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A B S T R A C T

Ozone technology enhances cheese ripening, thereby improving shelf life, food safety, and reducing waste. 
Traditional methods, such as manual brushing for controlling microbial growth, are time-consuming and less 
effective than modern techniques such as gaseous ozone treatment. A Life Cycle Assessment (LCA) method was 
applied to compare the environmental impacts of a conventional and an innovative ozone system for Toma 
Piemontese cheese ripening. Our analysis includes three functional units (FU). Results show small differences in 
the ecological footprints of the compared systems for 1 kg of ripened cheese, with slight increases in impacts for 
the innovative system in non-carcinogenic toxicity (+4.0 %) and fine particulate matter formation (+2.0 %). 
Ozone treatment extends the shelf life of cheese by 21 days, leading to about a 25 % reduction in overall impact 
per lifespan unit compared to the conventional system. Despite a 32.1 % increase in technology investment, 
automation leads to notable operational savings, improving environmental and economic performance. 
Accordingly, the innovative system reduces supply costs and improves energy efficiency, improving its impacts 
per economic unit by 8.2 % compared to those of the conventional system. In general, findings reveal that energy 
for thermal conditioning remains a major contributor to the ecological footprints of both systems. We argue that 
the innovative system offers clear ecological, economic, and social benefits, positioning ozone technology as a 
viable solution for sustainable production, especially for raw milk cheeses. However, future research should 
explore consumer acceptance of ozone technology and the integration of renewable energy sources to further 
improve sustainability.

1. Introduction

The agri-food sector directly affects global health and society 
through food production, processing, and distribution. Nutrition-related 
diseases often stem from unsustainable food systems, while cultural and 
traditional factors limit dietary change [1]. Promoting healthier food 
systems and diets is crucial to addressing these challenges [2]. The 
sector also drives economic growth through employment, exports, and 
value chains. For small farms in rural areas, it ensures livelihoods, food 
security, and local sustainability [3]. In light of climate and resource 
challenges, sustainable dairy systems aim to meet rising demand while 
reducing environmental impacts [4,5]. Milk and dairy products are key 
to a balanced diet due to their high nutritional value, digestibility, and 
efficient nutrient absorption [6]. Cheese, in particular, is among the 
most widely consumed dairy products globally [7]. However, ensuring 

their safety requires strict processing standards [8], requiring significant 
resources and energy and contributing to substantial environmental 
impacts [9]. Notably, dairy production accounts for 27 % of food-related 
GHG emissions in Europe [10,11].

In Italy, the dairy sector is one of the most significant branches of the 
food industry. According to Ismea, in 2023, the milk and dairy products 
sector contributed 8.5 % of Italy’s total export value—a trend that 
continues into 2024, with a 9.6 % increase in the first months of the year 
compared to the same period in 2023 [12]. The rise in milk production 
has increased its availability [13]. Most of the milk produced is destined 
for processing into more stable and long-lasting products, many of which 
carry certifications such as Geographical Indication (GI), a key driver of 
the national economy. GI-related value is unevenly distributed, with 
20 % of provinces generating over 80 % of the total, with the North-East 
and North-West regions leading [14]. The Protected Designation of 
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Origin (PDO), one of the most important GI certifications, has grown for 
the third consecutive year in the food sector, reaching €9.17 billion in 
production value in 2023 (+3.5 % annual growth, +44 % since 2013) 
and generating nearly €18 billion in final consumer sales (+3.6 %). 
Cheese performed exceptionally well, with a 5.3 % increase, surpassing 
€5.5 billion for the first time and achieving the highest production levels 
in the last five years [15]. The competitiveness of Italian dairy farms is 
supported by innovative technologies that improve energy efficiency. In 
this context, sustainable innovation strengthens bio-cultural heritage, 
economic resilience, and environmental protection [16], with energy 
management playing a crucial role due to the high demands of dairy 
processing [17]. However, dairy farms face barriers such as limited 
awareness of energy efficiency measures, operational heterogeneity, and 
the lack of quantitative data on energy consumption. These challenges, 
along with the structural paradigm shift in energy markets, highlight the 
critical role of balanced policies and supportive mechanisms such as 
energy audits in driving energy efficiency improvements and economic 
sustainability [18]. In this context, the new Regulation (EU) 2024/1143 
introduces measures to foster sustainability in GIs, mainly through more 
effective tools supporting the competitive and sustainable development 
of high-quality production [19].

In dairy systems, several conventional methods are adopted to 
optimize energy consumption, particularly for milk thermal treatments 
[20,21], such as pasteurization, sterilization, and Ultra High Treatment 
(UHT) processing to control pathogenic and microbial contaminants 
[22]. Additionally, traditional methods without thermal energy during 
ripening, e.g. the use of saline solutions and cheese brushing, are 
commonly applied to raw milk cheeses to ensure proper aging and mi
crobial stability. However, these methods may prove ineffective due to 
labor, supply issues, and potential quality concerns [4,23], leading to i) 
additional production costs, ii) losses of merchantable product iii) cu
mulative ecological risks across further environmental domains and iv) 
shortened product shelf life. In this regard, thermal treatments of milk 
can be fully or partially offset by adopting modern technologies that are 
considered more beneficial for consumers, eco-friendly, and 
cost-effective for food processing and preservation [24]. Ozone, a 
triatomic form of oxygen molecule with an oxidation potential of 
− 2.07 V, offers innovative solutions for addressing environmental and 
production challenges due to its antimicrobial sanitization efficacy and 
absence of harmful residues, promoting it as a sustainable option [4]. 
While its use in production may require initial investment [25], studies 
confirm its effectiveness in cheese making against spoilage microflora 
and pests, without compromising quality [23,26–29]. As early as 2001, 
the Food and Drug Administration (FDA) classified ozone as a food ad
ditive, recognizing it as a GRAS (Generally Recognized As Safe) element 
[30]. To date, the EU regulatory framework has recognized ozone as a 
biocidal substance under Regulation n◦ 528 [31]. Disinfectants like 
ozone can only be manufactured, marketed, and used in the European 
Union based on authorization under this regulation and relevant na
tional laws of each Member State. Regarding workplace safety, its 
oxidative properties may pose potential toxicity risks at low concen
trations (0.02–0.04 ppm in air) and exposure duration. Therefore, 
several limitations on the use of ozone have been imposed for human 
safety, e.g. 0.1 ppm for gaseous ozone in food industry workplaces and 
8 h of exposure by the Occupational Safety and Health Administration 
[32] and 0.3 ppm twice daily for 15 min by the Comitato Nazionale per 
la Sicurezza Alimentare (CNSA) of the Italian Ministry of Health [33]. To 
avoid any potential health risk, high-concentration ozone treatments 
can be conducted without the presence of workers, e.g., by night or 
during weekly closures [4].

