the value chain FPCM minimisation are represented.

Impact per mass Impact/kg DM | Environmental concerns and tesource efficiency are represented.

Impact per protein Impact/kg Environmental concerns and resource efficiency are represented.

protein
Impact per monetary | Impact/€ value | Environmental concerns and by-product valotisation in monetaty terms
value chain are represented.

As the selection of indices shows, the list and the individual indices are not as complex as other indices and
indicators presented in literature (Corona, Shen et al. 2019, Saidani, Yannou et al. 2019, Sanchez-Ortiz,
Rodriguez-Cornejo et al. 2020, Velasco-Mufloz, Mendoza et al. 2021). From the proposed list, no individual
index has the purpose of describing the state of circularity of the manufacturer. It is rather a system of indices
that represent many different aspects of a circular and sustainable production which together give a perspective
on the degree of circularity reached (Silvestri, Silvestri et al. 2022). Higher importance was given to the
practicability, availability of data, and understandability for which reason most indices represent simple metrics of

production.

3.2.2.1. Reference ratings

To allow meaningful ratings of the indices, it is important to create a reference system. This reference system can
either be based, for example, on average practices in a defined area or on an assumed optimal case scenario.
Besides, the reference system should be applied carefully, since different processes or products will achieve
completely different scores in most of the indices. Hence, a comparison may not be reasonable. Once a reference

system is established, any value calculated for an index can be seen in relation to the reference and given a
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relative rating. These relative ratings can then be compared between production years or even companies. At the
moment no such reference system exists for which reason it could be a promising attempt to improve the

presented assessment method.

3.3. Data collection from the case study related to cheese production

Having established contacts with several cheese producers in the region of Lombardy during the survey (Chapter
3.1), individual producers with high interest in sustainability and willingness to participate in further research
collaborations were identified by the cooperative. Three of these producers were contacted directly and
presented with a proposal for a detailed circularity assessment as presented in Chapter 3.2. After consultation
with the three companies, one small-scale producer from the province of Brescia agreed to participate in the

assessment.

According to common case study data collection practice (Noor 2008), the amounts of materials and energy used
for the cheese making, cleaning, and packaging were collected from the accounting archives of 2016-2020 for the
milk input, water use and product output, and 2018-2020 for all other streams. The individual invoices for each
material and energy carrier were summed up and sorted by supplying company in order to calculate the weight-

transportation distances.

The expenses for materials and energy were retrieved from the same invoices as described above. The income
from the products was provided directly by the accounting department. Additionally, expenses for investments
over the past decade were discussed in an interview with the main accountant of the company. Social and
organisational data needed to calculate the indices was retrieved in an interview with the main accountant of the
company. Some of the indices included in the list are based on confidential information (contract details of the
individual employees) for which reason they were calculated by the accounting department of the cheese

producer.

3.4. Laboratory experiments at ENEA

Over the period of four months, laboratory experiments were performed at ENEA Casaccia research centre
(Rome), at the SSPT BioAG ProBio Lab. The experimental activities focused on valorisation strategies for dairy
by-products and in particular the fractionation of whey via membrane separation (Argenta and Scheer 2020,
Caballero, Caballero et al. 2021, Macedo, Azedo et al. 2021). Membrane fractionation is a physical separation
approach, which has been used in the dairy and food industry for several decades (Rosenberg 1995, Zydney
1998, Daufin, Escudier et al. 2001). It is based on a semipermeable barrier, the membrane, which allows the
selective passage of chemical species or particles. The permeability is mostly size- and/or weight-related and
several membrane categorisations exist. For the context of whey fractionation, the most relevant ones are

ultrafiltration (size cut-off between 0.01 and 0.1 pm (Argenta and Scheer 2020)) for the separation of proteins
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from the matrix and nanofiltration (weight cut-off between 1000 and 200 Da (Daufin, Escudier et al. 2001)) for
the demineralisation and separation of lactose from the matrix. The process is pressure driven, forcing the
permeate through the membrane pores and concentrating the retentate. By comparison to other processing
technologies, such as distillation and evaporation, membrane fractionation has a low energy consumption, does
not require the addition of chemicals, and is performed at moderate temperatures. Thus, the properties of
proteins and other biomolecules are preserved throughout the processing. Additionally, membrane processes are
easily scalable and combine well with other food processing technologies (Zydney 1998, Daufin, Escudier et al.

2001, Argenta and Scheer 2020).

The experiments conducted in the present research consisted of two steps. Laboratory-scale experiments were
performed to test different experimental parameters and membranes and later pilot-scale experiments were
performed to collect process data for the environmental and economic assessments. The goal of the experiments
was to produce fractions of the initial whey feed that could potentially be valorised for high-quality products
(Barba 2021, Lappa, Kachrimanidou et al. 2021). This included in particular one protein-rich fraction received
from ultrafiltration and one lactose-rich fraction received from nanofiltration (Argenta and Scheer 2020, Barba

2021, Macedo, Azedo et al. 2021). Of each fraction, samples were taken and analysed.

3.4.1. Laboratory scale experiments
Laboratory-scale experiments were performed with the following equipment:

- Membrane cell (Sepacell osmonics, 2000)

0 Effective Membrane Area: 155 cm?
Material: (316SS)
Hold-Up Volume: 70 mL
Maximum Pressure: 69 bar (1000 psig)
Maximum Temperature: 177°C (350°F)

O O O o

- Piston pump (Interpump)
0 Max flow: 400L./h
0  Max pressure: 120 bar
0 Power: 2.2 kW
- Centrifuge (Beckman Coulter Allegra R 25)
0 Rotor Ja-10-250 (fixed angle)
- Chiller bath (HAAKE 3)
- Membrane sheets (DuPont)
0 UF 5/10/50 kDa Polyethersulphon
0 NF Dk Polyamide
0 NF 150-200 Da Polyamide
- Spray dryer (ECF Industries DF/500/B)
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0 Evaporation potential: 500 cm?/h
Analyses were performed with the following equipment:

- Thermometer (Hanna Hi93510)
- PH-meter (Thermo Orion Star 2)
- Thermoscale (Sartorius Ma 160)

- Biophotometer (Eppendorf BioPhotometer 6131)
Chemicals used:

- NaOH pellets (commercial source)

- Distilled water (produced in the laboratory via evaporation)
Each experimental round consisted of the same steps.

First, a 2-litre batch of whey was prepared. The whey was cither fresh or defrosted. To extract any grease before
membrane fractionation, the whey was centrifugated at 10’000 rpm for 15 minutes. Solids were filtered out with

a 1 mm pore-size sieve.

The experimental set-up of the ultrafiltration included a one-litre plastic flask in a cooling-bath from which the
whey was pumped over an ultrafiltration membrane. The concentrate was recirculated into the cooled plastic
flask. Permeate was collected in a 200 mL measuring tube to keep track of the speed of permeation. The
pressure on the fractionation cell (Figure 1) was regulated via a valve situated at the concentrate flow exit of the
cell. The plastic flask was topped up with skimmed whey every time 200 mL of permeate were collected until the
entire 2 L batch had been added. Throughout the experiment, the pressure was increased in steps of 1 bar at a
time to keep the permeation speed high enough for a reasonable experimental time (8 hours maximum). The
range of pressure applied in the ultrafiltration was from 3 to 6 bar. The ultrafiltration was continued until the
concentrate reached a volume concentration ratio (VCR = volume of initial probe divided by the volume of
concentrate) of at least four. Once the intended VCR was reached, the process was interrupted, and all fractions

collected. All equipment was rinsed with tap water and cleaned by recirculating 3 litres of 0.5 M NaOH solution.

For the nanofiltration, the same set-up was chosen. The permeate of the ultrafiltration acted as feed of the
experiment and the fractionation took place over a nanofiltration membrane. The pressure ranged from 6 to 12
bar. A VCR of at least three had to be reached to end the experiment. Again, all fractions were collected, and the
set-up was cleaned with tap water and 3 litres of 0.25 M NaOH solution. All collected fractions were measured
in volume and weight and sampled to measure pH-values and w/w solid contents. For the most successful trial
runs in terms of solid concentration in the ultrafiltration- and nanofiltration concentrates, protein-content
analyses were performed. Furthermore, both concentrates of said trials were dried in a pilot-scale spray-dryer.

Samples were then sent to an external lab for a vitamin B content analysis.
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Figurd: Fractionation cell used in the laboratory scale experiments.

3.4.2. Pilot scale experiments
Pilot-scale experiments were performed with the following equipment:

- Skimming machine (Pieralisi SV 5)
0 Max flow: 1200 L/h
0 Max RPM: 7600
0 Tank volume: 4,4 L.
0 Power: 1,85 kW
- Ultrafiltration plant
0 500 L tank (concentrate recirculation)
0 Centtifugal pump Grundfos (maximum flow 6000 L/h, pressute range of 6-15 bar at 50 Hz, power 4 kW)
0 Housing for a membrane UF module of 4 inch (average surface 7-8 m?)
- Ultrafiltration membrane module (MICRODYN NADIR UF)
0 Diameter: 4 in
0 Cut-off: 4 kDa
0 Active surface: 7 m*
0  Material: highly hydrophilic polyethersulphone (PES-H)
- Nanofiltration plant
0 500 L tank
0 Centtifugal launch pump (max flow 73,3 L/min at 50 Hz)
0 High pressure pump (max flow of 900 L/h, pressute range 8 — 50 bar)
0 Housing for a membrane NF module of 4 inch (average surface 7-8 m?)
- Nanofiltration membrane module (Suez NF DK4040)

0 Diameter: 4 in
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0 Active surface: 9.1 m?
0 Material: Polyamide
- Chiller group (Lauda UKS 3000)
0 Temperature range: -25-80°C
0 Power at 20°C: 3,4 kW
- Spray dryer (ECF Industries DF/500/B)

0 Evaporation potential: 500 cm?/h
The analyses were performed on the same machines as in the laboratory-scale experiments.
Chemicals used:
- NaOH pellets (commercial source)

The pilot-scale experiments were performed in the same order as the laboratory experiments. Instead of
centrifugation, the 250-litre batch of fresh whey from a local cheese producer was treated in a milk skimmer to

separate the grease off.

The skimmed whey was then treated in a pilot-scale ultrafiltration plant as seen in Figure 2 at a pressure between
3.6 and 5 bar until a VCR of 5 was reached. One diafiltration step was performed by adding 40 litres of tap water
and collecting another 40 litres of permeate. All fractions were collected and sampled. The ultrafiltration plant
was cleaned by repetitive rinsing with tap water and recirculating 20 litres of 0.5 M NaOH solution until no

residues remained in the cleaning water.

The ultrafiltration permeate was then fractionated in a pilot-scale nanofiltration plant (Figure 3) at a pressure
between 10 and 40 bar to a VCR of 5. Again, all fractions were collected and sampled. The nanofiltration plant
was cleaned by rinsing with tap water. The ultrafiltration concentrate was then dried in the pilot-scale spray dryer.
During the pilot-scale experiments the electricity, chemicals and water consumption were measured at all times

in order to later model an industrial application.
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Figure: Ultrafiltration plant used in trecgidoexperiment.

Figur&: Nanofiltration pump and membrane module ussdlia éxpgilotent.

3.5. Life Cycle Assessment of case study and laboratory data

The data collected in the laboratory experiments as well as the data collected in the case study were incorporated

in a Life Cycle Assessment.
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3.5.1. Goal and Scope Definition

The goal of the assessment is to understand and quantify the environmental and economic impact of valorising
whole whey from cheese production in a decentralised, small- to medium-scale fractionation process in relation
to the entire production chain impact. For comparison different base scenarios are offered, which are presented
in more detail in Section 3.5.3. While by-product valorisation is of particular interest for an attempted
improvement of the circularity and sustainability in an agri-food production process (Chapter 3.2), there is little
published literature assessing its importance via LCA studies in the context of the dairy industry (Chapter 2.5).
Hence, the present LCA study focuses on whey valorisation in order to help close that research gap. An

attributional assessment approach was chosen.

The study was commissioned by ENEA (National Agency for New Technologies, Energy and Sustainable
Economic Development), the Region of Lombardy, and the University of Brescia. It addresses researchers,
practitioners, and policy makers as its audience. The ISO standards for Life Cycle Assessments 14040 and 14044
(ISO 2006a, ISO 20006b) are followed throughout the study. The PEFCR (Product Environmental Footprint
Category Rules) for dairy products were followed whenever applicable (Quantis 2018). The software SimaPro
version 9.3 was used for calculations, applying the ReCiPe 2016 midpoint (H) model to assess the environmental

impacts. This model includes the impact categories listed in Table 6.

Tablé: Impact categories and their units considered for the LCA.

Impact category Unit

Global warming kg CO2 eq
Stratospheric ozone depletion kg CFC11 eq
Ionizing radiation kBq Co-60 eq
Ozone formation, Human health kg NOx eq
Fine particulate matter formation kg PM2.5 eq
Ozone formation, Terrestrial ecosystems kg NOx eq
Terrestrial acidification kg SO2 eq
Freshwater eutrophication kg P eq
Marine eutrophication kg N eq
Terrestrial ecotoxicity kg 1,4-DCB
Freshwater ecotoxicity kg 1,4-DCB
Marine ecotoxicity kg 1,4-DCB
Human carcinogenic toxicity kg 1,4-DCB
Human non-carcinogenic toxicity kg 1,4-DCB

Land use m2a crop eq
Mineral resource scarcity kg Cu eq
Fossil resource scarcity kg oil eq
Water consumption m3
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3.5.1.1. Functional Unit

The decision for a functional unit is not straightforward since the main product (cheese) and by-product (whey)
are not functionally the same given the different solid contents and applications. There are several choices
imaginable (Bacenetti, Bava et al. 2018, Quantis 2018, Depping, Grunow et al. 2020) considering potential
applications of the products obtained from whey valorisation. Moreover, since the goal of the present LCA study
is to investigate the importance of whey valorisation for the entire value chain, the functional unit should be

practical and reasonable for both the main product and the possible by-products.

If both are considered to be consumed by humans or applied in equally or higher value applications, e.g., food
and food supplements, cosmetics, nutraceuticals, and pharmaceuticals, a reasonable functional unit would be the
weight of dry matter (kg DM) of the products (Quantis 2018). Any material that is used for lower value
applications such as animal feed or biogas production would not be considered in the functional unit as the value
of dry matter processed would not be comparable (selling whey at low value contributes only minimally to the
income of a cheese maker, see Chapter 4.6). One shortcoming of a kg DM unit is that all nutrients within the dry
matter are given the same value even though, for human requirements, different nutrients do not value equally
(Meyers, Hellwig et al. 2006). Hence, another reasonable choice is kg dry weight of the protein content (kg
protein) (Bacenetti, Bava et al. 2018, Quantis 2018), the highest value nutrient contained in milk and its derivates
(Tsermoula, Khakimov et al. 2021). Yet, in that case fats and carbohydrates would not be considered at all
despite undoubtedly having a value of their own. Finally, neither of both units consider that even if the nutrients
are the same and the application is similar, such as human nutrition, the value of one product might still be
higher than another. While cheese is a common food, whey proteins are used as high-quality protein source with
higher kg prices (Tsermoula, Khakimov et al. 2021). Thus, a third useful functional unit is the dairy value chain
revenue in € as it best represents the current value of the products. However, this unit is only meaningful in a
precise time frame, as prices tend to change and it gives no information on material flows and efficiency, which
is of major importance for sustainability and circularity considerations. As none of the three units can provide a
full picture of the results nor allow a detailed interpretation individually, all three of them were applied and

discussed thoroughly.

3.5.1.2. Boundaries

The boundaries of the assessment start with the production of milk and end with the delivery of the products of
the cheese making and by-product valorisation. Data was collected starting with the transportation of the milk
from the farm to the cheese maker and for all cheese making activities. Additionally, by-product valorisation
activities were simulated in laboratory experiments. All transportation within these steps is considered.
Background data are used for all input materials that are not part of the boundaries. Since the milk input is
included in the impact assessment, the assessment takes a cradle-to-gate perspective with the gate being the

retailer of the products.
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Figurd: Boundaries of the LCA. Background processes are highlighted in red, case study data in green and th

in blue. The base scenarios are marked in yellow.

3.5.2. Life Cycle Inventory

Primary data was collected in a case study from a small-scale cheese producer (3’000 t/a milk) in the province of
Brescia, Italy. The collected data spanned five years for all major material streams (e.g., milk, products, water, etc)
and three years for minor flows (detergents, lactic ferments, salt, truffles, etc). The case study data covered all

activities at the cheese producer. Inventory tables can be found in Chapter 4.3.

Additional primary data was collected in laboratory experiments at small- and pilot scale. The experimental data
covers all valorisation steps for whey from the whole whey, collected at the cheese maker to the final dried
products. Information on the valorisation steps was also collected from industrial contacts in order to verify the
experimental data. Any missing data was estimated based on educated assumptions by experts in the field. The

inventory data can be found in Chapter 4.4 and Supplement C.

Secondary data was collected from literature LCA studies (Chapter 2.5.2) in order to verify the background data
on milk production the Ecoinvent database provides (Supplement D, Table D46). However, since the
assessment methods selected in the literature are now considered outdated, the background data was not applied

for any of the calculations performed in the present assessment.

Background data from the Ecoinvent database v3.8 (Weidema, Bauer et al. 2013) was used for all other materials,

in particular those for which the production steps were outside of the collected primary data boundaries (Figure
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4). This included energy production, waste treatment, water production and treatment (besides the treatment on-
site at the cheese maker), production of chemicals, and the construction of the facilities. The exact background

processes chosen for the model are depicted in Appendix D, Table D42.

3.5.2.1. Allocations and Assumptions

The allocation between the products and by-products of the cheese making process was considered irrelevant,
since both by-products are valorised and all value chain output is represented unitedly in the proposed functional
units. Hence, within the model the allocation of the impacts of cheese making was 100% towards the cheese.
This was also true for the scenario of no by-product valorisation. The allocation of impacts between the two
whey valorisation products, protein and lactose, was handled in the same manner with all impacts directed to the
proteins. Valorisation scenarios with low-quality products such as animal feed or biogas were considered
negligible since they would represent less than 1% of the revenue gained from selling the main product cheese

(see cheese maker income, Chapter 4.6, Table 27).

Background data was selected with reference to the Italian market whenever possible, otherwise the European
market was applied. If no other option was available, a global market reference was used. Differences in
concentrations were adjusted to match the inventory data e.g., when a cleaning solution was applied in the case

study but the background data was only available for the solid compounds.

Milk production, the most impactful step within the dairy value chain (Chapter 2.5.2), was included as
background data due to the lack of case study primary data. Within the Ecoinvent database v3.8, only a global
market reference is available for which reason the process impacts were compared to literature values from
Italian dairy LCAs (Chapter 2.5.2, Table 2, Supplement D, Table D46) in order to verify the suitability of the
background process. Additionally, milk was handled as FPCM (fat- and protein-corrected milk, corrected to 4%

fat and 3,3% protein) in accordance with the IDF (2015) based on the following Equation I:
I 00 60— 00QaWQ z mpc @Oid X ¥Qi £ PQWE Lot

All transportation was considered to be done by trucks with or without refrigeration depending on the materials

transported.

3.5.3. Valorisation Scenarios

To understand the implications of different valorisation approaches, various scenarios were prepared and

compared for their environmental and economic impacts. The base scenarios were based on real-life valorisation
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approaches observed in Northern Italy, while the decentralised valorisation scenario was newly designed based

on the premise of high circularity, sustainability, and economic feasibility.

3.5.3.1. Base scenatios

3.5.3.1.1. No valorisation

This scenario includes all cases in which whey is either not valorised or valorised at a low quality (less than for
human consumption or comparable applications). Whey is not considered a product due to the negligible
economic value and therefore all impacts are allocated to the main product cheese. The by-product cream is
counted as a product since the initial survey of the research project showed high rates of valorisation for human
consumption of the cream fraction (Chapter 4.1), however further processing steps of the cream such as butter

making, were not considered.

3.5.3.1.2. Whey powder production

In the whey powder production scenatio, whey is skimmed and then dried at a centralised external facility via
vacuum drying, to reduce the water content and spray drying for pulverisation. This is a common approach to
whey powder production according to the practitioners and plant constructors consulted. The whey powder is
then sold for human consumption for which reason the valorisation is accounted for. The transportation
distance to the drying facility is based on data from the cheese making case study (105 km). Energy consumption
during the skimming and drying processes is estimated based on the pilot-scale laboratory experiments assuming
a 20% better process efficiency due to scale-up effects. Vacuum drying was estimated at 0.25 kWh/L
evaporation volume based on interviews with producers of industrial vacuum drying plants. The product price of

whey powder was considered to be 1 €/kg (CLAL 2022¢, USDA 2023).

3.5.3.1.3. Centralised whey fractionation

The centralised whey fractionation scenario is similar to the whey powder production scenario. However, whey is
fractionated at the centralised facility and three main products are produced, that is a whey protein powder of
60% protein (WPCG60) and a whey protein powder of 80% protein (WPC80) as well as the remaining
ultrafiltration permeate dry matter rich in lactose. Since it could be valorised for human consumption or other
high value applications, the dry matter is counted as valorised to allow a reasonable comparison to the whey
powder production scenario and the decentralised fractionation scenario, where all dry matter is valorised. Mass

flow data was taken from the average data of a large-scale whey valorisation plant in Northern Italy. The main
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input and output flows were adjusted to the same protein concentration as assumed in the decentralised

valotisation scenario (10 g/L). The following table shows the received mass balance.

Tabl&: Mass flows withitatigescale valorisation plant.

Material flow [t/a]

Whey input 1,000,000
DM input 60,000
Clean wastewater 666,000
WPC 80 3,279
WPC 60 12,295
PUF DM 30,226

Energy and material consumption are based on laboratory data on the fraction process, assuming a 20% better
process efficiency due to scale-up effects according to consultations of whey processing experts. Product prices
are taken from international market data and interviews with industrial producers (Chapter 3.6, Table 8). The
value of the lactose-rich permeate dry matter was assumed to be half as much as the value of lactose (CLAL
2022f), to account for the difficulty of valorising large amounts of high-value lactose at a centralised plant due to
the limit demand of lactose products — according to CLAL (2022f), over the past 18 years the US lactose market
showed production volumes of 50,000,000 to 100,000,000 lb per year which is equivalent to around 23,000 to
46,000 metric tons per year and at the same magnitude as the permeate dry matter output of the centralised

valorisation plant.

3.5.3.2. Decentralised fractionation scenario

The decentralised fractionation scenario visualises the approach to whey valorisation that was newly developed
for the present study under the premise of high circularity, though similar approaches have been reported in
literature (Macedo, Azedo et al. 2021). This is achieved firstly by aiming for high resource efficiency and waste
minimisation. Hence, both main components of whey, proteins and lactose, are valorised. Moreover, it focuses
on valorisation at source, to decrease transportation distances and to support regional development and value
creation. The fractionation steps are therefore designated to take place at the cheese production facilities or at a
site close-by. Since in Lombardy there are few areas with high amounts of cheese production — 124 of 180 dairy
producers are located in only four out of the twelve Lombard provinces, Bergamo, Brescia, Mantua, and Milan
(Aida 2022) — with comparably short distances between the individual cheese producers in each of the areas, this
should be easily realised. Additionally, the products of valorisation are intended to be sold to local clients. This
would allow once again for short transportation distances and would also promote more communication and
collaboration between the different stakeholders. Thus, a network between cheese producers, whey valorisation,

and clients is created.
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In this modelled network, cheese producers fractionate their whey on-site or at sites very close to the cheese
production (10 km distance). The fractionation products are then sent to drying facilities located more centrally
to ensure a large enough throughput for an economically feasible pulverisation (20 km distance). The pulverised
products are then sold to local clients. This approach would allow for the individual valorisation sites to optimize
their production to the needs of few clients and therefore increase energy and material efficiency as compared to
a centralised plant with general products. Moreover, products would be suited to the clients and therefore of

higher value, potentially increasing the created value within the chain.

The model focuses on small- and medium-sized cheese producers being responsible for around 25% of the
amount of cheese produced while representing about 75% of all cheese producers (Chapter 4.1 and 4.8). These
smaller companies struggle with large investments, for which reason a unified effort to create a network poses a
promising approach to achieve modernisation efforts (Moore and Manring 2009, Laperche and Liu 2013,
Pacheco, Caten et al. 2018).

Medium-sized cheese producers have input volumes of under 80 tons of milk per day. Most companies in the
group of small and medium size however, deal with much smaller volumes for which reason the case scenario
assumes an output of 30 tons/day of whey. This represents a typical medium-sized production (Chapter 4.8) and
in case of smaller producers, a collaboration of two or three close-by producers could be imagined in order to

reach the same flowthrough.

The data for material and energy use during the fractionation process is derived from the laboratory experiments

and verified by consulting experts from the industry.

3.5.4. Uncertainty analyses

Uncertainty analyses were performed via Monte Carlo analyses on the SimaPro software. 1000 runs were chosen
to reach a good accuracy. For the case study data, production averages of five years (for major material streams)
and three years (for all other streams) and their standard deviations were used to feed the software. For the
laboratory data, experimental uncertainty was applied. Additionally, the variance in the protein and grease
contents of the milk input at the cheese maker was considered for the production amounts of the by-products.

Background processes and production data were not considered.

3.5.5. Sensitivity analyses

Since a number of fundamental assumptions had to be made along the process of performing the LCA,
sensitivity analyses were performed in order to understand the relevance of these assumptions. The tested

sensitivity included the following assumptions.
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Lactose was considered to be valorised entirely in all valorisation scenarios. Since this is not necessarily true for
the fractionation scenarios (decentralised and centralised) and some may be sent to waste treatment due to lower

demands than availability, it was tested how not valorising lactose would affect the results.