Given this context, the sustainable development of dairy systems and 
the use of modern technologies call for an integrated evaluation of 
ecological, economic, and socio-cultural factors to balance environ
mental performance, food safety, and farm profitability [34,35]. Life 
cycle Assessment (LCA) is the most widely used methodology for 
assessing the sustainability of dairy systems [9,36–39]. This method 

offers the great advantage of analysing the environmental impacts of a 
product system both throughout its whole life cycle and in relation to 
specific production processes. LCA helps identify environmental hot
spots (i.e., where the most significant environmental impacts occur) and 
understand impact drivers to guide sustainability improvements [40]. It 
also enables comparisons between conventional and innovative systems 
and is widely used to assess the effectiveness of technological in
novations in agri-food (e.g., [41]). Üçtuğ et al. [9] found cheese to be the 
most studied dairy product in LCA, with carbon footprint (CF) being the 
most common indicator. Using 1 kg of aged cheese (2–3 months 
ripening) as a functional unit (FU), Rossi et al. [42] reported a CF of 
15.34 kg CO₂ eq.—the highest among milk-based products. Over 50 % of 
the GHG emissions occurred during cheese making, primarily due to 
energy consumption for manufacturing operations and cold storage. 
Electricity consumption, heating and refrigerants are the key impacting 
factors affecting the aging/storage phase, as observed by Ramirez et al. 
[43], Xu et al. [44], and Kim et al. [45]. In the study by Dalla Riva et al. 
[46], the environmental analysis of Asiago PDO cheese focused on 
manufacturing processes. Energy and fuel consumption were identified 
as key processes for improving efficiency and developing mitigation 
strategies. Although LCA analyses are increasing, comparative studies 
between traditional and modern technologies remain limited, hindering 
a full understanding of their role in sustainable dairy development. Most 
research focuses on ecological aspects, overlooking the broader poten
tial of LCA to address economic and social dimensions. Using different 
FUs, for instance, could offer more comprehensive impact assessments 
[47,48].

By adopting an LCA method, the present study aims to assess the 
environmental impacts of a conventional and an innovative Toma Pie
montese raw milk cheese ripening. Specifically, the conventional 
ripening method, which involves cheese brushing to prevent microflora 
spoilage, is replaced by an innovative approach using gaseous ozone as a 
microbial control agent. Using a comparative approach and three 
different FUs, our research proposes to evaluate the potential benefits of 
adopting a non-thermal technology in cheese production systems to 
achieve ecological, social, and economic sustainability. The main 
outcome of the research is to contribute to the current scientific 
knowledge supporting the modernization of agri-food industry through 
sustainable models. These models are oriented towards small-medium 
farms’ food systems and their impacts on environmental, social, and 
governance spheres. The LCA method was applied using the SimaPro 
software, following the ISO 14040–14044 [49,50] series standards. The 
results are presented as the comparison between the environmental 
impacts of the conventional and the innovative systems basing on i) an 
equal amount of manufactured biomass, ii) identical monetary gross 
profit from the ripening process and iii) an equal entity of shelf life of 
cheese. Finally, main findings of this research are discussed, high
lighting the strengths and weaknesses of each compared process, and 
concluding from a sustainable development perspective.

2. Materials and methods

2.1. Life cycle assessment

2.1.1. Goal & scope definition
This study is part of several experimental research activities con

ducted in a small-size dairy farm in the Piemonte region, northern Italy 
(S-O3-SDairy, I TESORI DELLA TERRA s.c.a.s. ONLUS, Cervasca, Italy), 
which produces Toma Piemontese Protected Designation of Origin 
(PDO) cheese made from raw cow’s milk. As a PDO-certified product, it 
embodies the region’s heritage and complies with strict standards that 
balance the risks of raw milk with the added value of traditional 
cheesemaking, allowing it to command premium prices [51]. The Life 
cycle Assessment (LCA) method was used to assess the environmental 
impacts and damages of two different ripening systems of Toma Pie
montese cheese. In particular, the environmental performance of a 
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conventional ripening (CR) system, which involves regular manual 
brushing of cheeses to prevent molds and spoilage microflora, was 
compared with an innovative ripening (IR) system involving the use of 
gaseous ozone to control microflora growth. LCA analysis complies with 
the international standards of the ISO 14040–14044 [49,50] series, 
respecting the four phases foreseen by the framework rules defined by 
the international ISO standard.

The LCA analysis focuses exclusively on cheese ripening, the final 
stage of the dairy production system, as shown in Fig. 1. Cheese ripening 
begins with its storage in thermal conditioning facilities and it ends after 
an aging period of 40 days (i.e., medium ripening cycle by the producer) 
at low temperatures. Both the CR and IR systems implement measures to 
prevent microflora spoilage during aging. The LCA analysis includes all 
material and energy flows linked to cheese ripening and related envi
ronmental impacts. In contrast, environmental impacts related to 
transport, distribution, consumption and waste management (organic 
left-over materials and packaging) are excluded from the LCA analysis.

Three different functional units (FU) were adopted in the LCA 
analysis in order to evaluate impacts and damages from different per
spectives. In accordance with the Product Category Rules [52], which 
assumes biomass or volume as default units for assessing the environ
mental performance of agri-food products, the first FU of this study is 
one kilogram of ripened Toma cheese (1 kg of cheese). The development 
of innovative sustainable solutions in agri-food systems has implications 
for key social aspects of sustainability, such as improving food safety and 
extending shelf life [4]. This topic is particularly addressed for fresh 
foods with a high microbiological value and rapid spoilage, such as dairy 
products [53]. The ongoing scientific debate is exploring several stra
tegies to minimize microbial levels of ripened cheese, extending its shelf 
life, reducing consumer health risks, and lowering food waste [20]. 
Therefore, a second FU, representing one day of lifespan of a Toma piece 
(1-day piece− 1), was chosen to evaluate how an extended shelf life could 
affect the environmental performance of the production system. To 
carry out the ripening trial for the IR system, the availability and usage 
of additional appliances and energy were required. As a result, dairy 
farms are often involved in relevant investments, amortizing them over 
time through the sale of products with anticipated improvements in both 
quantity and quality. In the agri-food sector, there is increasing 
emphasis on minimizing environmental impacts of product systems 

while maximizing farm profits, promoting both environmental and 
economic sustainability [54]. Accordingly, a business-based FU was 
adopted to evaluate potential improvement of the system efficiency 
from an economic perspective. The third FU chosen for the LCA analysis 
refers to one hundred thousand euro of operating farm profit related to 
the ripening process (100 K € rel-OP).

2.1.2. Life cycle inventory
As stated by the LCA framework based on the ISO standards, primary 

and secondary data about the CR and IR systems are inventoried. In
formation was collected from questionnaires administered to farmers 
during the trial activities, and the Life Cycle Inventory (LCI) of the 
compared systems was designed as shown in Table 1. Overall, the LCI 
mostly consists of primary data, which was supplemented with some 
information from international libraries. Specifically, a streamlining 

Fig. 1. Definition of system boundaries for the conventional ripening system (with brushing; CR system) and the innovative ripening system (with gaseous ozone use; 
IR system) in Toma Piemontese cheese production.

Table 1 
Life cycle inventory (LCI) of the conventional ripening system (with brushing; 
CR system) and the innovative ripening system (with gaseous ozone use; IR 
system). Dataset refers to an entire ripening cycle of 15 batches of Toma Pie
montese cheese, each batch containing 40 pieces. The ripening process lasts 40 
days.

TECHNOSPHERE UNIT CR 
system

IR 
system

Input Output

MATTER Fresh cheese ​ kg 2168.7 2117.6
Water (softened) ​ 167.9 25.0
​ Ripened cheese 1800.0
​ Steam (cheese 

drying)
325.3 317.6

​ Waste (cheese 
decay)

43.4 -

​ Ozone gas - 3.6
​ Water (waste) 167.9 25.0

FACILITIY Thermal conditioning Piece 0.0435
Ozone device appliance - 0.0024
Brush 0.5 -

ENERGY Natural gas 
(combustion)

​ mc 1.7 -

Electricity (med. 
voltage)

​ kWh 2880 2925.6
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approach was used during the LCI assembly, involving the use of a few 
surrogate processes to replace the original ones based on physical, 
chemical, and functional similarity to the unavailable data. The adop
tion of the streamlining technique was considered a valid methodolog
ical approach considering that the surrogate processes were identified 
and selected following an expert-based evaluation for the close simi
larity to the actual processes [55]. As a result, the environmental impact 
estimates from the LCA analysis have a high level of precision.

The ripening system investigated consisted of a 40-day aging cycle of 
15 batches, each comprising 40 pieces of cheese. The ripening system is 
characterized by two key practices. The first practice refers to thermal 
conditioning, i.e., storing the cheese at 8◦C temperature and 85 % 
relative humidity. Thermal conditioning is common to both ripening 
systems. Regarding the second practice, microbial and fungal growth 
management during the aging period is implemented to prevent the 
occurrence of molds and spoilage microflora on the surface of stored 
cheeses. Biochemical dynamics during cheese ripening are critical for 
product safety, quality and marketability [53]. In the CR system, manual 
brushing of cheese is performed once a week throughout the entire 
ripening period. Materials and resources used (i.e., brushes consump
tion, water, and natural gas for their cleaning) are therefore included in 
LCI. This traditional method for preventing microbial contamination 
involves significant time and cost for most small dairy farms, as it re
quires many work hours from the operators. For this reason, the manual 
brushing of cheese of the CR system is replaced by the use of an inno
vative ozone technology in the IR system. An electronic appliance 
equipped with a central body (ozone generator) and a series of tubes was 
used to consistently distribute 4–30 g hr− 1 (400 ppb, 0.856 mg mc− 3 

concentration) of ozone on cheeses stored in the cold room, preventing 
sediments and residues. Furthermore, the ozone device is equipped with 
a fan system for room aerating at the end of each treatment. Ozone was 
administered in 6-hour treatments on alternate days during the night. 
This scheme avoided any risk to the operators’ health [4]. Materials and 
resources (i.e., ozone appliance and electricity consumption) are 
therefore included in the IR system LCI.

2.1.3. Impact assessment
For the present study, the SimaPro software version 9.4.0.2 was used, 

in compliance with the ISO 14040–14044 [49,50] regulation. The 
reference database used is the Ecoinvent 3.3 database. The impact 
assessment method chosen for this study is the ReCiPe 2016 method, 
which allows for the characterization of impacts and damages at three 
levels of detail (i.e. the midpoint level, which represents the environ
mental impact on specific environmental issues of high interest; the 
endpoint level, which represents the consequences in terms of damages 
on three different global compartments; and the single score level, 
which represents an overall impact score linked to all environmental 
consequences), facilitating the interpretation of the results. Specifically, 
starting from the input/output flows of materials and energy included in 
the product system inventory, the SimaPro model estimates emissions 
produced in air, water, and soil compartments by the investigated sys
tems. Based on the estimated emissions, the ReCiPe 2016 method 
evaluates impacts on 18 environmental issues, referred to as interme
diate indicators, defined as “midpoint”. In accordance with the EPD [52]
procedure, the most relevant impact categories based on the normalised 
and weighted results of the representative product recalculated after the 
remodelling were considered for their cumulative contribution to at 
least 80 % of the total environmental impact. Eight relevant impact 
categories (midpoints) were identified for the LCA analysis. Due to their 
specific measurement units, midpoints are not directly interoperable. 
Through standardization coefficients, midpoint units are converted into 
units referring to three main damage categories. Damage categories are 
i) human health expressed in DALY (disability-adjusted life years, rep
resenting days of human life lost and/or lived with disabilities), ii) 
ecosystem quality in species.yr (the number of animal and plant species 
disappeared globally) and iii) resource depletion in USD (the total value 

in US dollar of non-renewable terrestrial resources lost). The set of 
standardization coefficients in this LCA analysis is the “World 2010 
H/Official”. In this way, through cause-effect chains that link each in
termediate impact to one or more final damages, midpoints are aggre
gated into three endpoint categories by summation. Finally, an overall 
score of each product system is calculated. This score represents the sum 
of the three endpoints of the analysed product system. For this purpose, 
endpoint indicators were normalized into impact scores expressed in 
points of impact (Pt) through defined normalization factors. All in
dicators are reported in Table 2. More details about the ReCiPe 2016 
Midpoint/Endpoint method can be found in the technical report of 
Huijbregts et al. [56].