According to the assumptions, lactose is valorised at higher quality in the decentralised than in the centralised
scenario due to lower production volumes. As this might not be valid, it was tested how the results would be

affected if in both scenarios the lactose-rich fraction was valorised at the same value.

Product selling prices are not stable and fluctuate notably within short periods of time (CLAL 2022e, CLAL
2022f), hence it was tested how the results are affected if the price of the products increases or decreases by Y3

(the size of common annual fluctuations for whey prices).

Since no case study or experimental data was available for the effect of upscaling the valorisation process in the
centralised valorisation scenarios, an educated estimation was made based on interviews with producers of
equipment, the experimental activities, and practitioners. An efficiency increase of 20% was assumed. The effects
of this assumption were tested by comparing the 20% efficiency gain to a 10% and a 30% efficiency increase for

the centralised valorisations scenatio.

3.5.6. New LCA approach to by-product valorisation

Since little literature can be found on LCA of by-product valorisation in the dairy value chain (Bacenetti, Bava et
al. 2018, Depping, Grunow et al. 2020), a new approach to the assessment was created. The aim of the study was
to understand the implications of by-product valorisation on the environmental and economic impacts of the
value chain for which reason a unified functional unit had to be selected that would be able to represent the
entire chain. In the end, three units were chosen as described in Section 3.5.1.1. That way, it is possible to relate
all impacts created through the resource use of the production processes to the different product outputs, hence
the ratio between impacts and products. In an increasingly sustainable and circular value chain, said ratio should
be lower, ergo less impacts per unit of products. In the case of additional by-product valorisation, this can be
achieved even through the investment of resources, if the amount of additionally created products is high
enough. As within the dairy value chain the milk production step has the highest impacts (Chapter 2.5.2, 4.5),
valorising whey and thereby an additional ¥4 of proteins or %3 of dry matter as compared to cheese production
only, will likely lead to a lower ratio. This approach can be considered a sustainable intensification (Garnett,
Appleby et al. 2013, Godfray and Garnett 2014, Pretty and Bharucha 2014), meaning the increase in productivity

by investing few additional resources and thereby higher resource efficiency and lower relative impacts.

Apart from this material-based argument, another dimension of sustainability and circularity is integrated into the
LCA in a direct manner: the economic perspective. The third functional unit considered is the value created

within the dairy value chain in €. This is uncommon in dairy LCAs (Chapter 2.5) (Bacenetti, Bava et al. 2018,
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Depping, Grunow et al. 2020) though it is recommended by some researchers as it allows to understand an often
disregarded function of agriculture, which is to create value and an income to the stakeholders (Hauschild,
Rosenbaum et al. 2018). Moreover, in the perspective of Circular Economy it is desirable to create more value
locally, strengthening the local economy, hence it is an aspect that is highly relevant to the context of the present
research. Applying a functional unit of monetary value allows to relate the two dimensions of the environmental
impact and economic value creation, to each other and thereby show how resource-intense and sustainable the

value creation is.

In summary, an LCA approach was chosen and designed precisely for the goal of the study, to investigate the
importance of by-product valorisation for sustainability and circularity, and that has not been previously applied

in a comparable complexity and with the same intention.

3.5.7. By-product valorisation index

While LCAs pose a powerful tool to investigate sustainability and circularity, their results tend to be complex and
difficult to communicate. On the contrary, indices for sustainability or circularity are easy to communicate, yet
they often lack complexity and thereby meaningfulness for complicated issues (Corona, Shen et al. 2019). Thus, a
new index was created: the by-product valorisation index, trying to combine both meaningfulness and easy
communication and comparison. The focus on by-product valorisation was chosen, since the results from the
proposed index system (Chapter 4.2) revealed shortcomings in the representation of the quality of by-product
valorisation. At the same time, reviews on available indices showed that few such indices are available, especially
for the agri-food sector and at company level (Corona, Shen et al. 2019, Saidani, Yannou et al. 2019, Velasco-
Mufioz, Mendoza et al. 2021). Some comparable indices available are: the circularity metric proposed by Linder,
Sarasini et al. (2017) that compares the value of the recycled materials to the total product value, the metric
proposed by Di Maio, Rem et al. (2017) that values circularity as the percentage of stressed resources
incorporated in a product that are returned after its end-of-life, and an eco-label proposed by Laso, Garcia-
Herrero et al. (2018) that combines LCA derived environmental impacts with added product value in different

production and waste treatment scenarios in the fish canning production chain.

The index proposed in the present research is based on the results of an LCA and follows the same approach to
circularity and sustainability as presented in the previous Chapter 3.5.6, yet it consists of simple numerical values
that can be compared easily. There are two different indices calculated for each of the functional units, using kg

FPCM as a proxy for a constant production volume.

1. F.u. per production volume (kg FPCM)

2. Impact* per fu.

*Impact can relate to individual impact categories or a combined score (according to the assessment method)
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These indicators are then compared in between the valorisation approaches. That way, the increased valorisation
in material mass or value per kg of FPCM can be observed. Depending on the percentual increase the
importance of by-product valorisation can be distinctly categorised. The second metric allows the evaluation of
the impact reduction (or increase) due to the intensification of production. That way it can be ensured that an
increase in material efficiency (as consequence of an increased by-product valorisation) is not taking place at the
cost of the sustainability of production. The value for the impact can be chosen as a unified factor for all impact

categories or for the individual categories, depending on the chosen impact assessment method.

3.6. Economic assessment of the modelled valorisation approach

Economic feasibility is one of the key issues to verify for a new model to potentially turn into a functioning
business. In order to identify the most feasible plant size and product types, the running costs and revenues for
different scenarios were estimated. This included plant sizes of 10 or 30 tons of whey treated per day, which
represent the production volume of a small- and medium-size cheese producer, respectively. Furthermore, two
whey protein qualities were tested, namely a 60% or 80% whey protein concentrate (WPC) with or without
lactose powder as an additional by-product. The most feasible scenario became the proposed decentralised

fraction scenatrio.

Due to the large energy and water consumption of the valorisation processes, the main expense drivers were
considered to be electricity, water, and whey. For electricity, the consumption was noted for the individual
process steps to better understand the importance of each of them for the economic feasibility of the entire
process. Whey is included since depending on the structure of the cooperation, the cheese producer would have
to be compensated for their loss in revenue from selling the whey. Additionally, transportation costs of whey and
labour costs are of interest for an economic balance. The following table presents the market prices for the main

resources needed for the whey valorisation.

Table: Market prices of the main resources and running expenses of a proposed decentralised valorisation sce

Price [€] Perunit Reference

Energy 0.2 kWh Statista (2022)
Water 1 m? WaterNewsEurope (2022)
Whey 25t CLAL (2022¢)
WPC 60% 4 kg Company interviews
WPC 80% 13 kg Company interviews
Lactose 1 kg CLAL (2022f)
Solar panel 3 W SolarReviews (2022)
5 W Climatemarket (2022)
Labour 20 h Company interviews, conservative estimation for a plant technician
Transport 133 tkm Company interviews
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Apart from the resources needed on a constant basis, a new valorisation plant of small to medium dimensions
would require considerable investments. Based on interviews with industrial partners working with whey as well
as those providing equipment for whey valorisation, a basic list of necessary equipment and its costs was
prepared. Equipment that is mentioned twice is referring to different dimensions. The following table provides a
list of the most important investments. In case of doubt, a conservative estimation approach was chosen, hence

competitive prices may be lower.

Tabl®: Potential investment costs for building a valorisation plant based on the jproplosdédatsetionalised by

model. Prices were taken from interviews with Italian producers of the respective equipment.

Equipment Nr. Unit price [€] Total price [€] Comment
Filtration plant 1 250,000 250,000 10 ton/day
Filtration plant 1 500,000 500,000 30 ton/day
Spray dryer 1 400,000 400,000 100 kg/h
Spray dryer 1 1,000,000 1,000,000 300 kg/h
Process Chiller 1 50,000 50,000 10 ton/day
Process Chiller 1 100,000 100,000 30 ton/day
Cooling tank 2 50,000 100,000 10 ton/day
Cooling tank 2 100,000 200,000 30 ton/day
Solar panels 1 250,000 250,000 50 kW

The running costs and revenues were then put into relation to the annual revenue and profits of the cheese
producer investigated in the case study, to evaluate the economic relevance of the proposed model for a realistic

case study.

Lastly, the sensitivity to energy prices was tested, since energy poses one of the main expenses that is often
suffering large fluctuations on the market (Statista 2022). For that purpose, a decrease by 50% as well as an
increase of 50% and 100% were tested. Additionally, the investment into solar panels was tested for its suitability
and effectiveness in helping reduce the energy price sensitivity by testing its effect on the investment return rate

and the energy independence.

3.7. Industrial Symbiosis case study based on valorisation model

The final step of the research efforts focused on the attempt of designing a realistic case scenario for an
Industrial Symbiosis (Neves, Godina et al. 2020) that would be constructed based on the proposed model of a
circular and decentralised by-product valorisation of whey. This means that a network of stakeholders would be
identified and built around the valorisation process in order to connect the cheese makers with the valorising

plant and the manufacturers that would eventually use the valorised by-products for further applications

(Kerdlap, Low et al. 2020, Haq, Vilisuo et al. 2021, Marinelli, Butturi et al. 2021).
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To assess the potential for an Industrial Symbiosis, firstly the volumes of production in Lombardy for whey had
to be estimated in order the be able to understand the availability of products for the potential symbioses and
networks (Marinelli, Butturi et al. 2021, Wijeyekoon, Suckling et al. 2021). Data was retrieved from (CLAL
2022d). Secondly, companies in Lombardy that could potentially be interested in participating in an Industrial
Symbiosis around the valorisation of whey had to be identified in order to interview them on the topic of by-
product valorisation and the proposed model. That way, a better understanding could be created for the
willingness of companies to participate in a valorisation network while simultaneously gathering information on
potential hurdles of implementation that the companies expect from their perspective. Since the companies bring
in different views and concerns than researchers, a more complex, practical and realistic assessment of the

potential for an Industrial Symbiosis can be made (Magaldi and Berler 2020).

The investigation for potential interview partners included companies from the following industrial sectors,
which are known to potentially apply whey products in their production chain (Kaur, Sharma et al. 2019, Barba
2021, Costa, Azoia et al. 2021, Tsermoula, Khakimov et al. 2021): dairy producers (ATECO 10.51.20), food
supplements and nutraceuticals (ATECO 10.86 and 47.29.3), cosmetics (ATECO 20.42), and pharmaceuticals
(ATECO 21.1). A list of companies in these sectors, respectively, was retrieved from the Aida database such as
in Aida (2022). Based on the data available in the lists, such as names and webpages, the companies were
examined for their product types and potential to be using whey or whey-derived products in their production
process. Furthermore, focus was laid on small- to medium-sized companies since the cheese making and
valorisation process were also held at that dimension. A combined list of the most suitable companies was
created, including 37 entries. The companies were then contacted via email requesting short online interviews
and if feasible additional visits at the respective companies’ sites. The response rate to the invitations was poot,
for which reason ten of the most promising companies were again contacted via phone calls. Most companies
were either not interested in collaboration due to time difficulties or due to lack of interest in the material whey.
Three companies agreed to be interviewed. Additionally, representatives of Lombardy Region were contacted,

asking for help with identifying suitable interview partners. Another two companies were reached on that route.

Five extensive interviews were conducted with the purpose of exploring the interest of the companies in small-
to medium-scale by-product valorisation and Industrial Symbiosis, the material whey, and the perspective of the
companies on an implementation of the proposed model. The interviews were qualitative and semi-structured in
nature (Brinkmann 2014, Magaldi and Berler 2020), with the researcher providing general questions and then
encouraging the interviewees to elaborate on them and continue to talk freely by asking follow-up questions.
That way, new insights could be discovered that may have been unknown to the researchers before. The main
questions were the same in all interviews (Table 10). During the interviews, the researcher took notes of the
answers to the main questions and of any other points of interest raised. Once the interviews were over, the
notes were reviewed and completed and, in case of missing information, the interviewees were contacted via
email to retrieve said information. The interviews were then summarized to bullet points expressing the main

arguments of the interviewees regarding the topics of interest.
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Since the environmental and economic assessments have shown a strong advantage of protein valorisation while
lactose valorisation performed with mixed results, the focus of the intended pilot case study of an industrial
symbiosis was on proteins. Nonetheless, lactose and its potential valorisation were considered in the interviews
to be able to draw a picture of the future potential to also include it in the case study once it has been

established.

TablelG Main questions askétbisestructured interviews.

—_

Do you use proteins (peptides, amino acids) in your production? If not, could you be interested in it?

What kind of protein products do you use?

What quality do you require?

Which volumes of proteins (and other materials) do you use, how much could it potentially become?

At what price do you currently purchase the proteins?

What is the current market situation with regard to the availability of products, their origin and the recent price development?
Which laws and regulations are important in the context of valorising proteins?

Which additional hutdles do you see for implementing a local/decentralised valorisation approach?

R e O e

How important is sustainable production to your company and customers?

.4
=

Do you think a positive LCA result could be communicated to customers as an advantage of the product? How?

—_
—_

How do you currently communicate sustainability in your production?

—_
N

How important is traceability to you?

.4
©

Would you be interested in participating in a focus group to set up a valorisation case study?
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4, Results
4.1. Survey

By the end of the collection of the questionnaire answers, twenty-one companies had filled in the survey. Twenty
of these were dairies producing cheese, while one was a consortium that collected cream from other dairies to

produce butter. The following figure shows the results of the survey for the main resource streams investigated.

L 3

water > heat
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| milk/cream |—> q : —»@ ;g I treatment |
proauction

| photovoltaic

- 11 . 4 :
fossil fuels energy 1 packaging 3 recycling
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55| cheese o sold for other applications
input 20 10
5*| cream o I butter |
output
S
(by-)products. 20 7 i
— 55 whey =—*| sold for food/cosmetics
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Number of companies o | 5 13 N .
Number of companies including planned activities 7 concentrate 13 sold for other appl ications

Figur&: Flow charttbé resource streams considered in the survey. Arrows without numbers indicate that all co
or produced the resource. A total of 21 answers were collected, of which 20 were of cheese prioducers an
produced butter freamccollected from other daidesul&lodisposal strategies and minor resource streams al

considered.

Out of the 21 surveyed companies, two thirds claimed to rely on fossil energy production. All of these used fossil
gas and six additionally liquid fuels. For each of the companies, the fossil energy production represented 1% -
3.5% of the annual production costs. Renewable energy production was applied by eight companies that had
installed photovoltaic elements, representing 0% - 2.8% of the annual production costs. Five companies stated

using both, fossil and photovoltaic energy production. Three companies produced biogas.

Water consumption was costing none of the companies more than 1% of the annual production costs and only
one company had installed cooling towers to be able to replace well water for cooling purposes during the
production. Another two companies recovered rainwater and water from cleaning activities to be reused. These
measures saved 30% and 20% of the water input, respectively. Four companies applied energy efficiency

measure of which three were focusing on refrigeration efficiency and one on heat recovery.

Only some of the companies packed their own products. Most delivered them, e.g., as whole cheese wheels. Of

the eleven companies claiming to pack at least part of their products, four companies recycled packaging, one
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referred to the waste collection and five used eco-materials. Since companies packed only a portion of their own

products, the cost of packaging varied a lot, reaching up to a maximum of 11% of the annual production costs.

For the surveyed companies, between 60% and 80% of the milk input ended up as by-products with 20
companies producing whey and 19 cream. The earlier mentioned consortium had cream as an input and
produced butter as the main product. Seven of the companies sold their whey for high quality applications such
as food or cosmetics, while the rest sold them for zootechnical or other/undefined purposes. Five companies
concentrated the whey before selling. Ten companies sold their cream to butter production (mainly to the
consortium) or made butter themselves while ten companies sold it as it is for undefined purposes (such as “sold

to food industry”).

Twenty companies treated their wastewater through aerobic biological systems. Fourteen companies listed
additional waste streams of which only two listed more than two types. Most differentiated between sludge,

mixed waste and/or packaging while two listed 12 and 15 different categories.

In the last part of the questionnaire, companies were asked for their current or planned activities to increase the
circularity of their production. Two companies are working on improving their whey valorisation by
concentration and pulverization, respectively, while one company that already concentrates whey wants to
produce pure whey proteins. Meanwhile, seven companies are improving or planning on improving their
wastewater treatment, while four claim to have an efficient purification in place. Eleven companies have activities
set to improve the energy efficiency with five focusing on light and electricity, three planning on installing co-
generators and two aiming for better heat recovery. Four companies are planning on installing photovoltaic
clements and four companies want to improve their handling of packaging materials. One company is
considering producing biogas in collaboration with a pig farm. One company commented on the difficulty of

investments for small- to medium-scale enterprises.

According to the characteristics of the cheese makers that were interviewed and those represented in the
cooperative, the surveyed group of companies can be considered representative of the entire cooperative as seen
in the following Table 11. A table with the individual dairy characteristics is presented in the Supplement A
(Table A33).

Tablell: Characteristics of the companies represented in the cooperative and the survey sample. The reference

company sizes repreaantgienilk input.

All companies

. . Sample
in cooperative
Total 48 21
Province Bergamo 3 1
Brescia 5 4
Cremona 5 2
Milano 1 1
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Mantova 31 13

Sondtio 3 0
Landscape Mountain 7 2
Plain 41 19
Company size Very latge (> 100,000 t/a) 4 3
Large (30,000 — 100,000 t/2) 9 6
Medium (5,000 — 30,000 t/a) 32 11
Small (< 5,000 t/a) 3 1
Number of products  Single 34 16
Several 13 5
Products Casera 3 0
Grana Padano 25 13
Mountain cheese 3 1
Parmigiano Reggiano 14 5
Silter 1 1
Taleggio 1 0

4.2. Circularity indicators

The indicators selected for the integrated circularity assessment were tested for the data collected in the cheese
producer case study. Three years of production were considered and the potential valorisation in the modelled
decentralised approach was applied for the case of the year 2020 with valorisation taking place at an external
valorisation plant. In this way the influence of by-product valorisation on the cheese production’s circularity
(according to the indices) could be compared to the annual fluctuations due to variations in production and
changes in suppliers. If the valorisation had been included within the cheese production plant, the years would
not have been comparable due to the additional process. The following table presents the calculated indices for

the four cases.

Tabld 2 Indices of thegrdated circularity assessment method calctdatdd threasenalbducer for three years and a

hypothetical decentralised valorisation case at an external valorisation plant.

Group Index Unit 2018 2019 2020 2020 +
valorisation

Env. Transportation input tkm/year 55,600 52,500 61,900 61,900
Transportation output tkm/year 244,000 255,000 137,000 37,300
Transportation per product unit kgkm/kg cheese 1130 1220 849 587
Average transportation distance km in 17.4 17.5 17.5 17.5
km out 96.6 97.4 46.4 12.6
Packaging amount g/kg product 55.7 69.8 59.4 59.4
Recyclable packaging % (plastic) 84.8 85.0 84.4 84.4
Water use L per kg product 239 20.3 18.5 18.5
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Wastewater L per kg product 222 18.1 16.4 16.4
Water recovery % 93.3 89.0 88.9 88.9
Solid waste production ¢/kg product 103 120 112 112
Energy consumption electr. kWh/kg product 0.972 1.063 0.995 0.995
Energy consumption fossil kWh/kg product 1.27 1.32 1.27 1.27
Renewable energy production kWh/kg product 0.159 0.171 0.182 0.182
By-product amounts kg/kg product 6.14 6.89 6.94 6.94
Econ.  By-products income to total income % 4.93 4.12 3.62 ?
Energy savings due to renewable € 10,600 10,400 11,900 11,900
energy production % 8.27 7.81 9.13 9.13
Savings due to circular measures € / / / /
%
Member income development € / / / /
Investments € 158,000 50,500 148,000 ?
(sustainable/circular) % / / / /
Incentives for good quality milk % Increased 27.5 28.7 29.0 29.0
price paid
Social  Local suppliers (by weight) (<50 km) % Without milk 85.4 81.9 86.4 86.4
Local clients (by weight) (<50 km) % Cheese* 60 60 60 60
% whey 0 0 0 100
Employee turnover Person/year / / / /
Permanent contracts % 86.7 93.3 87.5 87.5
Average working hours (weekly) h/petson 35.8 35.8 35.8 35.8
Average age Years 48.4 45.6 44.5 44.5
Ration highest to lowest income % / / / /
Quality testing frequency Test/year 1-4 1-4 1-4 ?

* Estimation based on interview with company accountant

Comparing the different years of production, especially the transportation-related indices can vary greatly, which
is due to changes in suppliers and customers and in particular the change of the whey purchaser in 2020. Most
other indices are comparably stable between the years with few exceptions such as the investments or the
contribution of renewable energy sources to the total energy consumption. For some indices it was not possible
to calculate the valorisation scenario due to insufficient precision of the model (marked with a question mark),
however, it should be possible to add these values in the future. Other index rows were left blank due to the lack
of data and the inability to make educated estimations. Overall, the indices are only describing the cheese
production and not a holistic view of the value chain even though for most of them it should be possible to

extend the boundaries of the investigation if a more holistic view is desired.

Due to the limited data set of three years, observable trends such as those presented in Figure 6 cannot be
considered significant, even though a detailed discussion of the causes with the producer can provide some

valuable information on system improvements and difficulties.
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Figuré®: Trendsbservable for the three years of production for the indices: water use, renewable energy produc

byproducts to total income.

The results for all indices and scenarios are presented in Figure B17 to Figure B19 of Supplement B in form of
three net diagrams, each showing the indices of one sustainability dimension. Figure B17 shows the
environmental indices. Fluctuations between the years can be noticed, yet there was no overall clear trend
between the three years with some indices giving the best results for 2018 (by-product amounts, renewable
energy production, packaging amounts) and others for 2020 (wastewater production, water use, transportation
per product unit). In Figure B18 the economic indices are depicted. They too show fluctuations between the
years yet no clear trend. While in 2020 the best values were achieved for energy savings due to renewable energy
production and incentives for milk quality, 2018 showed the best results for the income from by-products and
investments. The social indices shown in Figure B19 were the most constant with only minor fluctuations seen

for the local suppliers, permanents contracts, and average age.

For the by-product valorisation scenario, changes can only be observed for output transportation since the whey
would be valorised close to or even at the cheese producer. Besides that, since the valorisation is a separate
process not considered in the assessment, most indices stay the same. Only the investments and the quality
testing frequency were left open since a potential collaboration for local by-product valorisation may require
investments from the stakeholders including the cheese producer. Moreover, a direct valorisation may require
more regular quality tests to ensure constant product properties as, according to the decentralised valorisation

model, there are no or only few other sources of whey that could be used to be blended with the present flow.

This limited effect of by-product valorisation on the indices suggests that additional indices are needed as by-
product valorisation is an essential contributor to sustainable and circular agri-food production (Chapter 3.2).
Based on the results of the present work including the LCA and economic assessment, a group of suitable by-

product valorisation indices is presented in Chapter 3.5.7 and 4.7.
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4.3. Case study data

The inputs to the cheese production studied at the small-scale producer in the province of Brescia, Italy are
presented in the following Table 13. The smaller streams were summarised in order to give an overview of the

mass balance. The values are presented as averages over three years and five years (marked in bold).

Tabled3 The major input flows to the cheese production praces$aslareerggargaand fivedyears (bol

Input stream Annual average  SD Unit
Milk 3,230 200 ¢t
Well water 7,690 670 m?
Energy (electricity bought) 302,000 6,100  kWh
Energy (fossil) 462,000 15,000 kWh
Energy (solar) 61,600 5,300 kWh
Materials for cheese production 15,700 970 kg
Materials cleaning and hygiene 8,500 510 kg
Packaging materials 25,600 2,000 kg

Notably, milk and water are by far the largest input streams by weight, with the water input being more than
twice as large as the milk input and used mostly for cleaning purposes. Energy for transportation, heating, and
machinery use is provided by more than 50% via fossil fuels such as diesel and LNG. Electricity makes up the
rest of the energy input with around five times as much electricity being purchased as produced on-site by solar
panels. Of the other groups of materials required, packaging has the largest contribution followed by materials
applied in cheese production (such as salt, oil, and truffles). The smallest contribution is added by materials for

cleaning and hygiene.

Similar to the inputs, the outputs are presented in Table 14. The main products were a range of different hard

cheeses.

Table4 The major output flows to the cheese production process as average values for five years.

Output stream  Annual average SD Unit
Cheese 362 14t
Whey 2,210 170 ¢
Cream 113 12t
Solid waste 43 20 ¢t
Wastewater 6,980 760 m?3

By far the largest output stream of the cheese producer, apart from wastewater, is the by-product whey. Six times
more whey than cheese is produced and twenty times more whey than cream. The wastewater production is over

three times larger than the whey production, with all wastewater treated on site at the producer and treated water
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released back into the local surface waters. The smallest output of production is solid waste which is handled by

the local municipal waste treatment.

For each of the suppliers and the customers, the transportation distance was determined to calculate the weight
transportation necessary for the cheese making process. The individual transportation distances of suppliers and

customers are depicted in the following Table 15.

Tabld5 Transportation distances and material amounts for all suppliers and customers.