2.2. Shelf life

The use of gaseous ozone to control microflora spoilage and maintain 
the cheese quality was investigated. In particular, during the ripening 
phase, the levels of microorganisms, molds, and yeasts on the surface of 
Toma cheese samples were assessed. The samples were treated using 
both traditional brushing (control) and the innovative gaseous ozone 
method, followed by microbiological analyses. Subsamples from the 
crust area of each cheese sample were collected for microbiological 
analysis at each ripening time, following the National Organization for 
Unification and European Standardization (UNI EN) ISO 4833–1 stan
dard [57] for total microorganism counts at 30◦C and CCFRA G43 
method 2.1.1: 2007 [58] for yeast and mold counts. All analyses were 
performed in triplicate, with results expressed as Colony Forming Units 
per gram of product (log10 CFU g− 1). Key research findings reveal that 
the use of gaseous ozone during the ripening process significantly affects 
microflora growth, enhances overall product quality, and notably delays 
spoilage. Based on the study results, this work attempted to evaluate 
microbial growth in ripened cheeses from the two systems, in order to 
assess potential shelf-life extension. The evaluation considered all 
microbiological indicators (i.e., microorganisms, molds, and yeasts) at 
0 (T0), 10 (T10), 20 (T20), and 30 (T30) days of cheese ripening, with T30 

Table 2 
ReCiPe midpoints and endpoints considered for the impacts and damages 
characterization of the compared conventional ripening system (with brushing; 
CR system) and the innovative ripening system (with gaseous ozone use; IR 
system).

LEVEL DESCRIPTION IMPACT/ 
DAMAGE 
CATEGORY

UNIT

MIDPOINT Intermediate indicators of 
environmental impact that reflect 
the changes in the natural 
environment caused by emissions or 
resource use

Climate change kg CO2 

eq
Fine particulate 
matter formation

kg PM2.5 

eq
Ozone formation kg NOx 

eq
Terrestrial 
acidification

kg SO2 

eq
Human 
carcinogenic 
toxicity

kg 1,4- 
DCB

Human non- 
carcinogenic 
toxicity

kg 1,4- 
DCB

Depletion of fossil 
resources

kg oil eq

Water 
consumption

Mc

ENDPOINT Final indicators of environmental 
impacts on three higher aggregation 
compartments

Human health DALY
Ecosystems species. 

yr
Resources USD

SINGLE 
SCORE

Weighted value that combines results 
of all impact categories into one 
overall index

Total impact Pt
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representing the minimum ripening period required by farm to place the 
product on the market. Furthermore, the highest significance for 
modelling the microbiological growth curves was found in the time in
terval T0-T30. Results of the three indicators were standardized to an 
intermediate indicator with a value of 0–0.3 (recurring decimal) 
through a min-max method [59]. Finally, an overall 0–1 microbiological 
index (m-IND) was calculated as the sum of the three intermediate in
dicators for each system and for each Tn, for a total ripening period of 30 
days (T0-T30). m-IND values are reported in Table 3.

The estimation of m-IND was then used to build two differentiated 
microflora growth curves during Toma cheese lifespan (Fig. 2). Starting 
from the m-IND values of CR and IR systems, exponential functions for 
the period T0-T30 were extracted to reproduce the trend of microflora 
levels over time for each system. The exponential functions obtained for 
the CR and IR systems had an R2 equal to 0.96 and 0.93, respectively. As 
previously described, the research was conducted in a small-size typical 
dairy farm of northern Italy. In these farm patterns, dairy systems are 
usually based on traditional production schemes (i.e., using methods 
passed down through generations) and local supply of raw materials. In 
our case, the dairy farm produces Toma cheese from raw milk, i.e. using 
limited heat treatments before its transformation. The adoption of this 
procedure contributes to adding cultural value to the produced cheese. 
However, raw-milk products decay faster, reducing their shelf life from 
90 days (as seen with pasteurized-milk cheese) to 60 days for raw-milk 
cheese, which is the shelf life threshold considered by the producer. 
Therefore, the m-IND value reached by the CR system microflora curve 
at T60 was assumed as the maximum merchantability threshold (i.e., its 
best before). Starting from this threshold, the moment T coinciding with 
that m-IND threshold was also identified on the IR system microflora 
curve. The methodological approach lastly assessed an increase in the 
shelf life of cheeses ripened with ozone gas treatment of 21 days 
compared to cheese ripened with traditional brushing.

2.3. Relative operating farm profit

Table 4 presents the economic incomes and expenditures of the CR 
and IR systems, aiming to estimate the operating profit (OP) for the two 
differentiated ripening processes. OP serves as an effective alternative to 
gross profit as an economic indicator, given that gross profit may not 
always capture useful insights into the future profitability of system 
improvements [60]. Given the technological development focus of our 
research, combining operational and production costs with gross profit 
provided a more reliable approach to assess the economic sustainability 
of the investigation.

Similarly to the LCI designing, interviews with the farm operators 
were conducted to establish a farm budget analysis specifically for the 
cheese ripening period. Market data (e.g., wholesale cheese selling price 

at the end of dairy production) and the costs incurred for thermal con
ditioning and ripening practices in both the CR and IR systems were 
analysed. Moreover, data relating to dairy farm investments in infra
structure and their usage, maintenance, and lifespan were collected. The 
gathered information was primarily used to estimate the farm’s gross 
income from cheese sales. For each system, operational costs, along with 
depreciation and amortization of infrastructure investments, were sub
tracted from the gross income. As a final point, estimates of the farm OP, 
specifically for the ripening process for both CR and IR systems, were 
calculated.

3. Results

3.1. Ecological footprints of the conventional and innovative ripening 
system

Table 5 shows the environmental impact characterization of both the 
conventional (CR) and innovative (IR) ripening systems. In general, for 
the same amount of biomass produced, the ecological footprints of the IR 
system are very close to those of the CR system, with slight impact dif
ferences ranging from 0.8 % to 4.0 % at the expense of the IR system.