Material transported Year(s) of Distance = Average amount
contract in km of material in kg

Milk until 2020 17 3,200,000
Plastic packaging until 2020 163 520
Paper and plastic packaging until 2020 111 2,600
Paper packaging until 2020 27 9,400
Paper packaging until 2020 83 120
Packaging (other) until 2019 105 200
Packaging (other) until 2018 46 6.7
Hygiene (store/market/office) until 2020 9 n/A
Chemicals (production and cleaning) until 2020 44 6,600
Detergents (production) until 2020 38 2,200
Detergents and sanitizers (store/market/office) until 2020 107 65
Truffles until 2019 740 2.4
Truffles 2020 136

Rennet and ferments until 2020 106 1,000
Saffron until 2020 141 1.0
Salt until 2020 224 10,000
Linseed oil 2020 29 1,800
Linseed oil until 2019 40

LPG (liquified petroleum gas) until 2020 7 7,900
Diesel and AdBlue until 2020 26 54,000
Whey until 2019 105 2,200,000
Whey 2020 59

Cream (for butter) until 2019 33 110,000
Cream (for butter) 2020 92

Product (local markets, estimate) until 2020 40 33,000
Product (company owned store) until 2020 31 11,000
Product (large retailers, estimate) until 2020 70 76,000
Product (stores and retailers Brescia, estimate) until 2020 40 110,000
Product (stores and retailers Bergamo, estimate) until 2020 90 71,000

As visible in the table, many suppliers and customers are located closely to the cheese producer (<50 km), which
is in particular true for most of the major material flows. According to interviews with the accountant of the

cheese producer and for the three years visible in the table, most contracts with suppliers and customers are
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long-term. Still, changes in customers and suppliers indicate an active management of the contacts to industrial

partners and flexibility of production.

4.4. Experimental data from laboratory activities

4.4.1. Laboratory-scale experiments

Initially, laboratory-scale experiments were performed to verify the efficiency of whey fractionation on
membranes and to analyse the retrieved products. These products included: a protein-rich fraction in form of the
ultrafiltration concentrate (CUF), a lactose-rich fraction in form of the nanofiltration concentrate (CNF) received
from the ultrafiltration permeate (PUF), and a fraction rich in minerals in form of the nanofiltration permeate
(PNF). Three rounds of experiments were performed to compare three types of ultrafiltration membranes. The
main difference between the membranes was the cut-off size, meaning the maximum size of the membrane
pores and thereby the molecules that could pass through it, though separation is not absolute and larger
molecules tend to pass in small amounts. Cut-offs of 5 kDa, 10 kDa and 50 kDa were tested. The following

Table 16 presents the solid content analysis of the received fractions.

Tabld.6 Solid content analyses of the fractions as we#g)t\withoe etace gample.

5kDa UF 10 kDa UF 50 kDa UF

Skimmed whey 7.3% 7.2% 7.3%
CUF 11.5% 10.3% 11.7%
PUF 4.7% 4.1% 4.9%
CNF 9.4% 7.7% 8.1%
PNF 0.9% 0.5% 1.0%

The results show a clear concentration in both filtration steps (CUF, CNF). In case of the ultrafiltration proteins
and any remaining grease is concentrated, while lactose and other small molecules can pass the membrane freely.
That way, the smaller molecules remain in both fractions, the concentrate and the permeate, since no further
purification steps were performed. The lactose content of the ultrafiltration permeate is then concentrated by
nanofiltration, with only very small molecules of less than 200 Da passing into the nanofiltration permeate.
Especially the results of the nanofiltration suggest large amounts of losses since the volume concentration ration
(VCR) of the filtration step was at three, yet the concentrations of solids in the nanofiltration concentrate reach

an increase by the factor two.

To further investigate the fate of the solids throughout the filtration steps, the total solids content of the
different fractions was analysed and related to the initial amounts of solids in the skimmed whey fraction. Table
17 presents the results of the analysis as percentage of solids present in the respective fraction, compared to the

total solids present in the skimmed whey.
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Tabld 7: Resultstbk total solids analysis for the fractions of the filtration steps. The amounts are related to the tc

in the skimmed whey fraction.

5kDaUF 10kDa UF 50 kDa UF

Skimmed whey 100% 100% 100%
CUF 31% 29% 40%
PUF 48% 42% 48%
CNF 31% 31% 29%
PNF 7% 3% 6%
Losses 32% 36% 25%

In this analysis, the suspected losses are evident, reaching as much as 36% of all solids processed. The large
amounts of losses are mainly due to the experimental set up with relatively large dead volumes and no
purification and recovery steps. However, since the aim of the laboratory-size experiments was not focused on
reaching high yields, the losses are acceptable. Meanwhile, in all three experiments, around one third of the solids
are concentrated in the ultrafiltration step and another third in the nanofiltration step. Less than 10% of solids
pass both filtration steps. This shows clearly that the intended concentration took place even though no
information can be given on the quality of the separation. Overall, the concentration and separation results for

the three cases are similar except the ultrafiltration concentrate and losses in the 50 kDa trial.

In order to verify the quality of separation and concentration, a protein content analysis was performed based on
the Bradford micro assay protocol (Bradford 1976). For the 10 kDa trial, three measurements were taken to
determine the accuracy of the method while the two other trials were only measured once. Table 18 presents the

results of the analyses.

Tabld8 Results of the Bradford protein contenpaeidlysitha threedsi and the standard deviation of the 10 kDa
trial. The whole wheskamdhed whey were only sampled once since the same batch was used for all trials.

5kDa 50kDa 10kDa SD 10 kDa

Whole whey 8.0 1.8
Skimmed whey 5.1 1.5
UF concentrate 12.8 11.3 14.7 3.7
UF permeate 0.002 0.028 0.018 0.015
NF concentrate 0.151 0.193 0.086 0.027
NF permeate 0.030 0.017 0.022 0.032

The protein analyses revealed a concentration of a factor of 2.5 to 3 in the ultrafiltration step, which is expected
considering the volume concentration ratio reached (four) and the observed losses. Small amounts of proteins
and peptides are detected for the ultrafiltration permeate and following filtration fractions. The traces are

concentrated again in the nanofiltration step and only minor amounts can be found in the final nanofiltration
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permeate. Since membranes are not separating perfectly, peptides and protein fragments can be found in whey

depending on, e.g., the processing conditions. These results are again according to the expectations.

Another interesting family of molecules present in whey is the vitamin B group. To investigate the behaviour of
the vitamins throughout the experiments, dried samples of the fractions retrieved from the 10 kDa trial were sent
to an associated laboratory (ENEA Napoli Portici BioAG ProBio) for content analysis regarding the B vitamins.
Table 19 shows the results.

Tabld 9 Vitamin B content of the fractions retrieved from the 10 kDa trial as ug/g dry matter

B2 B3 B5 B6 B7

Whole whey 7.4 392 229 451 284
Skimmed whey 5.3 324 203 277 226
UF concentrate 11.2 303 170 269 225
UF permeate 4.7 477 245 467 302
NF concentrate 8.6 451 305 371 333
NF permeate 17.9 538 266 388 0

Since all B vitamins are comparably small molecules, their concentrations were not strongly affected by the
ultrafiltration step. After calculating the concentrations within the liquid fractions (Supplement C, Table C38),
only a slight concentration increase is observed indicating that the vitamin molecules tend to associate with the
proteins. The nanofiltration step however strongly filters all vitamins, in particular B7 which seemingly did not
pass the nanofiltration membrane at all. All other vitamins seem to be reduced at least by a factor of ten. The
findings of the analysis are not surprising, since the typical yellow-green colour of whey, which is associated in
particular to vitamin B2, is lost in the nanofiltration step, implying that only small amounts of the molecules pass
the NF membrane. The table may be misleading in this context as it shows a high concentration of vitamin
molecules in the NF permeate dry matter. It should be noted therefore, that the overall solid concentrations in
this fraction are low (Table 16). The detailed experimental results for all three trials and analyses can be found in

Supplement C, Table C35 to Table C37.

4.4.2. Pilot-scale experiments

The pilot-scale experiment had the main goal of determining mass and energy flows at an industrial-type and -
scale process. Since a relatively clean separation for the proteins was intended and most industrial-scale dairy
ultrafiltration plants utilise 10 kDa membranes, it was decided to choose a membrane of the same size or smaller.
In preparation for the experiment, two UF membranes of 10 kDa and 4 kDa respectively were tested to verify
their functionality. Since the 10 kDa UF membrane showed signs of leakage, the 4 kDa membrane was selected

for the trial. The following Table 20 gives the mass balance of the experiment.
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TablQ Mass flow of thequhde fractionation experiment.

Solids Fraction Mass Relative Protein Sugars Water Energy NaOH

Process
Fraction content mass solids  solids content content use use use
step
r4] kel [kel  [%] le] [kg]  [L]  [kWh] [kg]
Whole whey 8.34% 252 21.0 100% 2520 11.3
Skimming  Skimmed whey 6.71% 248 16.6 79% 2390 11.2 60 4.1 0.6
Loss 3.90 4.38 21% 127 0.18
Skimmed whey 6.71% 248 16.6 79% 2390 11.2
Water 0% 40.0 0.00 0% 0 0
UF
CUF/DF 10.3% 42.2 4.36 21% 2000 1.04
PES 385 16.7 1
PUF 4.33% 199 8.64 41% 100 8.98
4 kDa
PUF/DF 3.38% 43.2 1.46 7% 30 1.07
Loss 3.25 2.19 10% 262 0.08
PUF + PUF/DF 4.16% 243 10.1 48% 130 10.0
NF
CNF 18.8% 44.3 8.33 40% 66 8.03
PMA 255 6.2 0
PNF 0.59% 197 1.16 6% 23 0
150 Da
Loss 1.30 0.60 3% 40.8 2.01

For the mass balance, the measured protein content of the whole whey (6.5 g/L) was adjusted to 10 g/L. This
was done for two reasons. Firstly, the reference standard of the protein analysis was mixed in the laboratory
based on a standardised protein solution that had been used for an extended period of time, for which reason it
was not sure if it was still completely accurate. Secondly, the most common protein content in whey, according
to interviews, is around 10 g/L for which reason the results would be more comparable and relevant. The effects
of the adjustment should be minimal due to the overall small concentration of proteins and the small amount

compared to the lactose concentration.

Additionally, the apparent loss of proteins in the ultrafiltration step was very large (40%) for an unclear reason.
One possible explanation could be excessive fouling (Wen-Qiong, Yun-Chao et al. 2019) and again the
uncertainty of the applied protein content analysis. To improve the relevance of the results for the context of a
modelled industrial-scale valorisation plant, the losses were adjusted to a reasonable amount (10%, according to

previous experiences and industrial contacts).

The sugar content was not directly measured but rather estimated at 45 g/L based on the solids and protein
contents and common lactose concentrations in whey (Argenta and Scheer 2020). Other substances such as
minerals and vitamins are expected to be responsible for the residual solids. When comparing the different
masses, inaccuracies can be seen. These are due to losses and measurement inaccuracies during the experiment
and analyses. Especially for whole whey, the solids and in particular the protein analyses are difficult since the
contained grease forms an emulsion that could not be measured in microscopic amounts homogeneously.
Overall, the inaccuracies were considered during the uncertainty analyses of the following investigations and
assessments.
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The water and energy consumption were particularly high during the ultrafiltration, which was to a large extent
due to the cleaning efforts. At an industrial-scale valorisation plant these cleaning efforts are commonly much
more efficient for which reason both the energy and water consumption are likely over-estimated in the present
data set. However, due to the common LCA practice to use a conservative approach to impact estimations, it
was not adjusted. In Supplement C the adjusted mass flow for producing whey protein concentrate with 80%
protein content is shown (Table C39), based on additional diafiltration steps. The energy consumption and mass
flow during the laboratory-scale spray drying experiments is depicted in Table C40 and the calculation of the
cooling energy required for bringing down the whey temperature after cheese making to 4°C is demonstrated.

The data used for the alternative scenarios is presented.

4.5. LCA results
4.5.1. Inventory

The inventory of the LCA was based on the data collected from the cheese producer case study as presented in
Chapter 4.3 and the experimental data collected as presented in Chapter 4.4. Unavailable data was calculated as
described in Supplement C, Chapter C3. Energy Consumption of Whey Cooling The data was fed to the
SimaPro software which related the energy and material streams to the three functional units and translated them

into potential environmental impacts.

4.5.2. Cheese production

In order to visualise the variation of potential impacts over the studied years of production at the cheese maker,
the results for the years 2018-2020 are compared to the average (based on three- and five-year averages as
described in Chapter 3.3) and its uncertainty. Table 21 shows the results for all impact categories related to the
functional unit of kg DM. Only the no valorisation scenario was considered since it includes only the production
at the cheese maker. Figure 7 then visualises the results normalised in reference to the average impact which

included error bars based on the Monte Carlo uncertainty analysis results.

Tabl1 Potential impacts of the cheese production during 12@3@arsthé 2068age and deviation of five years of

production (for the main material inputs and outputs). Impacts are related to the functional unit of kg DM.

Impact category Unit 2018 2019 2020 Average  SD

Fine particulate matter formation kg PM2.5 eq 3.2E-02 3.2E-02 3.3E-02 3.2E-02 2.2E-03
Fossil resource scarcity kg oil eq 21E+00  21E+00  21E+00  2.1E+00 1.3E-01
Freshwater ecotoxicity kg 1,4-DCB eq 5.3E-01 5.4E-01 5.5E-01 5.4E-01 3.5E-02
Freshwater eutrophication kg P eq 5.9E-03 6.0E-03 6.2E-03 6.1E-03 4.8E-04
Global warming kg CO2 eq 23E+01  23E+01 24E+01  23E+01 1.6E+00
Human carcinogenic toxicity kg 1,4-DCB eq 6.4E-01 6.5E-01 6.7E-01 6.5E-01 4.4E-02
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Human non-carcinogenic toxicity kg 1,4-DCB eq 79E+00  8.0E+00  82E+00  8.0E+00 5.3E-01
Tonizing radiation kBq Co-60 eq 4.0E-01 4.0E-01 4.1E-01 4.0E-01 2.5E-02
Land use m2a crop eq 1.0E+02  1.0E+02 1.1E+02 1.1E+02 7.7E+00
Marine ecotoxicity kg 1,4-DCB eq 6.6E-01 6.7E-01 6.9E-01 6.7E-01 4.4E-02
Marine eutrophication kg N eq 2.2B-02 2.2E-02 2.3E-02 2.3E-02 1.7E-03
Mineral resource scarcity kg Cu eq 4.7E-02 4.7E-02 4.9E-02 4.7E-02 3.2E-03
Ozone formation, Human health kg NOx eq 3.9E-02 3.9E-02 3.9E-02 3.9E-02 2.3E-03
Ozone formation, Terrestrial ecosystems kg NOx eq 4.0E-02 4.0E-02 4.0E-02 3.9E-02 2.3E-03
Stratospheric ozone depletion kg CFC11 eq 1.3E-04 1.3E-04 1.3E-04 1.3E-04 9.5E-06
Terrestrial acidification kg SO2 eq 1.5E-01 1.5E-01 1.6E-01 1.5E-01 1.1E-02
Terrestrial ecotoxicity kg 1,4-DCB eq 46E+01  47E+01 47E+01  45E+01  3.0E+00
Water consumption m3 5.3E-01 5.3E-01 5.5E-01 5.4E-01 3.9E-02
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Figur@: Potential impacts for three years of produefiesr aveiadigeelatetutoctiumal unit of kg DM.

For all impact categories the variation between years stayed within a limit of 7% (« = 0.01). The year 2020 was
more impactful than the previous two years, as there was less cheese produced relative to the milk input,
increasing the burden of the processes on the products. Since the average represents five years of production for
the major inputs and outputs, for some of the impact categories it may seem inconsistent with the three years

presented, for example, in case of the fossil resource scarcity and the terrestrial ecotoxicity. In those case, the two

previous years of production (2016 and 2017) are responsible for the difference to the average.

Since according to literature, milk production poses the main contribution to most impacts caused by the dairy
value chain (Guerci, Bava et al. 2014, Hietala, Smith et al. 2014, Colombini, Zucali et al. 2015, Dalla Riva, Burek

et al. 2015, Cecchini, Torquati et al. 2016), the same was tested for the present assessment. Table 22 provides the

contribution of milk production to all impact categories for the average no valorisation case.
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Tabl2 Contribution of milk production to thenpoéetdiall cheese making for the different impact categories.

Contribution of milk

Impact category Unit
production in %

Fine particulate matter formation kg PM2.5 eq 89.9
Fossil resource scarcity kg oil eq 75.6
Freshwater ecotoxicity kg 1,4-DCB eq 83.0
Freshwater eutrophication kg P eq 89.0
Global warming kg CO2 eq 92.8
Human carcinogenic toxicity kg 1,4-DCB eq 89.5
Human non-carcinogenic toxicity kg 1,4-DCB eq 86.9
Tonizing radiation kBq Co-60 eq 79.9
Land use m?2a crop eq 99.9
Matine ecotoxicity kg 1,4-DCB eq 82.5
Marine eutrophication kg N eq 99.4
Mineral resource scarcity kg Cu eq 91.5
Ozone formation, Human health kg NOx eq 69.4
Ozone formation, Terrestrial ecosystems kg NOx eq 69.6
Stratospheric ozone depletion kg CFC11 eq 99.1
Terrestrial acidification kg SO2 eq 95.2
Terrestrial ecotoxicity kg 1,4-DCB eq 86.2
Water consumption m3 97.3

In line with the findings in literature, for all considered impact categories, milk production is by far the largest
contributing process. The lowest contribution can be seen for categories of ozone formation, with around 70%,
and the highest one for land use, with practically 100% of responsibility due to milk production. Especially
impact categories associated with agricultural practices show the highest contributions by the milk production
with over 95% (e.g., land use, marine eutrophication, acidification, and water consumption). Meanwhile impact
categories related to energy production such as fossil resource scarcity, ionizing radiation, and ozone formation

show slightly lower, though still major, contributions of 70 - 80%.

4.5.3. Valorisation scenarios

For each of the valorisation scenarios the potential impacts were calculated for the three functional units. Table
23 presents the results of the no valorisation scenario, which acted as the normalisation reference for the
visualisation in Figure 8, which includes all four valorisation scenarios and the three functional units in three
separate graphs. The numerical results of the other scenarios are presented in Supplement D, Table D43 to

Table D45.

77



Tabl®3 Potential impacts of the no vadoesatimnfor all impact categories with reference to the three functional ur

Impact category Unit Per kg proteins Perkg dm  Per € value chain
Fine particulate matter formation kg PM2.5 eq 9.4E-02 3.2E-02 3.9E-03
Fossil resource scarcity kg oil eq 6.0E+00 2.1E+00 2.5E-01
Freshwater ecotoxicity kg 1,4-DCB eq 1.6E+00 5.4E-01 6.4E-02
Freshwater eutrophication kg P eq 1.8E-02 6.1E-03 7.2E-04
Global warming kg CO2 eq 6.7E+01 2.3E+01 2.7E+00
Human carcinogenic toxicity kg 1,4-DCB eq 1.9E+00 6.5E-01 7.7E-02
Human non-carcinogenic toxicity kg 1,4-DCB eq 2.3E+01 8.0E+00 9.5E-01
Ionizing radiation kBq Co-60 eq 1.2E+00 4.0E-01 4.8E-02
Land use m2a crop eq 3.1E+02 1.1E+02 1.3E+01
Marine ecotoxicity kg 1,4-DCB eq 2.0E+00 6.7E-01 8.0E-02
Matine eutrophication kg N eq 6.7E-02 2.3E-02 2.7E-03
Mineral resource scarcity kg Cu eq 1.4E-01 4.7E-02 5.6E-03
Ozone formation, human health kg NOx eq 1.1E-01 3.9E-02 4.6E-03
Ozone formation, tetrestrial ecosystems kg NOx eq 1.1E-01 3.9E-02 4.7E-03
Stratospheric ozone depletion kg CFC11 eq 3.8E-04 1.3E-04 1.6E-05
Terrestrial acidification kg SO2 eq 4.4E-01 1.5E-01 1.8E-02
Terrestrial ecotoxicity kg 1,4-DCB eq 1.3E+02 4.5E+01 5.3E+00
Water consumption m3 1.6E+00 5.4E-01 6.4E-02
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Figur®&: Normalised impacts of the four valorisation scenarios for each of the functional units. Graph A shows th
of proteins, graph Bfor L kgafidost gr aph C for one € of production

The graphs show that for the two functional units of kg DM and kg protein there is a clear benefit of by-product
valorisation over the no valorisation scenario, as shown by the reduction of impacts per functional unit for all
impact categories except the ionizing radiation. This means that for these categories the increase in product
amounts is greater than the increase in impacts due to additional processing steps. lonizing radiation is mainly
affected by the electricity consumption, which is substantially higher in case of the valorisation scenarios. Among
the three valorisation scenatios the two ones based on a centralised approach, the centralised and the whey
powder scenario, perform best in case of the f.u. kg protein. For the f.u. of kg DM, the whey powder scenario

again performs best while there is no clear favourite between the centralised and the decentralised scenario.

It should be noted that for the functional unit of kg DM in all valorisation scenarios the dry matter weight of

lactose was considered. This may be inaccurate in a realistic context, since it is unlikely that all lactose is valorised
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at food-quality or higher in the centralised approach due to the large amounts of lactose produced. Similar issues
would arise for the decentralised scenario if it was applied at the same volume dimension as the centralised
scenario. However, since the goal of this assessment was to investigate the effects of an extensive by-product
valorisation the dry matter content of lactose was considered in the end. Moreover, this would allow for a fairer
comparison between the valorisation scenarios (for the whey powder scenario lactose is always considered) as an
exclusion of lactose would increase the relative impacts notably. The results of excluding the lactose dry matter
are shown in Supplements D, Figure D20, revealing the expected increase of relative impacts, while still being
favourable over the no valorisation scenario in all categories besides ionizing radiation in the case of a

decentralised valorisation.

For the functional unit of € value chain the results are more complex, with the decentralised scenario being
favoured in most categories, but also performing worst or second worst in five categories. Overall, it is apparent
that the decentralised and centralised scenarios show a benefit of by-product valorisation as compared to the no
valorisation scenario in twelve categories, with the decentralised performing slightly better in most cases. Only in
four categories, fossil resource scarcity, freshwater ecotoxicity, ionising, radiation and marine ecotoxicity, both
perform worse than the base scenario. In the case of human non-carcinogenic toxicity and terrestrial ecotoxicity
only one of them performs worse, respectively. The whey powder scenario on the other hand does not seem to
be cleatly beneficial as compared to the base scenario, performing worse in seven categories, better in six

scenarios and about the same in five scenarios.

Once again, the scenario assumptions should be noted. Since the goal of the decentralised scenario is to aim for
high-quality valorisation at small- to medium-scale, a valorisation of all lactose at 1 €/kg is assumed. Meanwhile,
a centralised large-scale valorisation would struggle to achieve a complete high-quality valorisation of all lactose
at the same price. Hence, valorisation at lower quality was assumed and therefore a selling price at 0.5 €/kg
considered. This way the overall higher valorisation quality of the hypothetical decentralised scenario is modelled
within the assessment. Once again, for matters of sensitivity analysis, the alternative of a valorisation at the same
quality for lactose in a centralised scenario is shown in Supplements D, Figure D21. It reveals that, when having
the same value assumed for the valorisation of lactose (0.5 €/kg and 1 €/kg were tested) in the decentralised and
centralised scenario, both perform more similarly, meaning that the benefits of valorising the proteins at higher

value in the decentralised approach tends to be balanced out by the higher efficiency of the centralised approach.

Apart from the value of lactose, the sensitivity of the results to changes in the selling prices of the different by-
products was investigated. The results showed a clear influence of the selling prices on the impacts related to the
fau. of € value created. Higher selling prices achieved better results, while lower selling prices led to worse ones
for the tested decentralised scenario. However, the overall trend of by-product valorisation being favourable is

not affected (Supplements D, Figure D22).

Lastly, the sensitivity of the results to the choice for the higher efficiency assumed for the centralised valorisation

scenario was investigated. As presented in Supplements D, Figure D23, a better efficiency does naturally lower
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the impacts per f.u., yet the clear benefit of by-product valorisation is not affected. The performance of the
centralised approach as compated to the decentralised approach remains the same for all categories for the
functional unit of kg proteins. Similar observations can be made for the other two f.u., with no clear trend being

reversed.

As with the cheese production, Monte Carlo uncertainty analyses were performed to verify the statistical
significance of the results. In this case, a comparative analysis was performed for the decentralised and the
centralised scenario against the no valorisation scenatio, respectively. This means, in each of the cases the
analysis results of the no valorisation scenario were subtracted from the valorisation scenarios’ results and the
difference noted. Table 24 shows the results of the analysis. The numbers presented represent the number of
cases out of the 1000 runs (in %) in which the statement above (A>=B) was true with a confidence interval of

95%. In each of the four columns case A is the valorisation scenario and case B the no valorisation scenario.

Tabl@4 Comparative Monte Carlo AnalyBisfroAiding the % of statements (A>=B) true among 1000 runs with 9t
confience interval. Case A represents the valorisation scenario and case B the no valorisation scenario.

kg DM kg proteins
Centralised vs Decentralised vs Centralised vs Decentralised vs

Impact category no valorisation  no valorisation no valorisation  no valorisation

Fine particulate matter formation 0 0 0 0
Fossil resource scarcity 0 0 0 0
Freshwater ecotoxicity 0 0 0 54
Freshwater eutrophication 0 0 0 0
Global warming 0 0 0 0
Human carcinogenic toxicity 0 0 0 0
Human non-carcinogenic toxicity 0 0 0 0
Tonizing radiation 0 96 92 100
Land use 0 0 0 0
Marine ecotoxicity 0 0 0 53
Marine eutrophication 0 0 0 0
Mineral resource scarcity 0 0 0 0
Ozone formation, Human health 0 0 0 0
Ozone formation, Terrestrial ecosystems 0 0 0 0
Stratospheric ozone depletion 0 0 0 0
Terrestrial acidification 0 0 0 0
Terrestrial ecotoxicity 0 0 0 0
Water consumption 0 0 0 0

It can be seen that for the grand majority of impact categories a complete advantage of the two valorisation
scenarios is given. Only for a few categories related to electric energy production, in particular ionizing ration,
there is a considerable chance for worse impacts in the valorisation cases. Between the two f.u. and the two

scenarios this is more relevant for the f.u. of kg proteins and for the decentralised scenatio. As a matter of fact,
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the combination of both is the only case in which two other categories show chances of a worsened result. These

two categories, freshwater and marine ecotoxicity, are also related to the electric energy production.

After noting the importance of milk production for the potential impacts of the dairy value chain previously, it
was investigated how adding a by-product valorisation process would impact this observation. Thus, it was
calculated how strongly the valorisation processes would contribute to the individual impact categories for the
three valorisation scenarios. In Table 25, the contribution of the valorisation steps in three scenarios to the total

value chain impact is presented for the functional unit of 1 kg DM.

Tabl@5 Percentuahiribution of the valorisation steps to the total value chain impact per kg DM.

Impact category Decentralised Centralised Whey powder

Global warming 6% 5% 5%
Stratospheric ozone depletion 1% 1% 1%
Tonizing radiation 33% 21% 24%
Ozone formation, Human health 7% 5% 6%
Fine particulate matter formation 6% 4% 4%
Ozone formation, Terrestrial ecosystems 7% 5% 6%
Terrestrial acidification 3% 2% 2%
Freshwater eutrophication 8% 5% 5%
Marine eutrophication 0% 0% 0%
Terrestrial ecotoxicity 12% 11% 12%
Freshwater ecotoxicity 23% 14% 16%
Marine ecotoxicity 22% 14% 16%
Human carcinogenic toxicity 10% 8% 7%
Human non-carcinogenic toxicity 15% 9% 10%
Land use 0% 0% 0%
Mineral resource scarcity 8% 5% 5%
Fossil resource scarcity 19% 14% 15%
Water consumption 6% 2% 4%

None of the valorisation processes have a contribution of more than one third within any of the impact
categories. Hence, even when by-product valorisation is applied, milk production remains the largest contributor

to the environmental impacts of the dairy value chain (Table 22).

The only categories showing a contribution of over 10% to the impact of the dairy production by any of the by-
product valorisation processes, namely the ionising radiation, the fossil resource scarcity, and the five toxicity
categories, are again related to electric energy production. Hence, the largest hotspot of each respective

valorisation approach is the energy consumption.
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Since the performance of the four valorisation scenarios differed between the categories, a weighting step was
performed to better understand the relevance of the individual categories for the combined potential impacts.

The following figure shows the results of the weighted impacts for the functional unit of kg DM.
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Figur®: Weighted impacts of the four valorisation scenarios for the functional unit of kg DM.

All relevant impact categories show a clear benefit of by-product valorisation. The highest relevance is reached
by three toxicity categories, i.e., human carcinogenic toxicity, freshwater toxicity, and marine ecotoxicity.
However, detailed substance analyses revealed that all five toxicity categories depend almost entirely on a single
substance (Chromium VI) released during the production of milk. In the case of human carcinogenic toxicity,
the highest weighted category, milk production is responsible for 89% of the impact (Table 22) with Chromium
VI alone being responsible for 85%. Since the process is not part of the boundaries but rather based on
background data, no further information on the reason for the chromium release is available. Hence, the
information is not meaningful to the assessment and the five categories in question were removed from the

weighting to further analyse the other thirteen categories. The following graph was the result.
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Figurd0 Weighted impacts of the four vaoeisatioa for the functional unit of kg DM not considering the five t

categories.

According to the assessment, the five most relevant categories are, in order of their importance, land use,
freshwater eutrophication, marine eutrophication, terrestrial acidification, and global warming. For each of them
the by-product valorisation attempts showed clear benefits. The impact categories that had not shown benefits in
the previous assessments, ie., fossil resource scarcity and ionizing radiation (Figure 8), seem to have little
relevance to the overall potential impacts. As described above, this observation excludes the toxicity categories,

especially the three ecotoxicities had shown negative effects for the f.u. of € value chain.

For each of the five most relevant categories, a hotspot analysis was performed for the decentralised valorisation
scenario to better understand the improvement potentials. The following figures (Figure 11Figure 14) show the
flow charts for the accumulation of the impacts along the production chain for the decentralised scenario ending

with the functional unit of 1 kg DM. The cut-off for process consideration was set at 1%.
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Figurdl Processntribution within the production chain to the impact categories of land use (left) and marine eut
(right).

For both impact categories, milk production is responsible for 99% and 100% of the impact, respectively. Both
categories are closely related to farming activities, such as fodder production and livestock rearing, with marine
eutrophication representing nitrogen emissions. Since the only farming activities considered in this assessment
are those related the production of milk, it is not surprising to see an overwhelming contribution by milk

production to both categories.
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Figurd2 Process contribution within the production chain to the impact category of freshwater eutrophication.

Freshwater eutrophication, that is mainly associated to phosphorus emissions, again shows a major contribution
by milk production activities. However, it is only responsible for 82%, with three other processes contributing at
least 1% to the total impact. These are by order of relevance: electricity production (8%), diesel consumption in
the vehicles and machinery at the cheese producer (2%), and paper packaging production (1%). The diesel
consumption and paper production are related to the cheese making itself while electricity is used at the cheese

production as well as the by-product valorisation processes.
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Figurd3 Process contribution within thiepictiin to the impact category of terrestrial acidification.

Terrestrial acidification is for over 90% due to milk production with small contributions of diesel consumption
by vehicles and machinery at the cheese producer (3%) and electricity production (4%). Electricity again
contributes to the cheese making as well as the valorisation. Since diesel consumption contributes entirely to the

cheese making, electricity consumption has a comparably lower relevance for this process.
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Figurd4: Process contribution within the production chain to the impact category of global warming.

The distribution between the process impacts for global warming is similar to the previous category of terrestrial

acidification with slightly larger contributions by diesel consumption (3%) and in particular electricity production

(8%). Once again, electricity production contributes to the impacts of cheese making and by-product

valorisation.

4.6. Economic assessment

During the economic assessment the prime focus was laid on material, energy, and transportation costs as well as

investments. In this way, the feasibility of the process itself could be assessed, which suits to the character of the

model attempting to propose a new valorisation process.
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4.6.1. Financial flow of case study

At the same time as collecting the material and energy flow data of the cheese producer, the economic data was
assembled. The following two tables (Table 26 and Table 27) give an overview on the main material and energy

expenses and revenues of the cheese production.

Table6 The costs of the major input flows to the cheese production process as average valuesifor three years

Input stream Annual average  SD Unit
Milk 1,341,260 73,000 €
Well water 0 0 €
Energy (electricity bought) 53,880 470 €
Energy (fossil) 52,700 2,300 €
Truck fuel 24,500 2,200 €
Energy (solar) -451 97 €
Materials for cheese production 35,100 2,300 €
Materials cleaning and hygiene 10,000 1,400 €
Packaging materials 37,700 2,700 €
Wastewater 13,500 1,400 €
Solid waste 4,340 650 €

Similar to the mass flows, the main material and energy expense was the milk input. Other important expenses
are the fossil and electric energy, materials for cheese production, and packaging materials. Smaller expenses are
related to truck fuel (for milk transportation), material for cleaning, wastewater, and solid waste treatment. A few

hundred € per year are earned by selling electricity produced by the solar panels at the cheese maker.

Tabl@7. The revenues obtained from the major output flows to the chessaveradectalgsdoedya years.

Output stream  Annual average SD Unit
Cheese 2,134,000 107,000 €
Whey 23,800 5400 €
Cream 78,000 19,000 €

Despite forming the largest material output, including 20% of the milk protein and 40% of the milk dry matter,
whey represents the smallest income stream responsible for only 1% of the total revenue. Meanwhile, cream
valorisation to butter is responsible for over 3% of the total revenue. Clearly, the value creation from whey

leaves room for improvement.

Getting an overview on the latest investments proved difficult. Firstly, large investments are only taken
irregularly, with none of them having taken place over the past five years. Additionally, agricultural companies,

according to the accounting department, usually depend on governmental support and subsidies for investments.
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These subsidies can vary greatly between different investment options, for which reason it is difficult to give a

number to the expenses taken.

During the years 2018-2020 summarizing any irregular and large expense led to an investment volume of €
160,000, € 50,000, and € 150,000, respectively. However, in 2020 the company additionally received subsidies
from two independent calls worth € 110,000. Hence, the annually available funds for investments can vary

drastically.

4.6.2. Feasibility analysis

A feasibility analysis was performed in order to determine the most suitable dimension of a valorisation plant and
the necessary product quality that needs to be reached. Two different plant sizes were tested representing a
small- and a medium-sized production, respectively. The small-sized valorisation plant would have a daily whey
input of 10 tons, while for the medium-sized one it would be 30 tons. Similarly, two product qualities were tested
for the protein-based output stream, namely a 60% and an 80% pure whey protein concentrate powder. A third
differentiation was added by making lactose valorisation optional. Hence, eight cases were possible. Table 28

presents the economic feasibility for all eight cases.

In the top half of the table, the necessary expenses per day for each of the eight cases are presented. All values
are based on mass balances retrieved from the experimental activities and material and energy prices as presented
above. The total expenses are then summarised. In the central part of the table, the potential revenues are
presented. Again, the total is calculated and the difference between the expenses and revenues calculated. Lastly,
the investment costs for a valorisation plant allowing each of the scenarios is presented and based on the daily

potential profit an investment cost return rate is calculated in years.

To support the valorisation of protein and lactose, an installation of solar panels was considered. In order to
allow for a reasonable production of electricity from renewable resources, an installation of 50 kW solar panels
was assumed for the case of 10 ton/day of whey and an installation of 100 kW solar panels for 30 ton/day of

whey. The cost of the solar panels was included in the total investment cost.

Tabl8 Feasibility study for eight valorisation cases. The case is coded as: XtY%L. Hereby, X represents the d

tons/day, Y represents the percentage of protein concentration, and L indicatey Hieesmbragatese ofddciose.

expenses oOor revenues per day in €.

Expense 10t60%  10t60%L  10t80%  10:80%L  30t60%  30t60%L  30t80%  30t80%L
Whey 250 250 250 250 750 750 750 750
Electricity filtration 166 216 200 262 498 648 600 786
Electricity drying 364 700 378 704 912 1752 948 1764
Electricity cooling 60 60 60 60 180 180 180 180
Water 18 28 21 31 53 83 62 93

90



Transport 182 234 182 234 546 702 546 702

Labour 400 400 400 400 400 400 400 400
Total 1440 1888 1491 1941 3339 4515 3486 4675
Revenue 10t60% 10t60%L  10t80% 10t80%L  30t60% 30t60%L  30t80% 30t80%L
Whey protein 667 667 1625 1625 2000 2000 4875 4875
Lactose 0 450 0 450 0 1350 0 1350
Solar energy 60 60 60 60 120 120 120 120
Total 727 1177 1685 2135 2120 3470 4995 6345
Difference -713 -711 194 194 -1219 -1045 1509 1670
Investment (x1000) 1,050 1,450 1,050 1,450 2,300 3,300 2,300 3,300
Return rate (x360 d) nA nA 15.0 20.8 nA nA 4.2 55

The results show that only high-value protein valorisation is feasible under the presented conditions and
medium-scale is more feasible than small-scale. In particular for the case of medium-sized high-quality protein
production, theoretical return rates of around five years can be reached independent of whether or not lactose is
valorised. Overall, lactose valorisation does not seem excessively feasible since only a small increase of profit can
be reached with large investments. To improve feasibility at this point, new applications for lactose at higher

value need to be identified.

Profitability could be improved by centralising drying activities since larger dryers can reach higher efficiencies
and the expenses for drying are one of the main drivers for process expenses in all cases. It should be considered
however that transportation costs would also increase, for which reason an efficiency optimum should be

identified for any real-life case study.

Given a daily profit of 200 to 1,500 € for the high-quality protein valorisation scenarios, an annual profit of some
72,000 to 540,000 € is possible for small- and medium-sized valorisation plants, respectively. Considering the
output of the case study (Table 14) which is at 2,210 t/year, or around 6 t/day this would relate to a potential
profit of around 43,000 € per year for a small valorisation plant or 108,000 € for a medium-sized valorisation
plant. Compared to the current selling of the whey that returns a revenue of 24,000 € annual (Table 27), taking

part in a valorisation network could represent a notable increase in revenue from that by-product stream.

4.6.3. Sensitivity analyses

The sensitivity of the economic feasibility presented above was tested with regard to the energy prices and

potential solar energy production.

Reducing the price for electricity by 50% (to 0.1 €/kWh) reduces the investment return rates for the medium-
scale high-quality valorisation to three years, while it is reduced to around five years for small-scale high-quality

valorisation. Meanwhile, increasing the energy prices by 50% (to 0.3 €/kWh) makes all approaches unfeasible
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besides the medium-scale high-quality valorisation with investment return rates of 30 years and 9 years with and
without lactose valorisation, respectively. Increasing the electricity prices to 0.4 €/kWh turns all approaches
unfeasible. However, two measures might recover feasibility. Firstly, increasing the product prices similarly to the
increase of energy prices or drastically increasing the installations of solar panels by a factor between five and

sE€ven.

Increased solar energy production has a great potential to mitigate changes in energy prices since it increases the
independence from the energy market. The more solar panels are installed, the more the investment return rate
adjusts to the return rate of the solar panels, which is, depending on the energy prices, around ten years. Total
independence would require an installation of approximately 700 kW for the small-scale and 2000 kW for the

medium-scale valorisation scenario. Large areas are needed to install panels in that dimension.

4.7. By-product valorisation index

The by-product valorisation index designed in the process of the present study and based on the results of the
LCA was calculated by using the same inventory data. The three valorisation scenarios were compared to the
case study of cheese production, either including or excluding the current practice of selling the whey to an
external customer. Cream valorisation is included in all scenarios. The results of the calculations are presented in
the following Table 29. Impacts are considered as the sum of the weighted impacts excluding the five toxicities

as presented in (Figure 10).

Table9 Byproduct valorisation indices calculated for three valorisation scenarios and the base scenario of the
without selling of wheybdked CA inventory. The impacts are representing the summarised weighted impacts e:

toxicities.
Whey Case study no
Description Unit Decentralised  Centralised Case study
powder valorisation
Monetary valorisation in
€/kg FPCM 0.769 0.737 0.700 0.670 0.640
the value chain
Mass valorisation in the
kg DM/kg FPCM 0.112 0.109 0.115 0.079 0.071
value chain
Protein valotisation in the
kg protein/kg FPCM 0.0317 0.0330 0.0330 0.0264 0.0264
value chain
Impact per mass impact/kg DM 0.038 0.038 0.036 0.051 0.057
Impact per protein impact/kg protein 0.127 0.122 0.122 0.148 0.148
Impact per monetary value  impact/€ value chain 0.0055 0.0056 0.0059 0.0060 0.0063

For each of the indices, a clear effect of by-product valorisation can be observed. Valorisation increased the

amount of value created and mass valorised per kg of fat- and protein-corrected milk in each of the valorisation
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scenarios including the current practice of selling the whey. At the same time valorisation reduced the relative
impacts with regards to the three functional units already applied in the LCA. The numbers indicate an advantage
of the whey powder valorisation scenarios for the f.u. of kg DM with more DM valorised per kg milk input and
lower impacts reached per kg DM. The decentralised valorisation scenario reaches the highest value creation per
kg milk input and the lowest impacts per € value chain. Together with the whey powder scenario, the centralised
valorisation scenario reaches the highest amount of protein valorised per kg milk input and the lowest impacts
per kg protein valorised. The present table shows the impacts as a sum of the weighted categories, excluding the
toxicities due to their overwhelming contribution and large uncertainty (as discussed above). In the Supplement
D, Table D47, additional values can be found for the five major impact categories according to the weighting

performed during the LCA (Figure 10) as well as the weighted sum including the toxicities (Figure 9).

4.8. Industrial Symbiosis

The first step for testing the potential of an Industrial Symbiosis applying the proposed decentralised valorisation
model was to investigate the current situation of whey production in Italy and Lombardy. The following table

shortly presents the volumes of cheese, whey, and protein production in Lombardy and Italy in the year 2019.

Tabl&0 Production of cheese and whey in Italy and Lon(@arksly 202249

[t] Cheese production  Milk Equivalent Whey obtained  Proteins in whey
Lombardy 470,000 4,310,000 3,660,000 36,600
Ttaly 1,330,000 12,150,000 10,330,000 103,300

As the numbers show, there is the potential of valorising over 3.5 million tons of whey annually in Lombardy
and over 10 million tons in Italy. This is equivalent to over 35 and 100 thousand tons of pure whey proteins,
respectively. Not all of these proteins, however, are directly accessible for the proposed valorisation approach
since it was designed for a small- and medium-scale. Hence, in the following paragraphs, the size distribution of
cheese makers in Lombardy is discussed to elaborate the potential for small- and medium-sized valorisation.
Firstly, the four commonly noted dimensions of cheese production plants are presented in the following table.
For this purpose, the size is related to the amounts of milk, whey, and protein processed and produced annually

and daily.

Tabl&1 The four sizes of cheese production, asLaads#idy by the interviewed cooperative.

Size of cheese Amount of milk Amount of milk  Amount of whey = Amount of whey = Amount of protein

production input [t/a] input [t/d] output [t/a] output [t/d] in whey [kg/d]

Small < 5,000 <14 < 3,750 <10 <100
Medium 5,000 — 30,000 14 - 82 3,750 — 22,500 10 — 62 100 - 620
Large 30,000 — 100,000 82— 275 22,500 — 75,000 62 — 205 620 — 2,050
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Very large > 100,000 > 275 > 75,000 > 205 > 2,050

The whey output can vary between 60% to 80% of the milk input, depending on the production conditions and
type of cheese. In order to present a volume relatable to the size of the cheese production presented in the table,
it was estimated at 75%. As visible in the table, a small-scale production can produce up to 10 t/d of whey while
a medium-sized production would produce 10 to 60 t/d. As seen in the previous chapter, these were also the
dimensions tested for their economic feasibility, with the medium-sized one at 30 t/d being the more promising

candidate.

There are a total of 180 dairy producers listed in Lombardy (Aida 2022) with a grand majority producing cheese
and few producing other products related to the dairy value chain such as butter, yoghurt, and drinks. The
interviewed cooperative in Lombardy had 48 companies listed as presented in Supplement A, Table A33. Out of
the 48 companies, three were small- and 32 medium-sized, forming the largest group by number. Yet, according
to calculations based on the survey among members of the cooperative, this group is responsible only for about
one quarter of all cheese produced. Meanwhile, very large producers account for around half of the cheese
production within the cooperative. Thus, only an estimated one quarter of the whey produced in Lombardy is of
interest for the industrial symbiosis proposal, i.e., 900,000 tons of whey or 9,000 tons of pure protein annually.
To put these values into relation: in 2021, Italy imported 2,500 t of whey protein isolate (WPI), which is a very
high-quality valorisation product (CLAL 2022a). This value creation is evidently outsourced even though there is
the potential to produce the same amounts or more within the Lombard small- to medium-scale dairy

production.

4.8.1. Company interviews

Five interviews were performed with Lombard companies that could potentially be interested in acquiring the
whey valorisation products of a decentralised valorisation plant. This included one company producing food
supplements, two producers of cosmetics and nutraceuticals, one biotechnology company producing pure
proteins as pharmaceuticals, and a dairy food and drinks producer. The interviews were performed as semi-
structured interviews, using the questions presented in Chapter 3 as a framework for the interview and apart
from them encouraging the interviewees to speak freely. The general answers of the five interviews are presented
in the following table. More detailed transcripts of the interviews are available in Supplement E, Chapter E1.
Interviewees’ responses. Question 10 was not included in the table due the complexity of the answers and the

similarity to Question 9 and 11 (Table 10).
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Tabl&2 Summary of the fivstsechired interviews with local companies potentially interested in products from a

byproduct valorisation.

Interview 1 —

Interview 2 —

Interview 3 —

Interview 4 —

Interview 5 —

Question Food supplements Cosmetics Pharmaceuticals Cosmetics Food

1 — Whey protein use yes no, but interest yes no, sceptical yes

2 — Protein products WPC 80% highly purified produce highly purified WPH*

3 — Quality requirements low lactose very pure nA only pure 80% protein
4 — Protein volumes 30 t/a several kg/a small small several t/a

5 — Purchase price 12-14 €/kg nA nA nA 20-25 €/kg
6 — Market situation increase decrease increase nA increase

7 — Laws and regulations no concerns no concerns not beneficial allergens allergens

8 — Hurdles

halal, cosher

halal, cosher

investment customers investment customers transportation
energy price investment management investment standardisation
management management
9 — Sustainability only personally important important very important very important
11 — Communication directly with clients directly with clients nA certifications website
directly with clients social media
12 — Traceability very important important important important important
13 — Case study business proposal follow-up follow-up pilot-scale follow-up

*WPH — Whey Protein Hydrolysate

The answers show that there is a general interest among the companies to take part in a decentralised
valorisation effort. All interviewees mentioned the importance of sustainability and traceability for themselves
and their company. Moreover, the market situation was considered suitable with increasing demand in the case
of food, food supplements as well as pharmaceuticals, while it was considered unfeasible for the two cosmetic
companies due to a change in consumer behaviour towards animal-free products. Especially the cosmetics
companies are interested in very high-quality and high-purity products while the biotechnology company
produces pure proteins. Meanwhile, the food and food supplement companies are mainly interested in 80%
purity protein concentrates. These quality demands seemingly correlate with the amount of product the
respective company could be interested in, i.e., companies with high quality demand are only interested in small
amounts of products. While laws and regulations are not regarded to a considerable hurdle, investment costs as

well as the need for an external project management are mentioned by most interviewees.

Based on the interviews and the expressed interests in particular substances, an advanced decentralised
valorisation model was proposed (Figure 15) which puts more focus on the valorisation of high purity proteins
such as lactoferrin and lactoperoxidase (Costa, Azoia et al. 2021), which both represent around 1% of the total
whey proteins, respectively. According to Interview 3, both could be sold at around 350 €/kg. Additionally, a
higher valorisation of lactose was assumed, represented by the substance lactulose in the figure. Other higher
value products based on lactose could include galactooligosaccharides (GOS) (Barba 2021, Lappa,
Kachrimanidou et al. 2021).
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Figurd5 Graphic representation of the advanced decentralised Imabatiititinwhegeprotein concentrates, pure
proteins are extracted from the whey and sold at high prices and additional products producedgresetdctose. Tl
the mass of the material DM and the red arrows represaketheatuerdrie width of the arrows id pydpertiona
value they represent with the total mass and the total market value of the products being reprasenéstl by the w
bar at the top of the Rplagiveontributions of the difii@renare given.

As visible in the figure, focusing on the purification of specific proteins could increase the revenue of protein
valorisation by over 40% (width of the red arrows). Meanwhile, valorising 20% of the lactose for higher value
products could increase the revenue of lactose valotisation by one third based on a lactulose price of 2.5 €/kg in
2016 (Pharmacompass 2022). Nonetheless, even in this advanced scenario, protein valorisation is responsible for
a majority (nearly 80%) of the revenue from whey valorisation while lactose is responsible for 80% of the mass

flow.

96



5. Discussion

Before interpreting and discussing the results of the research, the context and reason of the study should be
reflected on. What is the relevance of this study and its findings for the region? Why is a technology that has
been established on the market for decades being investigated? The dairy sector itself has been applying different
membrane filtration techniques since the last millennium (Rosenberg 1995, Zydney 1998). As a matter of fact, it
was one of the first sectors in the agri-food industry to do so (Daufin, Escudier et al. 2001). So, why is it the

focus of this study?

The objectives of the study aim at examining and improving the circularity and sustainability of the dairy sector
in Lombardy, hence at an industrial level. Since membrane fractionation is an established process, much data is
available and the market, including producers and customers, trusts the technology which should lower the
hurdles and concerns towards new applications and collaborations around it. Moreover, there is already a
technological variety on the market which should simplify the search for optimised and feasible equipment to
implement these new contexts of application. Meanwhile, as the results show, the membrane filtration
technology has not exhausted its potential for contributing to sustainability and circularity in agri-food
production yet. Thus, it is a promising candidate for implementing immediate improvements in the production

while newer and more efficient technologies are being developed.

The Italian agri-food sector in general and the dairy production in particular are very traditional with much focus
on small- and medium-scale production. According to interviews with companies and producers in this group,
they struggle to participate in large-scale cooperations that are needed for innovative production approaches,
since too many partners and a central coordination and management would be required while too little capital is
available. In consequence, they often do not engage in cooperations and end up choosing easier solution such as
selling the whey by-production at a low price. Hence, engaging the small producers in networking on a local and
medium scale may encourage their participation while increasing their knowledge on innovative technological
solutions potentially leading to more interest towards further approaches. In this context, the present study is
taking efforts into three directions to enable and encourage the establishment of such a network. Firstly, a model
is proposed to maximise the circularity of production in a decentralised by-product valorisation approach and
tested against other realistic valorisation scenarios. Secondly, methodology is provided to assess the production
circularity and sustainability on a company level, considering the economic, environmental, and social
implications in a holistic value chain perspective. Lastly, based on interviews with potential customers for the
valorised products, the potential for a realistic case study is investigated for the realisation of the modelled

valorisation approach in a regional Industrial Symbiosis.