Regarding the three inventory subjects, energy (i.e., natural gas and 
electricity) accounts for over 95 % of the total impact, representing the 
largest share of the ecological footprints of both systems. In detail, for 
1 kg of ripened cheese, the ecological footprint related to the matter 
subject for the IR system is approximately 85.1 % lower than that of the 
CR system. In relation to the facility subject, the IR system displays 
lower impacts than the CR system on climate change (-28.1 %), fossil 
resource scarcity (-28.7 %), and water consumption (-24.8 %). On the 
other hand, the impacts of the IR system on fine particulate matter 
formation and non-carcinogenic human toxicity are, respectively, 
29.9 % and 90.8 % higher than those of the CR system. For the most 
impactful subject (i.e., energy) of the two ripening systems, the 
ecological footprints of the CR and IR systems for an equal unit of 
biomass produced are very similar, with slight differences of 1.0–1.6 % 
at the expense of the IR system.

Overall, the damage characterization of the compared ripening sys
tems concerning a biomass functional unit (FU) confirms what was 
observed for their ecological footprints. The Life cycle Assessment (LCA) 
analysis of the CR and IR systems indeed reveals very similar endpoint 
values. Specifically, Table 6 shows that, for 1 kg of ripened cheese, the 
IR system results in 1.8 % more damage to human health, 0.4 % more 
damage to ecosystems, and 0.2 % less damage to resources.

When comparing the specific subjects, energy once again represents 
the most damaging one, accounting for between 97.6 % and 97.9 % of 
the total damages in both ripening systems. While the IR system’s matter 
subject causes 85.1 % less damage than the CR system’s for an equal 
amount of ripened cheese, the damages caused by energy subject in the 
IR system are greater. Specifically, energy of the IR system results in 
1.4 %, 1.3 %, and 0.6 % more damage to human health, ecosystems, and 
resources, respectively, compared to energy of the CR system. Finally, 
the facility of the IR system causes 21.2 % more damage to human 
health than the CR system facility. Conversely, for 1 kg of ripened 
cheese, the facility of the IR system causes 40.4 % less damage to eco
systems and 37.8 % less damage to resources, respectively, compared to 
the facility of the CR system.

As shown in Fig. 3, global warming and fine particulate matter for
mation represent the ecological footprints with the greatest environ
mental weight on the cheese ripening process for both investigated 
systems. Specifically, the carbon footprint (CF) accounts for 38.2 % of 
the environmental performance of the energy subject in both the CR and 
IR systems. For the matter and facility subjects, the CF contributes 
17.3 % and 22.4 % in the CR system, and 17.3 % and 13.6 % in the IR 
system, respectively. Environmental impacts from fine particulate mat
ter correspond to 25.8 %, 29.6 %, and 39.3 % of the total impacts from 
the matter, facility, and energy subjects of the CR system, and to 25.8 %, 

Table 3 
Estimates of microbial indicators (i.e., microorganisms, molds, and yeasts) 
through a min-max standardization method of the microbiological values. 
Starting from indicators, a single microbial index (m-IND) was then calculated 
for both conventional ripening system (with brushing; CR system; control) and 
innovative ripening system (with gaseous ozone use; IR system; ozone) for each 
time interval of the ripening process.

RIPENING 
PERIOD

SAMPLE MICROORGANISMS MOLDS YEASTS m-IND

T0 Control 0.227 0.00 0.00 0.23
Ozone 0.231 0.00 0.00 0.23

T10 Control 0.069 0.24 0.13 0.44
Ozone 0.000 0.16 0.09 0.26

T20 Control 0.176 0.25 0.17 0.60
Ozone 0.137 0.19 0.12 0.45

T30 Control 0.275 0.26 0.28 0.81
Ozone 0.173 0.24 0.16 0.57

Note: 0 (T0), 10 (T10), 20 (T20), and 30 (T30) days of cheese ripening.

V. Eramo et al.                                                                                                                                                                                                                                  Journal of Environmental Chemical Engineering 13 (2025) 117667 

5 



Fig. 2. Growth curves of the microbial index (m-IND) of both conventional ripening system (with brushing; CR system) and innovative ripening system (with gaseous 
ozone use; IR system) and assessment of the shelf life extension for cheeses ripened with ozone treatment. The m-IND value of the CR system curve at T60 is assumed 
as the maximum merchantability threshold (i.e., its best before) of Toma Piemontese cheese.

Table 4 
Inventory of monetary values about inputs and outputs of both conventional ripening system (with brushing; CR system) and innovative ripening system (with gaseous 
ozone use; IR system), operational information of the two ripening processes, and depreciation/amortizing costs of infrastructures used. Below, the Relative Operating 
Profit (Rel-OP) is calculated. Monetary values refer to four main items, i.e., Product (main good assessed for its environmental impacts over its entire life cycle), 
Structural (physical and/or human supports involved in the production system), Supply (provision and availability of resources required for the production system), 
and Energy (functional power used during the production system). For each investigated system, the dataset refers to a 40-day ripening cycle of 15 batches of Toma 
Piemontese cheese, each batch containing 40 pieces.

ITEMS UNIT CR system IR system

Budget PRODUCT Cheese Selling price €/kg 13.00
STRUCTURAL Thermal conditioning Investment € 96

Ozone device appliance € - 57
Brush € 19.95 -

SUPPLY Human Labour cost € 1687.56 -
Water (softened) Service € 0.13 0.02
Natural gas (combustion) € 0.72 -
Waste treatment Kg 563.9 -

ENERGY Electricity (med. voltage) € 345.6 351.1
Operational STRUCTURAL Thermal conditioning Consumption Hours 960

Ozone device Hours - 120
Brushing Hours 57.4 -

SUPPLY Water (softened) Lt 167.9 25.0
Natural gas (combustion) Mc 1.71 -

ENERGY Electricity (med. voltage) kWh 2880.0 2925.6
Amortizing STRUCTURAL Thermal conditioning Amortizing 

(lifespan)
Hours 150,000

Ozone device Hours - 50,000
Brush Pieces 0.5 -

​ ​ ​ Revenue € 23,400.00 23,400.00
​ ​ ​ Operating Expenses 2034.01 351.09
​ ​ ​ Depreciation 563.86 0.00
​ ​ ​ Amortization 115.95 153.12
​ ​ ​ Relative Operating Profit (Rel-OP) 20,686.18 22,895.79

Table 5 
Impact characterization of the conventional ripening system (with brushing; CR system) and the innovative ripening system (with gaseous ozone use; IR system) in 
relation to a functional unit equal to 1 kg of ripened cheese.