All three of these activities are designed and intended to potentially be reapplied in the context of other by-
product streams and agri-food sectors. Moreover, they are supposed to help governmental institutions and
lawmakers, such as the Region of Lombardy, to better understand the necessities for implementing new

solutions to increase the sustainability and circularity of agri-food production.
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In the following chapter, the implications of the results of the individual activities and how they relate to one
another will be discussed in detail in order to pinpoint the most relevant hotspots and bottlenecks of the
methodology, the potential of the modelled approach, and the most significant obstacles and opportunities for

the future.

5.1. Current Application of Circular Economy in Lombardy

The first objective of the study was to investigate the current state of application of circular production practices
in the Lombard dairy sector. Since the dairy cooperative involved in the presented survey represents a
considerable share of the Lombard dairy producers and more than 40% of the members ended up filling in the

questionnaire, some generalisable results were collected.

The concept of Circular Economy seemingly has arrived in regional agriculture, especially with regard to energy
production and by-product valorisation. However, the data suggests that the application is limited to activities
that have been subsidized in the past, are required by law or provide an immediate financial benefit. In 2019,
Italy was the second largest European producer of solar energy after Germany (EuroObserv'ER 2021) and
production of photovoltaic electricity is continuously subsidized IEA 2019), even though the amount of new
installations decreased since 2013 due to the end of incentive schemes (IEA 2017). Meanwhile, the strict
requirements for wastewater quality makes it necessary to treat streams coming from cheese production before
discarding them (Ercoli, Bonari et al. 2007). In the past years (2019-2022), whey for industrial use sold at 12€ to
23€ per 1000 kg, while whey for zootechnical use sold at 5€ to 12€ per 1000 kg (CLAL 2022¢), hence selling the
whey directly provides some financial benefit. Therefore, it is no surprise that solar energy production,
wastewater treatment, and selling of by-products are the most common circularity-related practices observed
among the dairies, while most of the other activities (such as water reuse, whey concentration, and heat recovery)
were scarce. Still, the companies seemed open to new technologies and strategies with only four companies not
mentioning any plans or activities of improvement, while most of the other companies had two or more

activities set.

Overall, indications point at the necessity to improve especially the following aspects as they only occurred

sporadically during the survey:

1) Whey valorisation. Valorising whey, as the previous chapters show, has the potential to increase the
sustainability and circularity of production while simultaneously providing financial benefits higher than
through a direct sale. Integrating only simple steps of valorisation, such as concentrating whey on site,
has already shown to reduce environmental impacts notably (Bacenetti, Bava et al. 2018) due to the
reduction in transportation efforts, yet, according to the survey, only five companies are currently

concentrating the whey before selling.
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2) Energy efficiency measures. Heat recovery from water (used for heating and cooling) is applied by
one company, while three companies improved their refrigeration efficiency by using modern

refrigeration systems.

3) Extension of renewable energy production. While eight companies have installed photovoltaic
elements and four more are planning to do so, other renewable energy sources were scarce. Three

companies produce biogas in collaboration with farms.

4) Water use efficiency. One company has built cooling towers to be able to reuse cooling water instead

of well water and another two companies collect and reuse cleaning water and rainwater.

5) Waste reduction, recycling, and recovery. Four companies stated to be recycling packaging and five
apply eco-materials. Meanwhile many companies gave little to no information on their solid waste

management, indicating much improvement potential.

Some problems can arise with implementing these points. Firstly, there is the difficulty of large investments for
small- and medium-sized enterprises, as one company commented in the survey and other companies underlined
in later interviews. Furthermore, there can be a lack of financial incentives (water only represents 1% of the
annual expenses, so the expected financial benefits of water reuse are small). This could be combatted by
extending the provision of subsidies connected to environmentally beneficial practices or offering tax reduction
to companies implementing them. At the same time, the connection of product quality and sustainability of

production in the perception of the consumers and producers should be strengthened.

Moreover, from the later interviews related to the Industrial Symbiosis, it became apparent that while there is an
interest in increasing the circularity of production, the way supportive funds are commonly distributed — only for
large projects with many companies — is not suitable for most of the smaller companies since they do not have
the ability to invest resources to identify the best calls and regularly plan and manage large projects. Hence, more
support for companies is needed with regard to project management and financial incentives. That way
circularity-related process and management changes that only have low or no financial benefit can be promoted,

such as water recycling or increased use of renewable energy sources among the purchased electricity.

It should be noted that the survey and all interviews were based on voluntary participation, which may favour
people that are more interested in the topic and therefore create a bias pro circularity, sustainability, and
innovation. The average opinion and practice may therefore be less favourable towards the mentioned concepts.
Overall, companies in the agri-food production seem extensively busy with daily activities and do not show

excessive interest in innovation unless it is easy to use, directly beneficial, and subsidised.
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5.1.1. Methodology discussion

One issue that became apparent at several points during the survey was the difficulty of communication.
Naturally, that is an obstacle any survey has to face, and the present one is not an exception. All questions were
understood by most of the interviewees, yet there was a considerable number of answers that indicated miss-
understandings, for example, the question inquiring on the waste streams leaving the company. Some companies
did not fill in any information here, while one company listed fifteen different streams and another company
only listed production-related organic waste. On another example, the authors were informed by the cooperative
that heat recovery within the cheese production process is a common practice among dairies, yet only one
company listed it in the energy efficiency measures. This may be a matter of chance or, alternatively, may indicate
that as a well-established practice it is not considered worth mentioning in the context of circularity. Therefore,
better communication is needed to collect more detailed and reliable data. Especially the vocabulary needs to be
chosen wisely and questions (if necessary) explained better. Moreover, it may be helpful to assist the cheese

producers with data collection on the long run by providing know-how and tools that simplify the process.

While the conducted survey gave an interesting overview on the current application of circular production
processes in the Lombard dairy sector, it showed only a snapshot of the situation for which reason a
standardised questionnaire should be developed that is sent out regularly in order to observe trends and
progresses in this area. That way, it could be investigated over time how, e.g., new regulatory measures to

encourage CE are affecting the industry or how efficiently producers stick to their own development goals.

The survey was filled in by a total of 21 producers which is reasonably large size to detect some major trends
among them, yet for a detailed analysis it may be helpful to extend a potential standardised survey to more

cooperatives in order to reach as many dairy producers in the region as possible.

5.2. An Integrated Circularity Assessment

For the second objective of the study, a methodology was developed to assess the circularity and sustainability of
dairy production. The methodology was then tested at a case study. It offers a wide range and representation of
the three dimensions of sustainability and circularity: economy, society, and environment. It focuses on the
manufacturing level and management decisions, such as the changes in suppliers, as well as annual fluctuations in
the production volumes and properties are distinctively visible in the resulting indices. At the same time, since
only three years of production at a single company were tested, further data from more production years and
companies is needed to verify the suitability of the method to reliably assess a company's citcularity. Motreover,
three years are not enough time to discover significant trends and to investigate their causes. Nonetheless, the
case study evidenced a strong embeddedness of the producer in the local markets, which can help with
implementing an Industrial Symbiosis (Chapter 4.8) as an intensification of the existing contacts towards more

cooperation.
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When comparing the indices of 2020 with a hypothetical decentralised high-quality valorisation at an
independent location, the only changes among the indices are observed for transportation. For investments and
quality testing changes can be expected if the cheese makers are involved in the cooperation around the
valorisation, it was however not possible to estimate them at the moment. All three of these aspects, the
transportation, the investments, and the quality testing, are only indirectly related to the valorisation process and
do not account for the quality of valorisation, which was one of the main interests of the present research. For
this reason, the by-product valorisation index (Chapters 3.5.7, 4.7) was introduced based on the results of the
LCA conducted for different valorisation scenarios. Moreover, the LCA results allowed for the inclusion of

environmental impacts as indices, which further improved the intended holistic nature of the methodology.

It should be noted that for being able to include different valorisation scenarios in the assessment, the
assessment boundaries had to be expanded. Since the inventory was based on background and experimental data,
this data was relatively easily accessible. If real-life industrial data were to be collected for the valorisation and
agricultural production processes, the data collection would become increasingly difficult with every additional
company to be included. Each new company would likely supply or be supplied by more than one
supplier/client, which would raise the necessity of allocating, e.g., valorisation efforts between cheese makers if
they were to be compared for their circularity performance. Hence, drawing the boundaries at the cheese maker
only is a much more practical approach for the assessment and eventual comparisons between cheese makers,
while expanding the boundaries would allow for more meaningful data in terms of by-product valorisation

quality and therefore also circularity in the agri-food production.

The same problem can be observed for many micro-scale circularity assessments, which typically struggle to
depict cross-company circularity practices, such as recycling loops, and end-of-life scenarios (Saidani, Yannou et
al. 2017). A report on circularity indicators by the EMF (2015) suggests that these cross-company circular
practices are not as commonly achieved in the manufacturing steps of agri-food value chains. Hence, metrices
representing other goals of circular production (Morseletto 2020) can be an alternative to assess practices at
company level. Hereby, Velasco-Mufoz, Mendoza et al. (2021) point out the necessity to focus on different
circularity strategies to not be limited to linear production optimizations as often seen in literature, including the
focus on maximising the main function of food production (slowing strategy), by-product valorisation (closing
strategy), and restoring primary resources related to the agricultural production (regenerating strategy). Since the
present methodology did not include the primary production of the agri-food chain but rather focused on the
manufacturing, especially the slowing and closing strategy were of interest. Moreover, both circularity and
sustainability were the targets for which reason the production efficiency was considered a vital part of the

assessment (Morseletto 2020).

Consequently, the proposed indices are a list of Key Performance Indicator-like metrics, many of which are
similar to those identified by Hristov and Chirico (2019), relating to circularity and sustainability rather than
flow-focused meso- to macro-scale indices (Saidani, Yannou et al. 2019). That way the manufacturers are

provided with feedback on their performance and given the opportunity to compare their production to partners
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and competitors in the region. Hereby, attention was paid on achieving the requirements for good circularity
metrics as reported in literature. Corona, Shen et al. (2019) relate the requirements of circularity metrics to the
ones of measurement instruments in social sciences and health care presented by Bannigan and Watson (2009),
ie., reliability, validity, and utility. Reliability was achieved by choosing metrics that were easily measurable and
well-documented within the producers accounting archives. One exception of this approach were the LCA-based
indices, since LCA is a complex methodology that requires estimations and assumptions. For that reason, the
methodological approach of the LCA was presented in detail (Chapter 3.5), to allow reproduction in the future.
Validity was accounted for when choosing the metrics to be included as presented in Chapter 3.2.2. Utility was
ensured in interviews and discussions with the case study producer. In a different attempt to test the
requirements for circularity metrics, Saidani, Yannou et al. (2017) propose five necessary features of for
circularity indicators, i.e., systemic, integrated and operational, flexible, intuitive, and holistic, though the study
focuses on rating complex indicators relating to the circularity of production as a whole. Systemic describes the
property of a circularity measurement tool to incorporate the entire CE paradigm, including different principles
such as lifecycle thinking (Balanay and Halog 2016), CE strategies (Potting, Hekkert et al. 2017) and the different
levels of implementation micro, meso and macro. While this requirement is not possible to be achieved by the
presently proposed methodology due to the limited size consideration, and the agri-food context that limits the
application of common CE strategies (EMF 2015), it was still attempted to include as many different circularity
principles as possible as described in Chapter 3.2.2. Integrated and operational relates to the ability of the tool to
be integrated into the existing processes of production, including the collection and handling of data. While the
design of the present methodology was aimed at being adapted to the data available at the producers, a tool to
implement the assessment independently is still missing. This could be in the form of a common software such
as Microsoft Excel or even be integrated in currently used software at the manufacturers. Flexible depicts the
property of the tool to be adapted to new contexts and to be scaled up to different scales of production as well
as being flexible with regard to new developments in the sector and CE. Considering the nature of the proposed
methodology consisting of many simple indices, this requirement should be fulfilled with regard to the
adaptation to new contexts and sizes as well as possible developments in CE, which could be integrated as
additional indices or by replacing existing ones. Intuitive describes the user interface in particular, which is not
yet present for the proposed methodology, but also the ease of understanding in general, which should be
provided by the methodology already, considering the adaptation of the indices to the agti-food production and
development in close interaction with the producer. Holistic relates to the connection of the measurement tool
to the three dimensions of sustainability, which too is provided due to the choice of indices. Thus, while neither
of these requirement lists were designed for the testing of circularity measurement tools in the context of the
agri-food chain nor for the micro-scale in particular, the proposed methodology fulfils most of them, despite

some obvious shortcomings due to the context choice.

By choosing an approach to assess circularity with the help of a list of simple indices, small producers are given
the opportunity to evaluate their own performance towards more circular production, without having to relate

their role to complex and large systems described by meso- and macro-scale indicators, which might discourage
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the focus on small internal changes if no progress can be observed in the metrics. Nonetheless, as Velasco-
Mufioz, Mendoza et al. (2021) point out, these type of micro-scale assessments need to be combined with meso-
and macro-scale assessments to better understand the system and to achieve a more comprehensive picture of

the progress towards circular and sustainable production.

In the presented results the indices were normalised against the three-year average of the same index,
respectively. Interestingly, one can observe a considerable variability within the environmental and economic
indices, while the social indices (and few others) stayed almost constant. In this context it would be important to
compare different companies to one another in order to verify the suitability of the social indicators to assess
differences in social sustainability and circularity. The observation also indicates that it can be easier to improve
environmental and economic sustainability and circularity, while social and few of the other indices, due to their
low variability, may requite more time and focus to be improved. This could be an important point for
lawmakers and companies to further investigate in order to provide the right environment for companies to

improve their production in all dimensions of sustainability.

5.2.1. Methodology discussion

The presented integrated circularity assessment is an initial attempt for constructing a list of indices that can
represent all dimensions of sustainability and circularity (in combination) in a satisfying and holistic manner,
while being practical and comprehensive to the practitioners. Up to now, comparably little research exists on the
economic and especially the social dimension of circularity (Ghisellini, Cialani et al. 2016, Kirchherr, Reike et al.
2017, Corona, Shen et al. 2019, Saidani, Yannou et al. 2019) and similatly, fewer indices were identified for these
dimensions in the present methodology. Therefore, any future progress in either of these aspects should be
considered for integration into the presented assessment. While there are many technical and environmental
indices in literature (Corona, Shen et al. 2019, Saidani, Yannou et al. 2019, Velasco-Mufloz, Mendoza et al. 2021),
their focus is often limited to specific phenomena or aspects of production, e.g., the renewable energy
production (Fernandez-Mena, Gaudou et al. 2020), the water quality (Zabaniotou 2018) or the botanical
composition of fertiliser (Mosquera-Losada, Amador-Garcfa et al. 2019). Hence, several indices need to be
chosen to reach a comprehensive overview (Zabaniotou 2018, Fernandez-Mena, Gaudou et al. 2020, Velasco-
Mufioz, Mendoza et al. 2021). Different technical aspects of circular production were considered within the
proposed methodology and their choice illustrated in detail. For example, it was decided to integrate
transportation with several metrics since it relates to circularity efforts (Kiss, Ruszkai et al. 2019) and Industrial
Symbiosis (Neves, Godina et al. 2020). Similarly, other technical indices (Velasco-Mufioz, Mendoza et al. 2021)
such as the consumption of energy, water, and packaging were included (Hristov and Chirico 2019). On the
other hand, the strictly environmental indices, meaning metrics representing environmental impacts, were not yet
represented as there was no such data directly available at the case study producers. In order to be able to

integrate them into the methodology, an impact assessment had to be performed. This was achieved by
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conducting an LCA with help of the collected production inventory data, which led to the development of the
LCA-based by-product valorisation indices (Chapters 3.5.7, 4.7). They were then added to the list, filling in the
remaining gaps in the representation of the environmental impacts, as well as the consideration of the by-
product valorisation quality. Depending on the selection of the LCA impact assessment methodology, any
available impact category can be included in the list of indices, completing the intended holistic petspective of

the assessment.

The list of proposed indices initially prepared for the assessment was cut shorter throughout discussions with the
case study cheese producer in order to avoid indices for which no data is available. Still, it can be seen that some
of the economic and social indices were kept despite the unavailability of data or the producer’s hesitation to
provide it. They were kept in the list as they were considered meaningful to the assessment and might be
collected in future activities. This included, for the economic dimension, the savings due to circular measures and
investments in circular practices as well as the member income development. All of these were considered
essential for the producer to observe directly how CE can improve their own economic performance and
thereby incentivise further commitment and inspiration to other producers. In particular the ratio between the
investments taken and their effect on the savings and additional income streams should, in case of correlation,
encourage the implementation of further measures while it may additionally help to design more efficient
investment approaches and to identify the most promising circular practices in economic terms. This could be
used by cooperatives or governmental institutions to better support the implementation of CE in the local dairy
sector. The member income on the other hand could help visualising the potential of circular practices to

improve the overall productivity and financial efficiency of production.

In general, the meaningfulness and ease of interpretation of the results should be increased by establishing
reference standards/benchmarks for each index to normalise the results against. These could be related to
political goals or regulations (such as the European Green Deal (EC 2019)), environmental requirements (such as
pollution in Northern Italy (Alias, Benassi et al. 2019)) or regional production averages. Indeed, if the assessment
methodology were to be established as a common practice, reaching goals and surveying progress could be a
reasonable application scenatio. Displaying the results as net-graphs as seen in the results section could, in this
context, provide an easy and quick mean of graphical communication of the level of success. The need for
standardisation is particularly evident when looking at the level of local suppliers and clients in the case study
example. The relative contribution of local suppliers is high (over 80%), while for local clients it is lower for
cheese (60%) and at zero for whey. Yet, when comparing against the three-year average, both the local suppliers
and clients are considered similarly with little change between the years, hence values around 100%. If a standard
were to be established at, e.g., 80% local suppliers and clients, the case study results for the suppliers would be

satistying while for the clients, improvement would be needed.

Finally, the method should be tested in more case studies and optimized by adding or removing indices

according to new results, interviews, and discussions with practitioners. Moreover, better quality data would
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allow to improve the results for which reason companies should be provided with the means to collect it, may it

be by protocols, technology, and software or education.

5.3. LCA of different by-product valorisation scenarios

For the third objective, a circular by-product valorisation approach for the Lombard dairy sector was modelled
and tested at experimental and case study data assessed in a Life Cycle Assessment. Different real-life base

scenarios were used as reference comparisons.

As the results show and as previous studies have shown, the by far largest impact within the dairy value chain is
due to the milk production (Guerci, Bava et al. 2014, Hietala, Smith et al. 2014, Colombini, Zucali et al. 2015,
Dalla Riva, Burek et al. 2015, Cecchini, Torquati et al. 2016). In consequence, many research efforts were
naturally directed at reducing the impact of the milk production (Chapter 2.5.2). Meanwhile, little attention has
been given to later steps in the value chain, such as cheese production (Palmieri, Forleo et al. 2017, Dalla Riva,
Burek et al. 2017a, Dalla Riva, Burek et al. 2017b, Bava, Bacenetti et al. 2018, Forleo, Palmieri et al. 2018,
Famiglietti, Guerci et al. 2019), and whey valorisation (Bacenetti, Bava et al. 2018, Depping, Grunow et al. 2020),
with none of the studies focusing on the entire value chain including the production of milk, cheese, and by-
products, but rather accounting for by-production through allocation (Bava, Bacenetti et al. 2018). For the
present study, this holistic production chain perspective was taken. That way, it became possible to understand if
it was environmentally feasible to invest additional resources in order to generate more products at high quality.
If the amount of resources is comparably smaller than the increase in productivity, the resource-to-product ratio
is improved and the impacts relative to the products reduced. The results verified the assumption for all tested

valorisation approaches and a grand majority of the impact categories.

Among the hard cheese producers reviewed in Chapter 2.5, which included the production of Asiago cheese
(Dalla Riva, Burek et al. 2017b) and Grana Padano (Bava, Bacenetti et al. 2018, Famiglietti, Guerci et al. 2019),
the main contributions to the impact of cheese production were identified to be: electricity, transportation, and
fossil fuels. The same was true for the present study with the difference that transportation was not as important
as for the results presented in literature. This makes sense considering that Famiglietti, Guerci et al. (2019), who
reported the transportation distance, considered an average distance of milk to the cheese maker of around
50 km, while in the present study it was only 17 km. All three studies reported impacts for several impact
categories, though different assessment methods were applied for which reason not all units are comparable. For
the category of global warming potential, Bava, Bacenetti et al. (2018) report an impact per kg Grana Padano of
10.3 kg CO2 eq (DM allocation), 16.9 kg CO2 eq (economic allocation) and 15.2 kg COz eq (fat- and protein-
content allocation). Famiglietti, Guerci et al. (2019) report impacts per kg Grana Padano of 8.43, 16.3 and 12.4
kg CO: eq for the same allocations, respectively. Dalla Riva, Burek et al. (2017a) report an impact per kg Asiago
of 10.1 kg CO; eq. In the present study, relating the impacts to 1 kg of product results in 15 £ 1 kg CO» eq
which is in line with the literature results considering that all impacts of the cheese making were allocated to the
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cheese. Allocating the impacts to whey and cream according to the DM content could lower the impacts of
cheese by over 40% (DM content of milk that is retained within the whey), reaching 9 kg CO: eq and less. For
the other categories, the comparison between the results of the present study and the literature was not as clear.
Bava, Bacenetti et al. (2018) and Famiglietti, Guerci et al. (2019) reported particulate matter formation rates (kg
PM2.5 eq) and freshwater eutrophication potentials (kg P eq) and Dalla Riva, Burek et al. (2017a) a land use (m?
eq), which were a magnitude smaller than the ones observed in the present study. For the ozone depletion
potential, the difference was as much as two magnitudes for Bava, Bacenetti et al. (2018) and Famiglietti, Guerci
et al. (2019) and one magnitude for Dalla Riva, Burek et al. (2017a). Meanwhile, the results for the marine
eutrophication potential (kg N eq) were in the same range with the present study performing slightly better than
the results presented by Bava, Bacenetti et al. (2018) and Famiglietti, Guerci et al. (2019). The same can be
observed for the water consumption and the literature results from Famiglietti, Guerci et al. (2019) and Dalla
Riva, Burek et al. (2017a). For the terrestrial acidification potential both the present study and the results
presented by Dalla Riva, Burek et al. (2017a) are similar with slightly better results from literature. Overall,
variations of this extent can often be seen between studies (Dalla Riva, Burek et al. 2017a) and especially in the
present case have to be handled with care since the literature studies applied different assessment methodologies

from the one used in the present study.

Among the decentralised valorisation efforts, the energy production was the largest contributor to the increase of
the total impacts before the consumption of sodium hydroxide as cleaning agent and transportation. Similar
observations were made by Bacenetti, Bava et al. (2018). The main difference to the presented results is the
relatively lower contribution of electricity. For this it should be noted that Bacenetti, Bava et al. (2018) did not
account for a potential valorisation of lactose, which increases the use of electricity for the decentralised
valorisation approach. Moreover, they assumed a transportation distance of 150 km, while in the decentralised
approach the transportation of whey is at 10 km and the transportation to the drying plant at 20 km. Hence, a
much lower contribution of transportation is expected. In the paper, the results are presented per ton of protein
in the product considering the by-product allocation between all by-products from cheese making, with the whey
products receiving around 25% of the allocated impact of cheese making. Similatly, in the Supplement D, Table
D48, the results of the present study are depicted for the decentralised valorisation scenario and the fu. of kg
protein, considering cheese and whey products separately, with an allocation of 20% of the cheese making
impacts to the whey products based on the protein contents of whey as compared to the milk input. While the
comparison between the two studies has to be handled with care due to the different assessment methods
applied, it reveals similar results for both studies. The literature results are better for the global warming potential
with 84 kg COz eq per kg protein for the present study and 41 kg COz eq for Bacenetti, Bava et al. (2018), as well
as the particulate matter formation with 0.12 kg PM2.5 eq and 0.022 kg PM2.5 eq, and the freshwater
eutrophication with 2.3 E-02 kg P eq and 3.6 E-03 kg P eq, respectively. Meanwhile, the present study shows
better results for the ozone depletion potential with 4.1 E-04 kg CFC-11 eq as compared to 3.8 E-03 kg CFC-11
eq in Bacenetti, Bava et al. (2018) and the marine eutrophication with 7.0 E-02 kg N eq and 2.3 E-01 kg N eq,

respectively. Since for both the cheese making and the whey valorisation the milk production has a major
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contribution to the impacts, much of the variety in the results is expected due to the differences observed for the

milk production impacts as reported in Supplement D, Table D46.

For the decentralised valorisation approach, the production efficiency of the valorisation processes with regard
to energy but also chemical use is the main concern for lowering the process impacts. Additionally, the
production of electricity from renewable sources should be considered as an option for lowering the impacts as
well as the dependence on the electricity market. It was tested how the impacts of the production chain would
change when electricity is produced solely from solar panels. The results are presented in Supplement D, Table
D49 and Table D50. It can be seen that, while the improvements of changing the electricity production to solar
has only minor influence on the cheese production (mainly due to the large contribution of milk production to
the total), the valorisation step and hence the impact of the whey products is notably reduced. Especially for the
ionizing radiation, global warming potential, ozone depletion, and fossil resource scarcity, impacts are reduced by
over 70% in case of an allocation of the cheese making impacts only towards cheese. If the impacts of cheese
making are allocated by 20% to the whey products, the impact reduction due to the change in electricity
production are still as high as 55% for the ionizing radiation and 36% for the fossil resource scarcity. Meanwhile,

for global warming and ozone depletion, the reduction is remaining at only 15% and 2%, respectively.