IMPACT CATEGORY UNIT CR 
Matter

CR 
Facility

CR 
Energy

IR 
Matter

IR 
Facility

IR 
Energy

Global warming kg CO2 eq 7,72E− 05 7,67E− 03 6,29E− 01 1,15E− 05 5,51E− 03 6,37E− 01
Ozone formation kg NOx eq 4,93E− 07 3,69E− 05 2,34E− 03 7,34E− 08 3,49E− 05 2,37E− 03
Fine particulate matter kg PM2.5 eq 1,78E− 07 1,57E− 05 9,52E− 04 2,65E− 08 2,04E− 05 9,66E− 04
Terrestrial acidification kg SO2 eq 4,62E− 07 3,57E− 05 2,38E− 03 6,88E− 08 3,80E− 05 2,42E− 03
Human carcinogenic tox. kg 1,4-DCB 4,27E− 05 2,78E− 03 4,45E− 02 6,36E− 06 3,05E− 03 4,52E− 02
Human non-carcinogenic tox kg 1,4-DCB 3,21E− 04 2,41E− 02 8,47E− 01 4,78E− 05 4,60E− 02 8,60E− 01
Fossil resource scarcity kg oil eq 1,77E− 05 2,00E− 03 1,73E− 01 2,64E− 06 1,43E− 03 1,75E− 01
Water consumption m3 1,04E− 05 8,41E− 05 1,24E− 02 1,55E− 06 6,33E− 05 1,26E− 02
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32.5 %, and 37.4 % of the IR system, respectively.
Including only 0.7 % of the total impacts of both the CR and IR 

systems, the water footprint represents one of the least impactful 
ecological footprints of the ripening process. Despite the water demand 
for cleaning and maintaining tools and infrastructure, the use of water 
therefore has negligible environmental consequences for the matter 
subject. Finally, ozone formation represents the least relevant ecological 
footprint, with a weighted environmental impact equal to 0.2 % of the 
total impacts of both the CR and IR systems.

3.2. Effect of an extended shelf life on the environmental performance

According to the Fig. 2, the cheeses ripened with ozone gas treatment 
(IR system) showed an increase in shelf life of 21 days compared to the 
control (CR system). Exploring the comparison between the two systems 
in relation to a FU equal to one day of life of cheese (1-day piece− 1) 
(Table 7), the environmental performance of the IR system was overall 
better than that of the CR system for all the midpoint indicators 
considered (all impacts lower by 23.0–25.4 %).

Energy is confirmed as the most impactful process subject for both 
ripening systems, accounting for 94.0–99.5 % of environmental impacts 
of the entire process. Relating to the 1-day piece− 1 FU, the midpoint 
indicators of the IR system for the matter subject are 89.0 % lower than 
those of the CR system. As for the facility subject, the environmental 
impacts of the IR system are generally lower than those of the CR system, 
except for the Human non-carcinogenic toxicity category. For a same 
unit (i.e., 1-day piece− 1), the CR system shows an impact on Human non- 
carcinogenic toxicity of 1.20E-03 kg 1,4-DCB, while the corresponding 
impact of the IR system is 1.70E-03 kg 1,4-DCB, which is 41.3 % higher. 
Finally, all energy-related impacts in the IR system are 24.8–25.1 % 
lower than those of the CR system for 1-day piece− 1.

In absolute terms, the ripening process mainly causes damages to 
human health (Fig. 4). For an identical shelf life unit of the ripened 
cheese (i.e., 1-day piece− 1), the damages to human health, ecosystems 
and resources in the CR system amount to 1.31 mPt, 0.04 mPt and 0.01 
mPt, respectively. Meanwhile, the IR system causes 0.99 mPt, 0.03 mPt 
and 0.01 mPt of damage to human health, ecosystems, and resources, 
respectively. For 1-day piece− 1 unit, the damages to human health, 
ecosystems, and resources in the IR system are therefore lower than 
those in the CR system by 24.6 %, 25.6 %, and 26.1 %, respectively.

Focusing on the three process subjects, the IR system consistently 
displays improved environmental performances compared to the CR 
system for an equal shelf life unit. Furthermore, the energy subject re
mains the most damaging of the three inventory subjects, accounting for 
97.9 % of the total damages in the CR system and 97.6 % of the total 
damages in the IR system. For 1-day piece− 1 unit, the facility damages in 
both CR and IR systems represent only 2.0 % and 2.4 % of the total 
damage in the two systems, respectively. On the other hand, the damage 
caused by the matter subject is negligible in both ripening systems.

Comparatively, the total damage of the matter, facility, and energy 
subjects in the IR system decreases respectively by 89.0 %, 12.1 %, and 
24.9 % with respect to the CR system.

3.3. Environmental and economic profitability of ozone use

Considering a monetary FU equal to one hundred thousand euro of 

operating farm profit relating to the ripening process (100 K € rel-OP), 
the IR system has all the ecological footprints (here observed as 
normalized midpoint indicators) between 8.2 % and 8.4 % lower than 
those of the CR system (Fig. 5). For both investigated systems, the energy 
item represents the most impactful farm cost item, including between 
93.9 % and 98.7 % of the total impacts for each system.

Comparing the two ripening processes, the transition from the CR 
system to the IR system results in a reduction of all impact indicators for 
all farm cost items in relation to 100 K € rel-OP unit. As for the structural 
item, the midpoint categories of the IR system are between 2.6 % and 
17.6 % lower than the corresponding ones of the CR system in relation to 
an equal unit of operating profit (OP). Concerning supply items, the 
impacts of the IR system for 100 K € rel-OP are lower than those of the 
CR system for all categories, with a reduction between − 2.9 % and 
83.5 % among different midpoints. Specifically, the impacts of the 
supply item of the CR system for 100 K € rel-OP are equal to 0.032 mPt, 
0.015 mPt, and 0.004 mPt, respectively, in the categories Human 
carcinogenic toxicity, Human non-carcinogenic toxicity, and Water 
consumption. Otherwise, results of the corresponding impacts of the IR 
system display midpoint values of 0.014 mPt (-55.4 % respect to CR), 
0.006 mPt (-60.2 % respect to CR), and 0.001 mPt (-83.5 % respect to 
CR), respectively. Finally, with regard to the most impactful farm cost 
item (i.e., energy), the IR system shows a reduction in impact of − 8.2 % 
for all categories compared to the CR system in relation to an equal unit 
of OP.

In relation to an economic FU, the damages from the most impactful 
farm cost item (i.e., energy) represent the largest share of the total 
damage. For 100 K € rel-OP, the energy item of the CR system causes 
damages equal to 1.3E-02 DALY to human health, 2.7E-05 species.yr to 
ecosystems, and 2.8E+ 02 USD to resources. Meanwhile, the damages 
from the energy item of the IR system for the same profit unit to human 
health, ecosystems, and resources are 1.2E-02 DALY, 2.5E-05 species.yr, 
and 2.5E+ 02 USD, respectively. For 100 K € rel-OP, the supply item of 
the CR system causes damages of 2.4E-05 DALY to human health, 6.4E- 
08 species.yr to ecosystems and 2.6 USD to resources. On the other hand, 
the damages from supply item of IR system for 100 K € rel-OP decrease 
by 12.9 % on human health, 8.6 % on ecosystems, and 8.2 % on re
sources, compared to the corresponding impacts from the CR system. 
Lastly, the structural item of the CR system causes damages to human 
health, ecosystems, and resources equal to 2.8E-04 DALY, 6.2E-07 spe
cies.yr, and 5.6 USD, respectively, for 100 K € rel-OP. The damages to 
human health, ecosystems, and resources from the structural item of the 
IR system are reduced, in relation to the same FU, by 8.6 %, 42.7 %, and 
12.6 %, respectively.

In general, when comparing the CR and IR systems on the basis of a 
business-based FU, the IR system shows better environmental perfor
mance on all damage compartments and on the overall impact (Fig. 6). 
As shown in the table “d” of the Fig. 6, referring to an equivalent OP, the 
environmental performances of the IR system improve by 8.2 % on the 
total damage to human health, 9.0 % on the total damage to ecosystems, 
8.2 % on the total damage to resources and 8.3 % on the overall impacts 
of the ripening process.

4. Discussion

Ozone technology offers an eco-friendly, low-cost method for food 

Table 6 
Damage characterization of the conventional ripening system (with brushing; CR system) and the innovative ripening system (with gaseous ozone use; IR system) in 
relation to a functional unit equal to 1 kg of ripened cheese.

DAMAGE CATEGORY UNIT CR 
Matter

CR 
Facility

CR 
Energy

IR 
Matter

IR 
Facility

IR 
Energy

Human Health DALY 4,21E− 10 3,19E− 08 1,54E− 06 6,27E− 11 3,86E− 08 1,56E− 06
Ecosystems species.yr 6,87E− 13 7,12E− 11 3,14E− 09 1,02E− 13 4,25E− 11 3,18E− 09
Resources USD2013 4,69E− 06 6,48E− 04 3,20E− 02 6,98E− 07 4,03E− 04 3,22E− 02
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Fig. 3. Single score standardization of the eight midpoint indicators adopted for the assessment of the ecological footprints of the conventional ripening system (with 
brushing; CR system) and the innovative ripening system (with gaseous ozone use; IR system) in relation to 1 kg of ripened Toma Piemontese cheese. The weighted 
values of midpoints are exposed both with respect to the whole ripening process (a) and with respect to matter (b), facility (c), and energy (d) subjects.
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preservation and pest control [20,25,61]. Yet, studies rarely address its 
economic feasibility or long-term effects on quality and consumer 
acceptance [62]. In this context, the most innovative aspect of the pre
sent work lies in providing a much more comprehensive cost-benefit 
analysis to assess the feasibility of this technology. Our main findings 
show that the adoption of the innovative technology with gaseous ozone 
in place of conventional techniques brings clear advantages in 
improving the environmental performance of the ripening process. 
Despite slight increases in specific impact categories in relation to 1 kg 
of aging cheese, the IR system offers substantial benefits extending 
product shelf life of approximately 21 days and reducing damages per 
unit of operating profit (OP) due to lower labour requirements and 
reduced waste production.

Considering 1 kg of aging cheese, conventional ripening (CR) and 
innovative ripening (IR) systems show very small differences in envi
ronmental impact, which are almost negligible. This means that a switch 
from a traditional ripening method of Toma cheese to an innovative 
system that involves an ozone technology would not compromise the 
ecological footprints of the product. The IR system shows increases in 
specific impact categories, such as non-carcinogenic toxicity (+4.0 % 

compared to the CR system) and fine particulate matter formation 
(+2.0 % compared to CR system). As previously described, gaseous 
ozone is a highly toxic and corrosive compound with a pungent odour 
that causes irritation to the throat and eyes [25]. Ozone can be toxic 
depending on concentration and exposure time. In this context, using 
ozone destructors could be beneficial when applying high concentra
tions [63]. Moreover, gaseous ozone can interact with environmental 
components (e.g. reaction with volatile organic compounds, potentially 
producing substances that may contribute to non-carcinogenic toxicity, 
and interaction with other atmospheric components, maybe resulting in 
the generation of fine particulate matter). In the atmosphere, oxidants 
like hydroxyl radicals and ozone play a key role in forming pollutants 
(fine particulate matter and photochemical smog) that negatively 
impact air quality and public health. Air pollution can affect health, and 
short-term exposure to air pollutants is associated with respiratory is
sues (e.g., cough, asthma) [64,65]. To mitigate these effects, effective 
measures should include optimizing ozone concentration, regulating 
treatment frequency, and improving air filtration and environmental 
control. For this reason, in the operational design i) the quantities and 
related impacts of emitted gas are very low in absolute terms, and ii) the 

Table 7 
Impact characterization of the conventional ripening system (with brushing; CR system) and the innovative ripening system (with gaseous ozone use; IR system) in 
relation to a functional unit equal to one day per piece of ripened cheese.