Meanwhile, transportation had surprisingly small environmental impact contribution with the results suggesting a
much larger importance of production efficiency and product value for the overall environmental impacts. Yet,
as seen in the economic assessments (Chapter 4.6), it remains relevant to the companies due to the large
expenses related to it. The assumed transportation distances in the assessment were relatively short (10 km and
20 km for the decentralised scenatio and 105 km for the centralised and whey powder scenario), hence case
studies with larger transportation distances due to, e.g., whey export to other EU countries, would be likely to

show a much more relevant contribution of transportation.

For the different valorisation scenarios, the impacts per kg protein are reduced notably in most categories. For
example, for the f.u. of kg protein, the production chain impacts are reduced from 67 kg CO: eq for the no
valorisation scenatio to 58 kg COz eq, 56 kg CO» eq and 56 kg CO: eq for the decentralised, centralised and
whey powder scenario, respectively (Supplement D, Table D43 to Table D45). Looking at the whey products
separate from the cheese (Supplement D, Table D48) depending on the allocation at the cheese producer, a
global warming potential of 15 kg COz eq (0% to whey) or 84 kg CO» eq (20% to whey) per kg protein can be
achieved in the decentralised valorisation scenario. Previous studies observed that a reduction of animal product
in the diet can decrease the environmental impacts of food consumption, hence it was investigated how other
protein sources perform in terms of environmental impacts per kg protein. Focus was laid on the global warming
potential since it is the most commonly reported impact category. Detzel, Kriger et al. (2022) compared plant-
based protein sources to animal protein sources and found a clear advantage of plant-proteins with a carbon
footprint of 4.4 to 8 kg COz eq per kg protein as compared to 18 to 28 kg CO: eq per kg protein for chicken
breast. Nijdam, Rood et al. (2012) reviewed LCAs on different animal-based and plant-based proteins in a cradle-

to-retail perspective and found that animal proteins in general have higher impacts with beef having the highest
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impacts between 45 and 640 kg COz eq per kg protein, followed by mutton and lamb (51-750 kg CO» eq per kg
protein), milk (28-43 kg CO» eq per kg protein), cheese (28-68 kg CO; eq per kg protein), pork (20-55 kg COz eq
per kg protein), eggs (15-42 kg CO2 eq per kg protein), poultry (10-30 kg COz eq per kg protein), and seafood (4-
540 kg COz eq per kg protein). Meat substitutes containing egg- or milk protein showed a global warming
potential of 17-34 kg CO: eq per kg protein and purely vegetal meat substitutes of 6-17 kg CO: eq per kg
protein. Sonesson, Davis et al. (2017) compared different protein-based functional units in LCAs of food
products findings global warming potentials of 44.9 kg CO» eq per kg protein for milk, 128.2 kg CO2 eq per kg
protein for minced beef, 32.3 kg COz eq per kg protein for minced pork, 16.9 kg COz eq per kg protein for
chicken fillet, 17.1 kg COz eq per kg protein for wheat bread, and 4.6 kg COz eq per kg protein for pea soup. A
review of Smetana, Ristic et al. (2023) showed similar results for the global warming potential with beef
performing worst with impacts of 100 kg COz eq per kg protein and more and plant-based meat alternatives
having as low as 1 kg CO» eq per kg protein, though most reviewed studies showed impacts around 5 to 50 kg
COz eq per kg protein. Overall, it can be seen that the whey products of the present study can be produced at
global warming potentials comparable to the best performing animal-based protein alternatives and even some of
the plant-based protein alternatives presented in literature. Moreover, looking at the entire production chain, a
reduction of the global warming potential by 10 kg CO: eq per kg protein is a notable progress which can
improve the environmental competitiveness of the dairy production chain as compared to other animal-protein
sources, though it still remains comparatively high. In a hypothetical scenario of whey valorisation based entirely
on renewable electricity production (solar as presented in Supplement D, Table D49), impacts as low as 4.1 kg
COz eq per kg protein might be achievable, which would be comparable to some of the lowest impact plant-

based protein sources.

Since the land use is investigated by Smetana, Ristic et al. (2023) and Nijdam, Rood et al. (2012) it is also
compared to the results of the present study. As visible in Supplement D, Table D43 to Table D45, the
production chain protein output requires 260 m? crop eq per kg protein in the decentralised valorisation scenatio
and 250 m? crop eq per kg protein in the centralised and the whey powder scenario as compared to 310 m?* crop
eq per kg protein in the no valorisation scenario. When the products are separated for the decentralised scenario,
the whey products show an impact of 0,46 m? crop eq per kg protein under no allocation and 320 m? crop eq per
kg protein when allocating 20% of cheese production to it. Nijdam, Rood et al. (2012) report a land use in m?y
per kg protein of 37-2100 for beef, 40-75 for pork, 23-40 for poultry, 29-52 for eggs, 100-165 for mutton and
lamb, 26-54 for milk and cheese, 13-30 for seafood from aquaculture, 8-17 for meat substitutes containing egg
and milk protein, and 4-25 for meat substitutes purely vegetal. Smetana, Ristic et al. (2023) report similar values
for beef while providing a range of land use in m? per kg protein of 9 -100 for legumes, 8-300 for cereals, 0.05-
100 for insects and 7-70 for other plant-based products. Even though this comparison should be treated with
care since the units are not identical, it is visible that whey products perform comparably well due to their low

land use while the overall dairy production chain is impactful as compared to other protein sources.

Currently, milk production in Italy almost entirely supplies the cheese production (CLAL 2022a) and therefore

depends on the cheese market. Hence, the resources invested into producing milk are invested independently of
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whether or not whey is valorised. Thus, valorising whey at high quality and for comparably little resources and
impacts (as compated to milk production but even to other protein sources as seen in the previous paragraph)
will mean that the milk production resources are used more efficiently. At the same time, there is a need to
reduce the overall impacts of food production (Aiking 2011, Aiking and de Boer 2020), which can only be

achieved by reducing the consumption of animal products such as cheese.

The presented LCA proved the assumption of the relative benefits of by-product valorisation in the dairy value
chain. It can also be observed that this positive effect is stronger the more the total amount of a functional unit
is increased by the respective valorisation approach. In the presented case this would mean the benefits are
strongest for the functional unit of kg DM and weakest for the functional unit of € value chain. This order could
potentially be changed by increasing the by-product value by higher quality valorisation. For example, in case of
the proposed Industrial Symbiosis (Chapter 4.8), the updated valorisation model increases the total value by 27%
(Figure 15), while the amount of valorised proteins is only increased by 25%. Hence, besides the financial
necessity of high-quality valorisation at small- and medium-scale, even for environmental reasons it would be
desirable to aim for the highest possible valorisation quality, unless it involved excessively impactful process
steps, to reach the best resource-to-value ratio. This is further underlined by the sensitivity analyses conducted
with regard to the product value (Supplement D, Figure D21 and Figure D22), where higher product prices

result in lower relative impacts regarding the € value chain f.u.

Comparing the three different valorisation scenarios to one another, no clear conclusion can be drawn on which
of the scenarios is the most favourable since especially the decentralised and the centralised scenario perform
almost identically. While the centralised scenario performs slightly better with regard to the functional unit of kg
protein, the decentralised one has a minimal advantage for the functional unit of product chain value. However,
the sensitivity analyses showed that much of that difference is due to the assumptions taken in the beginning of
the LCA, for which reason more detailed case study data is needed to improve the robustness of the results.
Moreover, the interpretation of the results may also depend on the intentions of the practitioner since, e.g., the
whey powder scenario performs well in terms of material valorised, yet the value of valorisation is lower than in
the other two scenarios for which reason in performs worst with regard to the value-based unit. Hence, a
practitioner interested in high-value products might not be interested in this approach while someone interested
purely in the total impacts of the value chain activities might prefer it, as it involves fewer steps and less
additional resources for the whey to be valorised. Additionally, the preference of one approach over the other

will also depend on the market situation for different products and their price development and stability.

5.3.1. Methodology discussion

The methodological approach for the LCA of this study was developed for the purpose of the research to
understand the implications of by-product valorisation in different scenarios on the production chain impacts.

The results suggest that this function was met to a satisfying end. Overall, the data used for the study was limited
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to a single case study and experimental activities at pilot scale. Estimations and assumptions had to be made
whenever data was not available, which led to a large sensitivity of the results as presented in the Supplement D,
Figure D20 to Figure D23. These sensitivities did not however, show effects on the overall conclusion that by-
product valorisation at high quality benefits the environmental impacts of the dairy production chain.
Nonetheless, more detailed case studies and more complex scenarios should be investigated to further deepen

the understanding of the matter and to verify the presented results.

The question whether or not all DM is valorised has a substantial influence on the results of the comparison
between the scenarios since the lactose fraction has a considerable contribution to the DM content and to a
smaller extend to the production chain value (Supplement D, Figure D20 and Figure D21). Hence, it should be
considered to introduce allocation factors for lower quality valorisation scenarios (right now considered as 0) as
compared to high quality valorisation scenarios (right now considered as 1). Low value valorisation is easily
accounted for in the € value chain fu., for the DM however it might be feasible to use, e.g., a factor of 0.5
meaning that 1 kg of low value lactose DM is equal to 0.5 kg of high value lactose DM. The allocation could be
based on a system expansion or, e.g., on economic considerations. Once again, more case studies and research

are needed to improve the approach and work out the precision and details.

Even though it was not part of the present investigation, it can be expected that valorising whey into high-value
proteins would lead to a change in the respective markets, where the newly introduced products will either
increase the market volume or replace other products in their market share. Hence, it could be interesting to
perform a consequential LCA (Ekvall and Weidema 2004, Depping, Grunow et al. 2020), where the
consequences of increased high-value whey valorisation are investigated. If these products were to replace other
products in, e.g., the pharmaceutical or cosmetical industry, even more advantageous results could be expected
for by-product valorisation due to the avoided burdens of the production of the replaced products. In that case,
aiming for high quality valorisation could again prove beneficial since it would allow for replacing other higher

value products that possibly required more resources to produce.

5.4. By-product valorisation index

The by-product valorisation index as a product of the LCA was developed to complete the circularity assessment
methodology in terms of representing the quality of by-product valorisation as well as including environmental
impacts in the assessment, as discussed previously in Chapter 5.2. It extends the boundaries of the assessment in
order to be able to include the by-product valorisation activities but could be limited to certain steps of the
production process. Overall, it shows well how high-quality by-product valorisation can benefit the value chain
in terms of output increase and material efficiency as well as impact reduction. All six metrics of the index
showed a clear positive effect of the change in valorisation quality independent of which impact category is

chosen (Supplement D, Table D47). The only exception of this observation can be seen for some of the impact
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categories and the f.u. of € value chain for the whey powder scenario since it only increases the overall value of

the production chain slightly.

Since it is based on LCA methodology, the index is limited by the fact that it can only be used for purposes of
comparison when applied for the same process steps and boundaries. Hence, it is ideal for comparing the
performances of production years, scenarios, and companies that work on the same products. Moreover, to
allow comparison, the exact unit chosen for the impacts needs to be defined, including the assessment method,
the impact category and/or the weighting method applied. Depending on the process and/or value chain under
scrutiny, different functional units may be chosen. All in all, it is a flexible approach that can be adapted to the

contextual needs. Nonetheless, it should be further explored and refined in the future.

As mentioned in the previous chapter, it should be investigated how a consequential approach to the assessment
could impact the results. Since avoided products would be considered, and additional avoided product benefit
score might be introduced with regard to the chosen functional unit(s). This score would be influenced by the
local market conditions and could change heavily over time, but it could provide a better picture on how
different valorisation scenarios would impact the local production and the realistic consequences of the intended

changes.

In literature, several similar indices can be found. Linder, Sarasini et al. (2017) propose a metric for quantifying
product-level circularity by focusing on the product’s economic value. They define their metric as the ratio
between the recirculated economic value to the total product value. Since agri-food production has few materials
recirculating within the value chains, this approach may not be suitable for the context. However, their metric
shows a similar recognition of the value of side streams in the production chain, trying to visualise their
relevance for the main production chain. In the case of the index in the present study, this is achieved by
recognising the value of by-product valorisation. It was however, decided not to put this value in ratio to the
main product output, since the definition of main product and by-product may change depending on their value
and the market situation, for which reason a total value with or without by-product valorisation was considered a
more meaningful reference. Di Maio, Rem et al. (2017) also took a market value approach, focusing on what they
define as ‘stressed’ resources. This term considers scarcity of resources and competition as well as taxation. In
consequence, their metric is defined as the percentage of the value of stressed resources within a product (or
service) that is returned after its end-of-life. While this approach might be easier to apply in the agri-food sector
since energy and nutrients can be recovered from end-of-life streams, it is again difficult to incorporate in a
production-focused assessment and does not consider by-production and its valorisation. Laso, Garcia-Herrero
et al. (2018) took an LCA- and LCC-based approach such as the one presented in this study, focusing on the
production eco-efficiency. Their approach includes valorisation and end-of-life scenarios, relating the invested
resources and potential impacts to the value added in the production. This focus on the value added instead of
the wholesale price is the main difference to the value-based f.u. in the present study and could be tested in

future research for the context of the dairy value chain.
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Impact to product output related indices are more common in literature, usually related to LCA-based
approaches (Corona, Shen et al. 2019), though there are only few examples from the agri-food industry, such as
the study on the Catalan pork value chain by Noya, Aldea et al. (2017) or the study on olive oil production by
Falcone, Stillitano et al. (2022). Noya, Aldea et al. (2017) chose the functional unit of 1 kg cut pork and
considered slaughterhouse by-products in economic allocations to draw results that could be used for developing
strategies towards CE. Falcone, Stillitano et al. (2022) compared a linear and a circular production approach for
olive oil with the help of LCA, LCC, and circularity metrics including different end-of-life scenarios for the by-

products in the circular approach.

Overall, the index proposed in the present research shows a good adaptation to the agri-food production
context, while still allowing for flexibility and potential for adaptation in different case studies and for different
production chains. Moreover, it offers the option to include several functional units to increase the amount of

generated information and helpfulness to practitioners with diverse goals in mind.

5.5. Economic assessment of the modelled by-product valorisation approach

The main material and energy expense of the case study cheese production is milk (85%), further manifesting the
importance of milk production for the dairy value chain. By comparison, energy accounts for 8% of the
expenses, while packaging materials and ingredients needed for cheese making account for only 2%, respectively.
As for the revenue, by-products only contribute 4% to the total, with whey being responsible for just above 1%.
Clearly, a by-product containing 40% of the milk dry matter and 20% of the milk proteins should be valorised

bettet.

From an economic standpoint, lactose valorisation is the most questionable aspect of by-product valorisation
since the drying is almost as expensive as the revenue generated from selling it. For this reason, lactose
valorisation should be the final step implemented in a real-life case study. It could help overcoming this deficit by
exploring new lactose-based products of higher value. This could include products of lactose fermentation or
brewing, lactulose, galactooligosaccherides, and high-quality biofuels (Zhang, O’Hara et al. 2016, Barba 2021,
Lappa, Kachrimanidou et al. 2021). Furthermore, the lactose-rich fraction leaving the valorisation process also
includes minerals and smaller molecules, such as vitamins which increase the nutritional quality of the lactose and

might allow for other innovative uses.

The results of the sensitivity analysis reveal that the product price has a large leverage to equal out fluctuations in
energy prices. Utilizing the local and sustainable production of the products for marketing and branding
purposes could help increasing the revenues and thereby the financial feasibility of the process and was
mentioned in several of the semi-structured interviews presented in Chapter 4.8.1. Market niches that are willing
to pay for high quality, local, and sustainable production should be identified to maximise this potential.

Meanwhile, delivering a large product diversity would improve the economic robustness of the valorisation
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process, since the dependency on single market segments is lowered. Hence, a diverse range of potential
products needs to be identified and a decentralised valorisation network designed to optimise the resource use to
deliver these products. This could mean that few, highly equipped facilities may produce the highest quality
products to smaller markets, while the rest of the valorisation facilities produces large amounts of lower quality
products, thereby optimizing the total valorisation quality. New valorisation protocols should be tested for

different product combinations and for optimization efforts.

Similar to the LCA results, the economic feasibility analysis revealed the importance of energy consumption to
the valorisation process. Once again, energy efficiency and renewable energy production providing some
energetic independence could help improving the feasibility. There are options available to combine solar energy
production with outdoor cattle rearing (Willockx, Herteleer et al. 2020), which could be worth considering for

cheese producers that work in close collaboration with their milk suppliers.

Since the economic feasibility assessment also showed that only a medium-sized valorisation plant could work
profitably, smaller producers might benefit from teaming up to run a collaborative valorisation plant. As a matter
of fact, it could prove beneficial to have several medium-sized filtration plants group together to share a large-
sized drying plant, depending on the transportation distances to be covered. Since most cheese producers in
Lombardy cluster up in few locations, as described in Chapter 3.5.3.2, having one drying plant in each of these
clusters would be a reasonable solution. This kind of clustering is typical for decentralised networks as compared
to centralised networks, as seen in Figure 16. These collaborations would also be helpful to the cheese producers
since investment costs could be shared. While for the case study an annual investment of roughly € 100,000 was
observed, building a small- to medium-sized valorisation plant would require investments between one and three

million €, which would be difficult to handle by a single SME.
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Opverall, the economic assessment is only providing a general overview of the financial aspects of the production
and by-product valorisation regarding materials and energy costs as well as revenues. More detailed analyses

would be needed for a potential case study application in order to better understand the availability of grands,
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potential labour costs, and general project costs such as planning and construction, regulations, certifications,

taxations, etc., since they would depend much on the particularities of any case study.

5.6. Potential for an Industrial Symbiosis case study in Lombardy

For the last objective of the study, the potential for implementing an Industrial Symbiosis case study based on
the modelled by-product valorisation scenario was investigated. Similar to the results of the case study analysis
and the experimental activities, the interviews conducted in the context of the Industrial Symbiosis proposal have
shown that a focus on small- and medium-scale valorisation is a promising approach to increase the circularity of
production in the dairy value chain in Lombardy. The volumes of whey and protein to be handled were deemed

suitable for cooperation and manageable by the proposed model.

However, as anticipated from the results, the interviewees agreed that the required investment costs pose an
issue. Several solutions are imaginable. Firstly, larger collaborations between stakeholder companies, such as
provided by cooperatives could be envisioned for the participants to co-finance a valorisation infrastructure and
then share the profits to recover the investment costs. Additionally, governmental subsidies could be provided to
encourage larger investments. However, neither of these solutions considers the mentioned problem of limited
human resources available in smaller companies to manage a project of these dimensions. Hence, a third option
could be the creation of an autonomous new company with the help of industrial investors, which would be
responsible for the valorisation process and act as an independent entity. Such a company could then be
integrated in a governmentally supported Industrial Symbiosis network and simultaneously be part of the open
market. Thereby, the companies involved in the IS would benefit from close collaboration and perhaps

preferential prices, while not being burdened with large investments and responsibility.

Another hurdle in implementing a successful Industrial Symbiosis identified by the interviewed companies are
the regulations and legislative requirements. While the individual companies were not excessively concerned
about the problem, each of the different industries that could potentially be using the valorisation products have
their own set of regulations and quality requirements, such as the food, cosmetics, and pharmaceutical industry.
One such example are allergens contained in agricultural by-products, since almost all natural products and
substances are potentially allergenic, for which different regulations can be found in each of the mentioned
sectors. Especially the use of egg white lysozyme in the production of Grana Padano is a critical point, since it is
considered a potential allergen (Iaconelli, Fiorentini et al. 2008, Schneider, Becker et al. 2010) that needs to be
removed before imagining an application of whey products in the cosmetics, pharmaceutical or nutraceutical
sector (Quirce, Antolin-Amérigo et al. 2018). Additionally, market trends and the intended market locations can
influence the quality needs, in particular in consumer behaviour driven industries such as the cosmetics one. For
example, the interviewees described that recent trends have established a large market for plant-only cosmetic
products, while animal-based products are difficult to sell. Moreover, international consumers may require

particular certifications such as kosher and halal that might not be necessary for products in the EU. Hence, it is
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important to integrate the intended final producers into the design process of the valorisation approach to make

sure that it will be capable of fulfilling all the requirements of the different final destinations intended.

Among the interviewed companies there was still a large interest in sustainable and circular production and value
chains in particular for companies responsible for the final steps of the production chain that have strong
interactions with the customer markets. Since currently there is a wide awareness and openness towards
sustainability and health-related topics among the customers, providing evidence of local, sustainable, circular,
and natural production is expected to give large advantages in terms of marketing and branding. At the same
time, these companies responsible for the final products cannot contribute much to the early-stage planning of
an IS case study besides expressing their product requirements and should be included to larger extents only

once a pilot plant has been constructed.

Overall, the cosmetics, pharmaceutical, and nutraceutical industries will likely be responsible for only a small
quantity of very high-quality products while the food and food supplements industry will be the main address for
the bulk of whey protein products. Meanwhile, suitable customers for lactose, minerals, and water still need to be
identified at a scale matching the expected valorisation output. Hence, the priorities of planning the IS case study
need to lie with the high and very high quality products that can already ensure an economic feasibility. The
highest value products should be considered first and valorised entirely before considering the lesser quality

products. That way a maximum of valorisation can be ensured.

5.7. General strategies to improve sustainability and circularity

In the present chapter, the results of the different activities of the study were discussed in detail. Within this
discussion, several points occurred frequently which can be translated into major strategies needed to improve

the circularity of the Lombard dairy value chain.

First and foremost, the results of the LCA revealed that by-product valorisation is a powerful approach to
improve the sustainability of the value chain, while a decentralised valorisation approach can foster circular
production. Interviews with companies furthermore showed that there is a considerable interest in by-product
valorisation approaches in the sector and the respective manufacturing industries. In order to achieve higher
resource-to-value ratios in the production chain, which is the aim of sustainable intensification (Garnett, Appleby
et al. 2013, Godfray and Garnett 2014, Pretty and Bharucha 2014), a high quality needs to be reached in the
valorised products. This would also allow for better economic feasibility of the process according to the results
of the present study. Moreover, providing high-value products to the market could lead to the replacement of
other high-value products that no longer need to be produced and hence the overall environmental impacts
could be lowered even further. This is not a necessary effect though, since an increased volume of production

could be joined by an increased demand leading to an overall increase in production for the entire market.
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It is also apparent from the results that, to reach high sustainability and circularity, efficient production and
optimized processes are needed, since especially the energy consumption during the valorisation steps has major
implications for several impact categories and the economic feasibility of the process. Efficiency and
optimization are also needed for the construction of the IS network in order to maximise valorisation efforts in
economic terms. This includes a diverse set of products and collaborations in order to valorise at the highest
quality possible as well as providing a robust network with many individual contacts. Besides the efficiency of the
main process, accompanying the by-product valorisation with renewable energy production can protect the

production from price fluctuations and thereby provide more consistency for investment and business planning.

Especially for the context of small- and medium-scale production in the agri-food sector, more support is
needed from governmental institutions in terms of management and financing to allow for investments and
innovation in the field of CE and IS (Velasco-Mufloz, Mendoza et al. 2021). Since small- and medium-sized
companies do not have the financial means and human resources available, they are not able to apply for many
of the calls especially at a European level, since they require large consortia of stakeholders and voluminous
projects in terms of goals and research. Hence, more specific support is needed on a regional level directed at
SMEs that represent a majority of the dairy companies in Lombardy. Additionally, government and lawmakers

need to ensure that laws and regulations are encouraging the implementation of CE strategies and IS networks.

Lastly, a change in consumption behaviour is needed overall as consumers need to become familiar with the
necessity for by-product valorisation but also the severity of the impacts the dairy value chain is causing. In other
words, the consumption and application of agricultural by-products needs to be encouraged and supported,
while reducing the overall consumption of animal products due to their relatively large impact, as compared to

plant-based products.

5.8. General strategies to improve methodology

The methodology applied in the present study was to a large extent developed for the purpose of the study, for
which reason it can still be considered immature and in need of refinement. In the following chapter, the main

strategies for improving the introduced methodology are presented.

All steps of the study would benefit from more data, this relates in particular to additional case studies of cheese
producers as well as extended experimental activities. Furthermore, additional primary data should be collected
for the local milk production and from existing whey valorisation plants to improve the accuracy and robustness
of the presented results. For the potential application of the modelled valorisation approach in an Industrial
Symbiosis case study, additional stakeholders, such as lawmakers and other governmental bodies, should be
involved in order to provide the right environment for the implementation of projects and collaborations and to

help with the coordination and management of further IS projects.
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Technology needs to be utilised to the best possible extent to provide precise and accurate data and better data
collection protocols need to be developed for the companies to manage the data collection. These protocols
should be standardised to allow comparability throughout sectors, and they should be easy and quick to follow
since smaller companies, especially in the agricultural production, seldom have time to invest into activities not

strictly related to the production.

One approach to simplify the collection of quality data could be the establishment of automatic collection based
on modern sensors and computing power available. These sensors could also be used to collect local
environmental data that has not previously been considered in sustainability and circularity assessments, which

could provide new perspectives in environmental relevance of the production processes.

5.8.1. Data collection from companies

Collecting high quality data is an important premise for any analysis or assessment since the study results can
only ever be as detailed and meaningful as the data input. Especially with new circularity and sustainability
concepts as well as methodological approaches being developed quickly, it can become difficult to assemble the
right data, since it was not collected with the purpose of those assessments in mind. Hence, for developing a new
assessment approach, the most useful data needs to be identified and new means must be established to provide
this data, may it be by encouraging the companies to collect it, by providing technology to measure it or

protocols on how to assemble it.

The data available for the case study was not easily accessible since it had been stored in printed form in folders
at the company, which needed to be examined individually to retrieve all necessary data. For larger companies,
the data accessibility may be better since efficient accounting would depend on it. Yet, even for smaller
companies a digitalisation and standardisation of accounting would be helpful to improve data availability and
handling. Moreover, the extent of data collection should be increased to allow for the monitoring of more
indices and characteristics and thereby the efficiency and potential optimisation of the processes. Additionally,
employees from the sector should be provided with education possibilities to learn about new technologies and

scientific progress.

During the present study, most dairy producers showed little time and interest for cooperating extensively in any
of the assessment steps. This notion may be related to the previously discussed strong mindset towards
traditional production in Italy, which can prove problematic for researchers working on alternative waste
management and circular production practices. Tighter collaborations over longer periods of time may provide a

better foundation for trust and commitment and should be attempted.
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5.8.2. Experimental activities

The experimental activities performed in the frame of this study represent a simple case of valorisation with only
two main products: a protein- and a lactose-rich powder. This approach was chosen since the goal of the study
was to provide data to test the proposed LCA methodology and to provide a simple example of a circular by-
product valorisation approach. In order to investigate complex, real-life scenatrios, more information on the
individual case would be needed. In fact, much more complex scenarios are imaginable for real-life case studies,
such as the one prepared and presented for the proposed Industrial Symbiosis case study (Chapter 4.8). Overall,
the experiments were performed successfully, and all necessary data was collected. In order to increase the data
quality, the experiments should be duplicated, additional experiments performed with altered conditions, and
higher precision analyses applied. New conditions could include other membranes, a different order of filtration
steps, different sources of whey, and different machinery and equipment. This higher quality data could then be
used for optimisation efforts or to model more complex valorisation protocols. Furthermore, the chemical
analyses should be expanded to sugar, mineral, and vitamin content analyses, as well as a protein bioactivity and
biochemical quality analysis to better be able to provide the exact properties of the products. This kind of
information is useful for potential Industrial Symbiosis partners since they need to test and verify the product

quality before being able to agree on business collaborations.

Based on a functioning pilot plant, protocols should then be developed to allow a constant product quality and
to ensure efficient resource use such as, e.g., in the cleaning routine, since during the ultrafiltration process a

considerable amount of electricity consumption is associated to the cleaning process.

Last but not least, the approach could also be extended by including different agri-food sectors and additional

by-products to verify its accuracy and applicability in different contexts.

5.8.3. Survey and Interviews

The survey and the semi-structured interviews were performed on a voluntary basis and on a small population of
potential interviewees. For that reason, it can be assumed that in particular companies and individuals interested
in the interview topics, circular economy, and sustainability, participated in the activities. Hence, it can be
expected that the results would overexpress the positive attitudes towards the interview topics, while critical

voices may have gone unheard.

To improve the survey two main strategies can be taken. Firstly, a larger population of dairy producers should be
contacted to increase the number of answers and their robustness in representing the regional production sector.
Secondly, the questionnaire should be improved in terms of comprehensibility and length to increase its appeal

to the producers.
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Meanwhile, the semi-structured interviews should be extended by including more companies from different
industries for improving the robustness of the results. Additionally, it could be considered to prepate a simpler
questionnaire that could be sent to a large number of companies, including those that were not interested in
investing extensive amounts of time into interviews yet were curious about the topic of by-product valorisation
and its implications for their own production. Moreover, by-product valorisation approaches in different agri-
food value chains could be included to investigate the potential for a wider range of possible Industrial Symbiosis

networks.
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6. Conclusions

In the present study, four distinctive objectives are addressed in order to improve the sustainability and resource
efficiency of the Lombard dairy sector in the perspective of Circular Economy. Hereby, particular focus is laid
on the topic of by-product valorisation with experimental activities having been conducted for the valorisation of
whey, the main by-product of the dairy value chain. Meanwhile, different methodologies are proposed on how to
assess the sustainability and circularity of production, which were tested at a case study of a small-scale cheese

producer.

The Lombard agri-food sector is known for its intensive production, especially with regard to livestock rearing,
which leads to environmental implications such as high nitrate levels in underground water (Acutis, Alfieri et al.
2014). Moreover, the many interviews conducted throughout this work showed that the Italian agri-food sector
is to a large extent committed to traditional production approaches, as can be seen in the large amount of PDO
products (EUIPO 2022), which leads to a productive environment that inhibits innovation towards higher
valorisation, more resource efficiency and change of practices. In consequence, by-products are often exported
to other countries (CLAL 2022a) for valorisation which leads to loss of economic potential in Italy. Furthermore,
most of the local producers are small- to medium-sized which additionally limits their ability to implement
innovations or participate in projects for production improvement. Hence, to allow for advances in the sector it
is crucial to open up the traditional mindset by means of education, cooperation and financial incentives. Small-
and medium-scale producers as well as local projects should be supported, including other stakeholders such as

universities and governmental bodies.

The dairy sector was selected as the focus of this research despite having been of interest to science for many
decades and having seen many technological advances such as the membrane technologies applied in the present
work (Daufin, Escudier et al. 2001). Nonetheless, it is still one of the most impactful sectors of agri-food
production to this day and the results of this work demonstrated a clear potential for further improvement in
terms of environmental impacts, resource efficiency, circular production, and economic feasibility. Additionally,
the findings of the present work may be adapted to other agri-food value chains to promote the same
improvement potential based on by-product valorisation at high quality in a decentralised network. In particular,
the Italian and the Lombard agri-food sector would profit from this approach as it is designed for the context of

small-scale production, promoting more collaboration and innovation.

6.1. Sustainability and Circular Economy in the dairy sector and the chances for improvement

Both the literature analysis and the results of the present study showed that milk production is by far the most
impactful activity within the dairy value chain. Hence, much research has been directed at this step of the
production chain (Chapter 2.5) and new solutions to further decrease the impact need to be continuously

identified. From the literature reviewed in Chapter 2.5, it can be derived that, due to the variety of livestock
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management practices, there is a necessity to apply different mitigation strategies depending on the
circumstances of the production. Farms with intensive production may not be recommended to increase
intensity due to the already high levels and the associated impacts per area, increasing the pressure on the already
highly stressed environment in Lombardy. For these farms, it could be helpful to focus on waste recovery
practices, e.g., anaerobic digestion (Bacenetti, Bava et al. 2016), packaging recycling (Dalla Riva, Burek et al
2017a), to take advantage of the voluminous material streams. Traditional farms, on the other hand, may benefit
from certain increases in the productivity or fodder conversion rate at the animal level. Mitigation strategies
suitable for either type of farm could include improved feed management to reduce enteric fermentation,

economic incentives to increase sustainability, and related policy measures.

Apart from the mitigation strategies relating to milk production, when taking a wider perspective on the entire
dairy production chain, there are other approaches imaginable that would help to reduce its environmental
impacts. The most obvious approach is to encourage a change in the consumption behaviour towards fewer
animal products (Aiking 2011, de Boer and Aiking 2019) which would reduce the production volumes of dairy
products and thereby lower the total impacts created by the sector. However, even if consumption is reduced,
cheese is a popular food product around the world and can be expected to be consumed in the future, for which
reason reduced consumption cannot be the only option, but the production chain as a whole needs to improve

its sustainability.

One approach to increase sustainability that was investigated in the present study is the establishment of a
circular economy as opposed to the classic linear production strategy. In order to test the potential for increased
circular production, firstly a survey was conducted among dairy producers to test the level of application at the
moment. It revealed that circular practices are commonly applied, though they were mostly limited to three main
activities: solar energy production, wastewater treatment and by-product selling at low value. Hence, they were
confined to those activities that are easily appliable and supported by governmental decisions. Other practices

were comparably scarcely found.

During the literature analysis one promising approach was identified that could improve the currently observed
level of implementation of circular practices, i.e., by-product valorisation. Without valorisation, the amounts of
whey — the main by-product of the dairy value chain — available in Lombardy present an immense ecological
burden which needs to be dealt with, while valorising them gives the opportunity for sustainable intensification

and local economic development.

In order to test the hypothesis, a by-product valorisation scenario was modelled and adapted to the context of
the Lombard dairy sector, with focus on small- and medium-sized producers and high-quality products. The goal
was to create an alternative to the current practices that would offer benefits to the producers in financial and
environmental terms while offering opportunities for cooperation and networking. A decentralised by-product

valorisation approach was proposed and tested in an LCA by comparison to real-life base scenarios based on
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centralised or low-quality valorisation. Additionally, the economic feasibility of the model was investigated based

on expected material and energy expenses, product revenue, and investment costs.

The assessments revealed promising results for the benefit of by-product valorisation showing clear evidence of
relative reduction of impacts per unit of product and thereby a sustainable intensification. While there was no
obvious advantage seen for the decentralised over the centralised valorisation scenatio, high-quality valorisation
seemed essential for reaching both environmental improvements and economic feasibility. Hence, the decision
for which valorisation scenario is to be favoured will depend on the context of a given case study. Before
choosing either, the potential gains should be compated accounting not only for the environmental and
economic implications but also the expected increase of local cooperation and innovation in the case of the
decentralised scenario, as well as the flexibility of smaller production sites to adapt to the desires of fewer

customers.

Comparing the results of the LCA to the impacts of proteins from other animal- and plant-based sources
reported in literature, the whey-proteins valorised in the proposed model are produced with comparatively low
impacts in the categories of global warming potential and land use even with regard to plant-based competitors
while offering a significantly higher protein quality (Hoffman and Falvo 2004). Accounting for the impacts of
cheese and milk production in an allocation annuls these advantages, however it also reduces the impacts of the

main product cheese notably by as much as 20% when choosing a protein-content based allocation.

6.2. Presentation of a Potential Industrial Symbiosis

Based on the encouraging LCA and economic feasibility results, the potential for an implementation of the
proposed model in an Industrial Symbiosis case study was investigated. For that purpose, firstly the availability of
whey in the region was calculated based on the cheese production at small- to medium-scale producers. This was
compared to the annual import of valorised whey products, demonstrating that there is a significant potential to

increase the production in Lombardy.

These first investigations were followed by intensive, semi-structured interviews with companies in Lombardy
that could potentially receive valorised whey products and integrate them into their own high-quality production.
This included companies of the food, food supplement, cosmetics, nutraceutical, and pharmaceutical industties.
The interviewees confirmed the potential and their interest in an implementation of local by-product valorisation
and intensified collaboration among stakeholders to increase the circularity, sustainability, and traceability of
production. According to their impression, there is a growing demand for high-quality whey proteins at

increasing prices, which would provide optimal conditions for new projects and investments.

They also provided valuable input on how to improve the model for a more realistic application scenario.

According to this, very high-quality products such as pure proteins, e.g., lactoferrin and lactoperoxidase, are
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prioritised and their production maximised in order to meet the low volume, high quality demands of the
cosmetics, nutraceutical, and pharmaceutical industries. The remaining bulk of the whey matrix is then valorised
for high quality products such as whey protein concentrates for the food and food supplements industry. That
way, the whey by-production could be valorised to a maximum of economic value. Moreover, the protein
valorisation should be prioritised over lactose since it is lower in value and the market more competitive due to
the abundance of the material. Nonetheless, in a small- to medium-scale valorisation approach the lactose
valorisation could become feasible if lactose is further valorised to prebiotic compounds such as lactulose or

galactooligosaccharides.

All in all, the interviewed companies were interested in spin-off activities related to the proposed decentralised
valorisation model in form of a pilot scale plant that could provide product samples and more detailed data on

the process and eventual investments.

6.3. Meaningfulness to the Region of Lombardy and ENEA

The main research partners and commissioners of the project were the region of Lombardy and ENEA (Italian
National Agency for New Technologies, Energy and Sustainable Economic Development). The results and
conclusions derived from the research are intended to help the region of Lombardy to better understand the
requirements as well as potential strategies to reach a circular and sustainable production in the regional agti-food
sector. The presented assessment methods should be seen as a starting point and should be further refined in
order to have powerful tools at hand that can help supervising a development towards better resource efficiency
and lower environmental impacts in the sector. Furthermore, the results showed the need for developing better
data collection protocols to be able to obtain meaningful and detailed data of the different production steps that
can lead to more educated and more appropriate decisions in the future. One of the most important aspects of
implementing more sustainable and circular production practices in the region however, in which governmental
bodies and representatives will play a substantial role, is the provision of financial support for small- and
medium-sized enterprises to engage in research projects and to participate in innovative production efforts.
Morteover, laws and regulations need to be adapted to encourage collaboration and innovation and in particular

by-product valorisation.

6.4. Outlook

The presented research focused on developing new assessment methods as well as circular production
approaches, which were tested and verified based on experimental data and a single case study. For this reason,

several points occur that are vital in order to continue the research and expand the findings.
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Firstly, more case studies are needed to verify the methodology and findings in different contexts of the dairy
production chain. This includes other cheese producers of different sizes, but also the milk production in the
region as well as the production of whey and other dairy by-products in real-life scenarios. Additionally, more
advanced valorisation methods should be tested in experiments to model a more complex valorisation scenario,
which should eventually be applied in a pilot scale Industrial Symbiosis to verify its suitability in a real-life

application.

Meanwhile, the developed assessment methodology should be tested at different agri-food value chains to verify
its suitability for the agti-food production and to further refine its application. In this context, more indices
should be added to the circularity assessment method, which account for important aspects of sustainable and
circular agricultural production at farm level, such as the provision of ecosystem services and the recirculation of

organic waste into production.
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8. Work output

Some of the results presented in this study were presented at conferences and published in conference

proceedings, in particular with regard to objective one and three:

Mehner E., Fantin V., Pizzichini D., Vergalli S. and Vaccari M. The Lombard Dairy Industry in the
Perspective of Circular Economy: Degree of Application and Improvement Potentials. In: 17th

International Conference on Environmental Science and Technology, September 2021, Athens.

doi.org/10.30955/gnc2021.00215

Mehner E., Fantin V., Pizzichini D. and Vaccari M. Life cycle assessment of a decentralised approach
to dairy by-product valorisation: opportunities for sustainable intensification and circularity. In:
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Supplement A — Survey

Table 83 Companies contacted for the survey, their location, main product, produ®@6) pfidesigihatee origin (

and whether or not they answered to the survey.

Cooperative ~ Province = Main product PDO  Size Answer
1 Bergamo Grana Padano PDO  Large Yes
2 Bergamo Taleggio PDO  Medium No
3 Bergamo Formaggi di Montagna Small No
4 Brescia Formaggi di Montagna Medium No
5 Brescia Grana Padano PDO  Large Yes
6 Brescia Formaggi di Montagna Small Yes
7 Brescia Silter PDO  Medium Yes
8 Brescia Grana Padano PDO  Large Yes
9 Cremona Grana Padano PDO  Medium No
10 Cremona Grana Padano PDO  Large Yes
11 Cremona Grana Padano PDO  VerylLarge  No
12 Cremona Grana Padano PDO  Large No
13 Cremona Grana Padano PDO  VeryLarge  Yes
14 Milano Grana Padano PDO  VeryLarge  Yes
15 Mantua Parmigiano Reggiano PDO  Medium No
16 Mantua Parmigiano Reggiano PDO  Medium No
17 Mantua Grana Padano PDO  Large Yes
18 Mantua Parmigiano Reggiano PDO  Medium No
19 Mantua Grana Padano PDO  Medium No
20 Mantua Parmigiano Reggiano PDO  Medium Yes
21 Mantua Grana Padano PDO  Medium Yes
22 Mantua Grana Padano PDO  Medium No
23 Mantua Grana Padano PDO  Medium No
24 Mantua Parmigiano Reggiano PDO  Medium No
25 Mantua Parmigiano Reggiano PDO  Medium Yes
26 Mantua Grana Padano PDO  Medium Yes
27 Mantua Parmigiano Reggiano PDO  Medium No
28 Mantua Grana Padano PDO  Medium Yes
29 Mantua Parmigiano Reggiano PDO  Medium No
30 Mantua Grana Padano PDO  Medium No
31 Mantua Grana Padano PDO  Medium No
32 Mantua Grana Padano PDO  Medium Yes
33 Mantua Parmigiano Reggiano PDO  Medium No
34 Mantua Parmigiano Reggiano PDO  Medium No
35 Mantua Grana Padano PDO  Medium No
36 Mantua Grana Padano PDO  Large No
37 Mantua Grana Padano PDO  Medium No
38 Mantua Grana Padano PDO  Large Yes
39 Mantua Grana Padano PDO  Medium Yes
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40 Mantua
41 Mantua
42 Mantua
43 Mantua
44 Mantua
45 Mantua
46 Sondrio
47 Sondrio
48 Sondrio

Grana Padano PDO  Very Large Yes
Parmigiano Reggiano PDO  Medium Yes
Parmigiano Reggiano PDO  Medium Yes
Grana Padano PDO  Medium No
Parmigiano Reggiano PDO  Medium Yes
Parmigiano Reggiano PDO  Medium No
Casera PDO  Medium No
Casera PDO  Small No
Casera PDO  Large No

Table 84 Sections and questions of the survey.

Section one

Energy from fossil resources

Annual consumption of liquid fossil fuels (benzine, diesel, etc)

% of annual production costs due to liquid fossil fuels

Annual consumption of gaseous fossil fuels (methane, propane, etc)

% of annual production costs due to gaseous fossil fuels

Energy from renewable

resources

Photovoltaic, wind, biogas, none, other (specify)

% of annual production costs due to production of renewable energy

Savings due to renewable energy (euro)

Savings due to renewable energy (amount of energy)

The cooperative has environmental goals, yes or no?

Energetic efficiency

Which solutions have been adapted in which area of production?

Savings due to energy efficiency measures (euro)

Savings due to energy efficiency measures (amount of energy)

Water

Annual consumption

% of annual production costs due to water consumption

Interventions to save water

Savings generated (euro)

Savings generated (amount)

Detergent products and

instruments

% of annual production costs due to detergents

Milk from non-members

% of annual production costs due to milk bought from non-members

Various ingredients (lactic

bacteria, enzymes, etc)

% of annual production costs due to other various ingredients

Packaging materials

% of annual production costs due to packaging materials

Are sustainable eco-materials used?

Does the cooperative have employees, how many?

Other relevant inputs or expenses, which?

Section two

Milk from members

Annual amount

Biomass (also from members)

Annual amount

Specify type (e.g., slurry, clippings and prunings, etc.)

Other inputs from members, yes or no?
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By-product whey

Annual production

Is the whey concentrated or pulverised, yes or no?

Use of whey (intended application after selling)

By-product cream

Annual production

Use of cream (intended application after selling)

Other by-products

Specify type

Annual production

Type of use and/or waste treatment

Production scraps

Specify type

Annual production

Type of use and/or waste treatment

Wastewater Annual production
Are there purifiers and a wastewater treatment
Waste Specify type

Annual production

Type of use and/or waste treatment

Section three

Current and future projects

Are there activities for whey valorisation?

Comments on whey valorisation

Are there activities for improving the wastewater treatment?

Comments on wastewater treatment

Are there activities to improve energy efficiency?

Comments on energy efficiency

Are there activities for the production of renewable energy?

Comments on renewable energy

Are there activities to develop systems to produce and use energy between

members and the cooperative?

Comments on shared energy activities

Are there activities for improving the treatment and recycling of solid wastes?

Atre there activities to develop sustainable packaging systems or products with

eco-friendly packaging?

Comments on wastes and packaging

Atre there activities to develop and implement services by the cooperative for the

members?

Other comments
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Supplement B — Circularity Assessment
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Figure Br: Visualisation of the normalised envinolicatmtal 100% representsyibarthrezage for each of the
indicators.
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Supplement C — Laboratory Experiments and Scenario Data
C1. Laboratory-scale experiments

Table 85 Mass and volume balance of the experimental process. Potential products are marked in green, losse
column shows the amount of solids normalised to the solid content of the whole wheyhaipalignise drtassemonstr

balance in a continuous process without sampling. 10 kDa UF trial.

Process Description S% Volume Solids Norm. Solids
ml g g
Whole whey 8.66% 5100 442 442
Centrifugation Skimmed whey 7.23% 4500 325 325
Solids 116 116
Skimmed whey 7.23% 2000 145 325
UF 10 kDa CUF 10.32% 411 42 95
PUF 4.07% 1500 61 137
Loss 41 93
PUF 4.07% 1314 54 137
NF 200 Da CNF 7.67% 519 40 102
PNF 0.49% 878 4 11
Loss 9 24

Table 86 Mass and volbalance of the experimental process. Potential products are marked in green, losses in’
column shows the amount of solids normalised to the solid content of the whole whey initiallglusadso demonstr

balance in a consnurmeess without sampling. 5 kDa UF trial.

Process Description S% Volume Solids Norm. Solids
ml g g
Whole whey 8.66% 4600 400 400
Centrifugation Skimmed whey 7.33% 4460 328 328
Solids 83 83
Skimmed whey 7.33% 2165 163 328
UF 5 kDa CUF 11.53% 410 50 101
PUF 4.71% 1643 78 157
Loss 35 70
PUF 4.71% 1535 73 157
NF 200 Da CNF 9.40% 480 47 102
PNF 0.94% 1027 10 21
Loss 16 34
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Table 87: Mass and volume balance of the experinRoiait@abpeestucts are marked in green, losses in red. The la

column shows the amount of solids normalised to the solid content of the whole whey initiallglusadso demonstr

balance in a continuous process without samplingab0 kDa UF

Process Description S% Volume Solids Norm. Solids
ml g 9
Whole whey 8.66% 4600 400 400
Centrifugation Skimmed whey 7.33% 4460 328 328
Solids 83 83
Skimmed whey 7.33% 2105 159 328
UF 50 kDa CUF 11.72% 515 64 133
PUF 4.93% 1500 76 157
Loss 90 19 39
PUF 4.93% 1405 71 157
NF 200 Da CNF 8.05% 503 43 95
PNF 1.03% 817 9 19
Loss 20 44

Table 88 Vitamin B content as total solids related to the amount of solids detesémdple the whole whey

% Of total solids of vitamin B2 B3 B5 B6 B7

Whole whey 100% 100% 100% 100% 100%
Skimmed whey 53% 61% 65% 45% 59%
UF concentrate 33% 17% 16% 13% 17%
UF permeate 20% 38% 33% 32% 33%

NF concentrate

NF permeate

27%
6%

27%
3%

31%
3%

19%
2%

27%
0%

C2. Pilot-scale experiments

Table 89 Mass flow of theguble fractionation experiment adjusted (for the relevant flows) to the production of w

concentrates with up to 80% protein content due tliratiditistepiafi

Process Fraction Total protein  Total sugar Water Energy use  NaOH

step content [g] content [kg] use [L] [kWh] use [kg]
Whole whey 2520 11.3

Skimming  Skimmed whey 2390 11.2
Loss 127 0.18 60 4.1 0.6
Skimmed whey 2390 11.2

UF Water 0 0

PES CUF/DE2 2000 0.38

4 kDa PUF 100 8.98
PUF/DF 30.3 1.07 465 21.6 1
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PUF/DF2 n.A. 0.72

Loss 262 0.03
PUF +
NF PUF/DF2 130 10.76
PMA CNF 66.1 9.14
150 Da PNF 23.2 0
Loss 40.8 1.61 255 7.9 0

Table @0 Energy consumption in thegfglaipray drying experiment.

Sample volume [ml] 250
Sample mass [g] 261
Sample solid content [%o] 12.26
Energy consumption [kwh] 0903
Energy consumption [kwh/kgeu] 35+ 1.0

After consulting with experts in the field of industrial spray drying, the energy consumption during the
experimental trial was deemed too high. Hence, an adjusted energy consumption according to the expert
recommendation was applied. For the case of a small-size valorisation plant of 10 tons of whey per day, a spray
dryer with an energy consumption of 120 kW /100 kg/h was assumed, while for the medium-size valorisation
plant of 30 tons per day, a consumption of 100 kW /100 kg/h was assumed. The mass is hereby representing the
volume evaporated. These assumptions lead to the following energy consumptions for the different fractions and

scenarios, of which the last one was used for the LCA of the decentralised valorisation scenario.

TableC41: Energy consumption due to spray drying calculated for the different variations of the decentralised va

50% WPC scenario 80% WPC scenario
Small-size Medium-size Small-size Medium-size
valorisation valorisation valorisation valorisation
1.086 0.905 1.129 0.941  kWh/kg CUF
0.958 0.799 0.925 0.771  kWh/kg CNF

C3. Energy Consumption of Whey Cooling

The enetgy tequired for cooling whey after cheese making to reach 4°C was calculated with the following steps
after consultancy with experts in cooling machinery. The heat capacity of whey was assumed to be similar to milk
with ¢ = 3940 J/(kg*K) (Hu, 2009). The temperature at which the cooling process starts was assumed to be as
high as possible to give a consetvative estimation, with a statting temperature of 70°C and hence a temperature

difference of 66 K. Cooling efficiency for modern machinery is at circa 2.5, according to the expert interviewed.
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Supplement D — Life Cycle Assessment

D1. Life Cycle Inventory background processes

Table B2 The detailed background processes selected for the valorisation models

Material flow identified

Background process

Unadjusted raw milk

Cow milk {RoW} | milk production, from cow

Tap water

Tap watet {Europe without Switzetland} | tap water production, underground watet without

treatment

Calcium chloride in solution

Calcium chloride {RER} | market for calcium chloride

Vegetable oil Rape oil, ctude {CH} | matket for
Sea salt Salt {GLOY} | salt production from seawater, evaporation pond
Salt Salt {GLO} | market for salt

Citric acid

Citric acid {GLO} | matket for

Sodium hydroxide in solution

(cleaning agent)

Sodium hydroxide, without watet, in 50% solution state {GLO} | market for

Nitric acid in solution (cleaning

agent)

Nitric acid, without watet, in 50% solution state {RER w/o RU} | matket for nitric acid,

without water, in 50% solution state

Sodium hypochlorite in solution

(cleaning agent)

Sodium hypochlotite, without water, in 15% solution state {RER} | market for sodium

hypochlorite, without water, in 15% solution state

Paper packaging

Paper sack {RER} | market for paper sack

Plastic packaging

Packaging film, low density polyethylene {GLO} | market for

Road transport ingredients

Transport, freight, lorty, unspecified {RER} | transport, freight, lorty, all sizes, EURO4 to

generic market for

Road transport with cooling

Transport, freight, lorry with refrigeration machine, 7.5-16 ton, EURO4, R134a refrigerant,
cooling {GLO} | market for

Dairy plant Dairy plant

AdBlue Urea {RER} | market for urea

AdBlue Watet, deionised {Europe without Switzerland} | market for water, deionised
Electricity bought Electricity, low voltage {IT} | market for

Solar energy production

Electricity, low voltage {IT}| electricity production, photovoltaic, 3kWp slanted-roof

installation, multi-Si, panel, mounted

Liquified petroleum gas for heat

Heat, district or industrial, other than natural gas {RoW}| heat production, propane, at

industrial furnace >100kW

Diesel used in machinery

Diesel, burned in building machine {GLO} | market for

Paper waste

Waste packaging paper {I'T}| market for waste packaging paper

Plastic waste

Waste plastic, mixture {IT} | market for waste plastic, mixture

Undifferentiated waste

Municipal solid waste {IT}| treatment of, incineration

Sludge

Sewage sludge {CH} | treatment of by anaerobic digestion

Wastewater

Wastewater, average {Europe without Switzetland} | market for wastewater, average

Wastewater after nanofiltration

Wastewatert, unpolluted {RoW} | market for wastewater, unpolluted
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D2. Valorisation Scenario Impacts for all Alternative Scenarios

Table B3 Potential impacts @kte@rralised scenario for all impact categories with reference to the three functiona

Impact category Unit Per kg proteins Perkg dm  Per € value chain
Fine particulate matter formation kg PM2.5 eq 8.2E-02 2.4E-02 3.5E-03
Fossil resource scarcity kg oil eq 5.8E+00 1.8E+00 2.6E-01
Freshwater ecotoxicity kg 1,4-DCB 1.6E+00 4.9E-01 7.1E-02
Freshwater eutrophication kg P eq 1.6E-02 4.6E-03 6.8E-04
Global warming kg CO2 eq 5.8E+01 1.7E+01 2.5E+00
Human carcinogenic toxicity kg 1,4-DCB 1.7E4+00 5.1E-01 7.5E-02
Human non-carcinogenic toxicity kg 1,4-DCB 2.2E+01 6.6E+00 9.6E-01
lonizing radiation kBq Co-60 eq 1.3E+00 4.2E-01 6.1E-02
Land use m2a crop eq 2.6E+02 7.5E+01 1.1E+01
Marine ecotoxicity kg 1,4-DCB 2.0E+00 6.1E-01 8.9E-02
Marine eutrophication kg N eq 5.6E-02 1.6E-02 2.4E-03
Mineral resource scarcity kg Cu eq 1.2E-01 3.6E-02 5.3E-03
Ozone formation, Human health kg NOx eq 9.8E-02 2.9E-02 4.2E-03
Ozone formation, Terrestrial ecosystems kg NOx eq 1.0E-01 3.0E-02 4.3E-03
Stratospheric ozone depletion kg CFC11 eq 3.2E-04 9.3E-05 1.4E-05
Terrestrial acidification kg SO2 eq 3.8E-01 1.1E-01 1.6E-02
Terrestrial ecotoxicity kg 1,4-DCB 1.2E+02 3.6E+01 5.2E+00
Water consumption m3 1.4E+00 4.1E-01 5.9E-02

Table B4 Potential impacts eéthelised scenario for all impact categories with reference to the three functional u

Impact category Unit Per kg proteins Perkg dm  Per € value chain
Fine particulate matter formation kg PM2.5 eq 7.8E-02 2.4E-02 3.6E-03
Fossil resource scarcity kg oil eq 5.6E+00 1.7E+00 2.6E-01
Freshwater ecotoxicity kg 1,4-DCB 1.5E+00 4.5E-01 6.7E-02
Freshwater eutrophication kg P eq 1.5E-02 4.6E-03 6.8E-04
Global warming kg CO2 eq 5.6E+01 1.7E+01 2.6E+00
Human carcinogenic toxicity kg 1,4-DCB 1.6E+00 5.1E-01 7.5E-02
Human non-carcinogenic toxicity kg 1,4-DCB 2.1E+01 6.4E+00 9.4E-01
Ionizing radiation kBq Co-60 eq 1.2E+00 3.7E-01 5.5E-02
Land use m2a crop eq 2.5E+02 7.7E+01 1.1E+01
Marine ecotoxicity kg 1,4-DCB 1.8E+00 5.6E-01 8.3E-02
Marine eutrophication kg N eq 5.3E-02 1.7E-02 2.5E-03
Mineral resource scarcity kg Cu eq 1.2E-01 3.6E-02 5.3E-03
Ozone formation, Human health kg NOx eq 9.5E-02 2.9E-02 4.4E-03
Ozone formation, Terrestrial ecosystems kg NOx eq 9.7E-02 3.0E-02 4.5E-03
Stratospheric ozone depletion kg CFC11 eq 3.1E-04 9.6E-05 1.4E-05
Terrestrial acidification kg SO2 eq 3.6E-01 1.1E-01 1.7E-02
Terrestrial ecotoxicity kg 1,4-DCB 1.2E+02 3.6E+01 5.4E+00
Water consumption m3 1.3E+00 4.0E-01 5.9E-02
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Table BS Potential impacts effibepowder scenario for all impact categories with reference to the three functiona

Impact category Unit Per kg proteins Perkg dm  Per € value chain
Fine particulate matter formation kg PM2.5 eq 7.9E-02 2.3E-02 3.8E-03
Fossil resource scarcity kg oil eq 5.7E+00 1.7E4+00 2.8E-01
Freshwater ecotoxicity kg 1,4-DCB 1.5E+00 4.4E-01 7.2E-02
Freshwater eutrophication kg P eq 1.5E-02 4.4E-03 7.2E-04
Global warming kg CO2 eq 5.6E+01 1.7E+01 2.7E4+00
Human carcinogenic toxicity kg 1,4-DCB 1.6E+00 4.8E-01 7.9E-02
Human non-carcinogenic toxicity kg 1,4-DCB 2.1E+01 6.1E+00 1.0E+00
Ionizing radiation kBq Co-60 eq 1.2E+00 3.6E-01 6.0E-02
Land use m2a crop eq 2.5E+02 7.3E+01 1.2E+01
Marine ecotoxicity kg 1,4-DCB 1.9E+00 5.4E-01 9.0E-02
Matine eutrophication kg N eq 5.3E-02 1.6E-02 2.6E-03
Mineral resource scarcity kg Cu eq 1.2E-01 3.4E-02 5.6E-03
Ozone formation, Human health kg NOx eq 9.5E-02 2.8E-02 4.6E-03
Ozone formation, Terrestrial ecosystems kg NOx eq 9.7E-02 2.9E-02 4.7E-03
Stratospheric ozone depletion kg CFC11 eq 3.1E-04 9.1E-05 1.5E-05
Terrestrial acidification kg SO2 eq 3.6E-01 1.1E-01 1.8E-02
Terrestrial ecotoxicity kg 1,4-DCB 1.2E+02 3.4E+01 5.7E+00
Water consumption m3 1.3E+00 3.8E-01 6.3E-02
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D3. Sensitivity to the Exclusion of Lactose from the Products (DM)
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Figure RO Sensitivity analysis of the consideration of lactose as a valofisedigratuaitfof KgeDM. For the
centralised and decentralised valorisation scenarios the results are present for when lactoseTibeomsidered al

valorisation scenario was given as reference.

Monte Carlo uncertainty analyses showed that the benefit of by-product valorisation remains for both scenarios

even when lactose is not considered as a valorised product.
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D4. Sensitivity to Lactose Prices
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presented as a reference.

Monte Catlo uncertainty analyses revealed that for many impact categories, the advantage of the decentralised
over the centralised scenario remains even when the lactose selling price is lifted for the centralised scenatio.
Exceptions are the Freshwater Eutrophication Potential, the Human Carcinogenic Toxicity, the Mineral

Resource Scarcity and the Water Consumption.
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D5. Sensitivity to Prices of By-products
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the price @ywas tested for the decentralis§dbsmmadqorice range in recérieyearsjlorisation scemsario wa

provided as a reference.

Monte Catlo uncertainty analyses revealed that a higher selling price did not affect the performance of the
decentralised scenario over the no valorisation scenario, while a lower selling price diminished the benefits of the

valorisation within the Human Carcinogenic Toxicity and the Terrestrial Ecotoxicity.

154



D6. Sensitivity to the Efficiency Increase in the Centralised Scenario
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Figure B3 Sensitivity analysis of the increased effieistialisedtivalorisation scenario that had been assumed at

based on laboratory experiments and expert interviews. Efficiency increases of 10% and 30% \itizdle tested ad

estimation. Results are presented for the functjopaiteinitasidkrelated to the no valorisation and the decentr:

scenarios.

Monte Carlo uncertainty analyses revealed that the better performance of the centralised scenario over the
decentralised scenario in relation to the functional unit of kg protein was not affected by a lowered efficiency in
the centralised scenario. For the functional units of kg DM and € value a clear superiority of either scenario is
not given, and these results remained the same after the increase or decrease of efficiency in the centralised

scenario with three categories changing preference for kg DM and three for € production chain value.
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D7. Comparison of Italian Literature LCAs on Milk Production with Ecoinvent process

Table B6 Comparison between the impacts of Italian milk production presented in literature and the backgroun
in the Ecoinvent database.

ILCD 2011 Midpoint CV of literature studies  Difference to background process
Global warming 8% <10%
Stratospheric ozone depletion 68% <50%
Tonizing radiation <500%
Ozone formation, Human health 44% <10%
Fine particulate matter formation 30% <10%
Terrestrial acidification 26% <50%
Freshwater eutrophication 20% <500%
Marine eutrophication 15% <50%
Freshwater ecotoxicity 66% <500%
Human carcinogenic toxicity <500%
Human non-carcinogenic toxicity <100%
Land use 80% <500%
Mineral resource scarcity 27% <500%
Water consumption <100%
Tonizing radiation E (interim) <50%
Terrestrial eutrophication 16% <50%

Cumulative energy demand

Cumulative energy use (non-renewable fossil) 7% <100%

Comparison of literature data (Battini, Agostini et al. 2014, Baldini, Bava et al. 2018, Bava, Bacenetti et al. 2018,
Famiglietti, Guerci et al. 2019, Lovarelli, Bava et al. 2019, Gislon, Ferrero et al. 2020) with the background
process provided by Ecoinvent. Due to confidentiality reasons of the process data provided by Ecoinvent, only
the percentages are given for comparison. The first column shows the variation (standard deviation) among the
studies’ results (no value means only one study presented this category) for the two impact assessment methods
ILCD 2011 Midpoint (now considered outdated) and Cumulative Energy Demand. The second column shows
the difference between the study averages and the Ecoinvent background process for the same assessment
methods (again abstracted for confidentiality reasons giving only <10%, <50%, <100% and <500% as
references). It can be seen that the maximum difference is smaller than a factor of 5 indicating that the resulting
impact values are within the same range/magnitude. For many of the categories with larger differences only one
reference study was available. For other categories the differences between the studies are greater than the

studies’ average to the background process.
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D8. By-product Valorisation Index, Alternative Impact Categories

Table B7: Byproduct valorisation indices calculated for three valorisation scenarios and the base scenario of the

without selling of whey based on the LCA inventory.

Whey Case study no
Description Unit Decentralised Centralised Case study
powder valorisation
m?2a crop eq/kg DM 75 77 73 107 120
Land use m?2a crop eq/kg protein 260 249 249 311 311
m?2a crop eq/ € value chain 11 11 12 13 13
kg N eq/kg DM 0.0162 0.0166 0.0157 0.0229 0.0256
Marine
kg N eq/kg protein 0.0558 0.0533 0.0533 0.0666 0.0666
eutrophication )
kg N eq/€ value chain 0.0024 0.0025 0.0026 0.0027 0.0028
kg P eq/kg DM 0.00463 0.00462 0.00439 0.00609 0.00680
Freshwater
kg P eq/kg protein 0.0156 0.0149 0.0149 0.0177 0.0177
eutrophication )
kg P eq/€ value chain 0.00068 0.00068 0.00072 0.00072 0.00075
kg SO2 eq/kg DM 0.111 0.112 0.107 0.152 0.170
Terrestrial
kg SO2 eq/kg protein 0.377 0.361 0.362 0.442 0.442
acidification
kg SO2 eq/€ value chain 0.016 0.017 0.018 0.018 0.019
kg CO2 eq/kg DM 17 17 17 23 26
Global warming kg CO2 eq/kg protein 58 56 56 67 67
kg CO2 eq/€ value chain 2.5 2.6 2.7 2.7 2.8
impact unit/kg DM 0.123 0.121 0.115 0.154 0.172
Weighted impact
impact unit/kg protein 0.409 0.389 0.391 0.448 0.448
(ReCiPe 2016)
impact unit/€ value chain 0.018 0.018 0.019 0.018 0.019

157



D9. Impact of Cheese and Whey for Different Allocation Scenarios

Table B8 Impact of the cheese produciiwodarad glorisation jpeotein for two different allocation scenarios,
considering cheese and whey protein concentrates as independent products.

80% cheese, 20% whey

100% cheese allocation  allocation

All protein Proteinin  Proteinin Proteinin  Protein in
Impact category Unit output cheese whey cheese whey
Global warming kg CO2 eq 5.8E+01 6.7E+01 1.5E+01 5.3E+01 8.4E+01
Stratospheric ozone depletion kg CFC11 eq 3.2E-04 3.8E-04 1.1E-05 3.1E-04 4.1E-04
Tonizing radiation kBq Co-60 eq 1.3E+00 1.2E+00 1.9E+00 9.4E-01 3.1E+00
Ozone formation, Human health kg NOx eq 9.8E-02 1.1E-01 2.8E-02 9.0E-02 1.4E-01
Fine particulate matter formation kg PM2.5 eq 8.2E-02 9.4E-02 1.9E-02 7.5E-02 1.2E-01
Ozone formation, Terrestrial ecosystems kg NOx eq 1.0E-01 1.1E-01 2.9E-02 9.2E-02 1.5E-01
Terrestrial acidification kg SO2 eq 3.8E-01 4.4E-01 5.3E-02 3.5E-01 5.1E-01
Freshwater eutrophication kg P eq 1.6E-02 1.8E-02 5.2E-03 1.4E-02 2.3E-02
Marine eutrophication kg N eq 5.6E-02 6.7E-02 1.5E-03 5.3E-02 7.0E-02
Terrestrial ecotoxicity kg 1,4-DCB 1.2E+02 1.3E+02 6.3E+01 1.0E+02 2.0E+02
Freshwater ecotoxicity kg 1,4-DCB 1.6E+00 1.6E+00 1.6E+00 1.3E+00 3.2E+00
Marine ecotoxicity kg 1,4-DCB 2.0E+00 2.0E+00 2.0E+00 1.6E+00 4.0E+00
Human carcinogenic toxicity kg 1,4-DCB 1.7E+00 1.9E+00 7.6E-01 1.5E+00 2.7E+00
Human non-carcinogenic toxicity kg 1,4-DCB 2.2E+01 2.3E+01 1.5E+01 1.9E+01 3.8E+01
Land use m2a crop eq 2.6E+02 3.1E+02 4.6E-01 2.5E+02 3.2E+02
Mineral resource scarcity kg Cu eq 1.2E-01 1.4E-01 4.3E-02 1.1E-01 1.8E-01
Fossil resource scarcity kg oil eq 5.8E+00 6.0E+00 4.6E+00 4.8E+00 1.1E+01
Water consumption m3 1.4E+00 1.6E+00 3.6E-01 1.3E+00 2.0E+00
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D10. Impact of Cheese and Whey for Different Allocation Scenarios with all Electricity from Solar Panels

Table B9 Impact of the cheese produciiwacarad glorisation per kg protein for two diffeseahatiosation
considering cheese and whey protein concentrates as independent products and with all electicityrcoming fron

80% cheese, 20% whey

100% cheese allocation  allocation

All protein Proteinin  Proteinin Proteinin  Protein in
Impact category Unit output cheese whey cheese whey
Global warming kg CO2 eq 5.5E+01 6.6E+01 4.1E+00 5.2E+01 7.2E+01
Stratospheric ozone depletion kg CFC11 eq 3.2E-04 3.8E-04 2.8E-06 3.1E-04 4.0E-04
Tonizing radiation kBq Co-60 eq 9.1E-01 1.0E+00 3.5E-01 8.2E-01 1.4E+00
Ozone formation, Human health kg NOx eq 9.4E-02 1.1E-01 1.1E-02 8.8E-02 1.3E-01
Fine particulate matter formation kg PM2.5 eq 8.0E-02 9.3E-02 1.0E-02 7.5E-02 1.1E-01
Ozone formation, Terrestrial ecosystems kg NOx eq 9.6E-02 1.1E-01 1.2E-02 9.0E-02 1.3E-01
Terrestrial acidification kg SO2 eq 3.7E-01 4.4E-01 2.2B-02 3.5E-01 4.7E-01
Freshwater eutrophication kg P eq 1.5E-02 1.8E-02 3.5E-03 1.4E-02 2.2E-02
Marine eutrophication kg N eq 5.6E-02 6.7E-02 1.4E-03 5.3E-02 7.0E-02
Terrestrial ecotoxicity kg 1,4-DCB 1.3E+02 1.3E+02 1.1E+02 1.1E+02 2.5E+02
Freshwater ecotoxicity kg 1,4-DCB 1.6E+00 1.6E+00 1.5E+00 1.2E+00 3.2E+00
Marine ecotoxicity kg 1,4-DCB 2.0E+00 2.0E+00 2.0E+00 1.6E+00 4.0E+00
Human carcinogenic toxicity kg 1,4-DCB 1.7E+00 1.9E+00 6.0E-01 1.5E+00 2.5E+00
Human non-carcinogenic toxicity kg 1,4-DCB 2.2E+01 2.3E+01 1.5E+01 1.9E+01 3.9E+01
Land use m2a crop eq 2.6E+02 3.1E+02 1.4E-01 2.5E+02 3.2E+02
Mineral resource scarcity kg Cu eq 1.3E-01 1.4E-01 5.9E-02 1.1E-01 2.0E-01
Fossil resource scarcity kg oil eq 4.9E+00 5.7E+00 1.0E+00 4.6E+00 6.9E+00
Water consumption m3 1.3E+00 1.6E+00 2.0E-01 1.2E+00 1.8E+00

Tablé50 Combination of the results presented andiddlkes percentage of impact remaining with electricity from s
production as compared to the case study.

80% cheese, 20% whey

100% cheese allocation  allocation

All protein Proteinin Proteinin Proteinin Protein in
Impact category Unit output cheese whey cheese whey
Global warming kg CO2 eq 95% 98% 26% 98% 85%
Stratospheric ozone depletion kg CFC11 eq 99% 100% 26% 100% 98%
Tonizing radiation kBq Co-60 eq 71% 88% 18% 88% 45%
Ozone formation, Human health kg NOx eq 96% 99% 40% 99% 87%
Fine particulate matter formation kg PM2.5 eq 97% 99% 52% 99% 91%
Ozone formation, Terrestrial ecosystems kg NOx eq 96% 99% 41% 99% 87%
Terrestrial acidification kg SO2 eq 98% 99% 41% 99% 93%
Freshwater eutrophication kg P eq 97% 99% 66% 99% 92%
Marine eutrophication kg N eq 100% 100% 95% 100% 100%
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Terrestrial ecotoxicity
Freshwater ecotoxicity

Marine ecotoxicity

Human carcinogenic toxicity
Human non-carcinogenic toxicity
Land use

Mineral resource scarcity

Fossil resource scarcity

Water consumption

kg 1,4-DCB
kg 1,4-DCB
kg 1,4-DCB
kg 1,4-DCB
kg 1,4-DCB
m2a crop eq
kg Cu eq

kg oil eq

m3

110%
99%
100%
98%
101%
100%
103%
85%

97%

104%
100%
100%

99%
100%
100%
101%

95%

99%

179%
98%
100%
79%
106%
32%
139%
23%

54%

104%
100%
100%
99%
100%
100%
101%
95%
99%

128%
99%
100%
93%
102%
100%
110%
64%
91%
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Supplement E — Industrial Symbiosis

E1. Interviewees’ responses

Interview 1 - Food supplement company

Uses whey proteins as food supplements for elderly and athletes

Working with mostly 80% WPC powder

Generally interested in low lactose contents

3 tons of protein products per month (30 tons pure protein per year)

Purchasing WPC 80 at 12-14 €/kg and WPC 60 at 3-4 €/kg

Demand growing quicker than production

Importing mostly from Poland

Prices have been increasing a lot recently, hence the profitability should become higher

Since the products are used for human consumption just as the main product cheese, no
particular legislative problem; expects them for other applications

Potential hurdles are the investment costs and the electricity prices

Sustainability personally important, though in general not the main reason for interest (which is
the economic one + the independence from foreign producers)

Sustainability communicated with the direct clients

Traceability, such as the km0 approach, very important also for food quality and security

Would be interested in a business proposal, but generally busy

Interview 2 - Cosmetics company

Not currently using whey proteins but potentially interested in them, since they can be used as
part of treatments for particular skin conditions

Most interested in highly purified products with whey proteins or isolated, individual proteins
Not very concerned about allergens, yet the product should be as pure as possible to minimise
problems with particular ingredients (the fewer substances, the easier to handle)

Minimum quantity of 1 kg per lot (likely per year), potentially several kilos a year and more

Not currently purchasing proteins nor comparable products

Sinking demand in cosmetics due to the avoidance of animal products by the customers

No particular legislative problem other than the current consumer behaviour

Potential hurdles are the investment costs and the project management (not much capacity in
the company)

Sustainability important since customers pay attention, though at the moment “all natural”
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seems to be more in focus

Sustainability of the project could be communicated with, e.g., doctors and pharmacies other,
in general easier with direct clients than mass customers

Traceability in the context of all natural also important

Would be interested in a follow-up project and round table discussion with the potential to

create a group of stakeholders that can finance and manage an IS

Interview 3 - Biotechnology company focused on pharmaceutical production

Produce pure proteins from whey

Can only produce one specific compound, hence whey is a difficult medium since it is rich in
many different proteins and other nutrients

Production requirements between cosmetics and pharmaceuticals are very different since one is
applied externally and the other internally

Only producing small amounts of products and therefore only need little whey to extract it
from, hence a collaboration with other valorising companies could make sense

Prices for products have increased a lot in the past and are now more stable

Generally, there is a good perspective for market growth also with additional pure protein
products

Potential hurdles are the investment costs, strategies and alliances with other companies
needed, not manageable for small companies

In case that cooperation is provided, it could be a very interesting approach (decentralised) and
high value applications should also be identified for lactose (e.g., lactulose and
galactooligosaccharides (GOS))

Also, the recent policies in Lombardy mainly supported aggregations of companies to increase
size which inhibits projects like ours, though a network can benefit many small companies (no
competition, but rather common problem and common solution)

Sustainability and traceability of raw materials important

Wishes more dialogue between industry and research

Would be interested in a follow-up project and round table discussion with the potential to

create a group of stakeholders that can finance and manage an IS

Interview 4 - Cosmetics and nutraceuticals company

Not using animal proteins at the moment and sceptical to use it in the future
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Silk and plant products are used, experimented with rice proteins

Very high quality (no allergens, pesticides, kosher and halal, since it is an international
company), probably only pure individual proteins

Only small amounts if anything, since it would be a niche product, though pharmaceutical
companies might be more interested in the substances (than for cosmetics)

Not currently purchasing proteins nor comparable products

Recently prices are increasing in general especially due to transportation, also energy will
become more influential

Regulations simple (must be safe and allergens must be announced, hence isolated products
easier to handle), vegetable compounds would be tested for pesticides and other chemicals
Main issue for implementation is the customers avoiding animal products and preferring “all
natural” plant-based products

Also, investment and project management for small companies is an issue

Sustainable production very important to the company, involved in many projects (though
usually at the final stages of implementation), in general important to the cosmetic industry
Mainly communicate sustainability via EU certifications and labels and directly with project
partners

Traceability in the context of all natural also important (trying to use “fair” palm oil)

Would be interested in any sustainable project that is close to the pilot stage

Interview 5 — Dairy food and drinks production company

Using proteins in one product at the moment (sport drinks)

Using also vitamins and minerals in different drink products

Using mainly partially hydrolysed whey proteins

Quality should be at least 80% proteins (better 90%), WPI, and free of allergens (apart from
milk products, naturally)

Minimal production volume is 850 kg of proteins, with currently manageable three productions
a year

Purchasing proteins currently at ca. 20-25 €/kg with a trend of increase in recent years

Whey proteins are currently not always available and mostly acquired in EU countries

The most important regulatory issues are the purity, absence of allergens, and halal certification
Potential additional hurdles could be the distance from the production site of the proteins to
the final use, the product standardisation and quality certification of each lot

Sustainable production very important, involved in multiple projects in collaboration with
private and public partners

Sustainability mostly communicated via the website and social media
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EPD certification for sustainability assessment and are assessed annually by the CFO
Robustness of production chain very important (having some control and security for the main
input materials)

Have certification for the traceability

Always open for projects that could help improve the production
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