IMPACT CATEGORY UNIT CR 
Matter

CR 
Facility

CR 
Energy

IR 
Matter

IR 
Facility

IR 
Energy

Global warming kg CO2 eq 3,86E− 06 3,83E− 04 3,15E− 02 4,26E− 07 2,04E− 04 2,36E− 02
Ozone formation kg NOx eq 2,47E− 08 1,84E− 06 1,17E− 04 2,72E− 09 1,29E− 06 8,78E− 05
Fine particulate matter formation kg PM2.5 eq 8,91E− 09 7,86E− 07 4,76E− 05 9,83E− 10 7,56E− 07 3,58E− 05
Terrestrial acidification kg SO2 eq 2,31E− 08 1,78E− 06 1,19E− 04 2,55E− 09 1,41E− 06 8,96E− 05
Human carcinogenic toxicity kg 1,4-DCB 2,14E− 06 1,39E− 04 2,22E− 03 2,36E− 07 1,13E− 04 1,67E− 03
Human non-carcinogenic toxicity kg 1,4-DCB 1,61E− 05 1,20E− 03 4,23E− 02 1,77E− 06 1,70E− 03 3,19E− 02
Fossil resource scarcity kg oil eq 8,87E− 07 1,00E− 04 8,64E− 03 9,78E− 08 5,28E− 05 6,46E− 03
Water consumption m3 5,22E− 07 4,21E− 06 6,22E− 04 5,75E− 08 2,34E− 06 4,68E− 04

Fig. 4. Environmental performances of the conventional ripening system (with brushing; CR system) and the innovative ripening system (with gaseous ozone use; IR 
system) in relation to a functional unit equal to one day per piece of ripened cheese. The environmental performances of the two compared systems are allocated 
according to three key process inventory subjects, i.e., matter (a), facility (b), and energy (c).
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farm procedures involved in the use of gaseous ozone during the 
ripening process are implemented in time periods and operational 
techniques that completely avoid risks to the human health of farm staff 
(i.e., during night hours and in the absence of operators). Likewise, the 
IR system causes more damages to human health (1.8 %), more to 
ecosystems (0.4 %), and less to resources (0.2 %) compared to the CR 
system, demonstrating that the use of gaseous ozone does not lead to 
substantial increases in damage when producing an equivalent quantity 
of cheese. The single score standardization of impacts and damages has 
highlighted that global warming potential and fine particulate matter 
formation are the most significant environmental impacts in the cheese 
ripening process for both systems investigated. Generally, thermal 
treatments, refrigerated storage, and cleaning-in-place operations 
contribute to GHG emissions due to the energy and water consumption, 
as well as the production of cleaning agents involved [66]. Our analysis 
highlighted that electricity demand for thermal conditioning during the 
cheese ripening process is very high (the entire aging period requires 
temperatures of about 8–10◦C), likely representing the main contributor 
to the climate change impact category. It is interesting to observe that, 
although the additional electrical equipment (ozone device) results in an 
increase of energy inputs for the innovative system, this increase 

represents only 1.6 % of the overall electricity consumed. Thus, the 
ozone technological implementation does not pose a serious risk to the 
environmental performance of the IR system.

The shelf life extension achieved with gaseous ozone treatment 
directly enhances food safety and reduces waste, improving social per
formances, promoting this advance as a promising food decontamina
tion technology [5,67]. In relation to a lifespan functional unit (FU), the 
lower carbon and water footprints of the IR system further contribute to 
its environmental performance, making it a more sustainable alternative 
to the conventional system. For 1 day per piece of cheese, the IR system 
shows reduced damages to human health, ecosystems, and resources 
compared to the CR system, with decreases of 24.6 %, 25.6 %, and 
26.1 %, respectively. Our findings are therefore in line with other 
similar works on food and dairy products (e.g. [68]), demonstrating that 
minimal increases in environmental impacts per unit of biomass pro
duced through an innovative technology are often justified by marked 
reductions of impacts by expressing the results in terms of days of 
product shelf life. Moreover, the demand model by Herbon [69] showed 
how extending the shelf life of perishable products could represent a 
win-win scenario for both consumers and producers. By extending 
product lifespan, producers could increase the prices of fresher products 

Fig. 5. Impact characterization of the conventional ripening system (with brushing; CR system) and the innovative ripening system (with gaseous ozone use; IR 
system) in relation to a functional unit equal to one hundred thousand euro of operating farm profit relating to the ripening process. Impacts are allocated respect to 
the three main farm business items, i.e., structural (a), supply (b), and energy (c) costs.
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and, consequently, their profits. Therefore, the extended shelf life rep
resents not only a social benefit related to the consumption of a safer 
product, but also a potential gain for producers, encouraging them to 
invest in innovative technologies that delay the lifespan of their prod
ucts. In addition to extending commercial durability, the use of ozone 
during ripening process offers further advantages, such as of minimizing 
waste, requiring fewer resources for the cheese ripening, and effectively 
reducing emissions associated with the supply chain. In particular, the 
limitation of product losses during and after production processes rep
resents a major problem of dairy products, which are one of the main 
categories of food lost due to microbiological contamination [70]. 
Although this technology is spreading throughout the food industry, we 
argue that the adoption of ozone-based sanitization solutions should be 
particularly encouraged in rapidly perishable food production systems.

When considering an economic FU, the overall findings clearly 
confirm the high profitability of adopting an ozone-based solution for 
cheese ripening. In relation to an equivalent OP, the IR system demon
strates improved environmental performance with reductions of 8.2 % 
in total damage to human health, 9.0 % in total damage to ecosystems, 
8.2 % in total damage to resources, and 8.3 % in overall impacts from 
the ripening process. These results are due to the relevant savings in 
farming costs for the ozone ripening process. The increase in operating 
expenses for the IR system due to structures’ costs (+32.1 % for the 

ozone technology) and energy consumption (+1.6 % of electricity), is 
largely offset by a 99.9 % discount in supply costs compared to the CR 
system. This is mainly because the CR system requires a significant de
mand of labour hours for manual brushing and cleaning-in-place oper
ations, while these costs are eliminated in the fully automated IR system. 
Given the ozoniser lifespan of approximately 50,000 h, the capital in
vestment required for its acquisition results in an incremental cost of 
only €57.00 per 15-batch production cycle of Toma Piemontese cheese 
using the IR system. Additionally, its operation entails a minimal in
crease in electricity expenditure, estimated at €5.50 per 15 batches, 
which is negligible when compared to the €345.60 spent on thermal 
conditioning electricity by both systems. Despite these marginal in
creases, the IR system enables a labour cost reduction of €1687.56 per 
15-batch cycle with respect to the CR system. Accordingly, the IR system 
achieves an 81.4 % reduction in operating costs compared to the CR 
system. Energy consumption remains the largest contributor to both 
systems’ ecological footprints, although showing an 8.2 % reduction in 
the IR system and highlighting improved energy efficiency. Moreover, 
the IR system shows an advantageous impact on human toxicity and eco- 
toxicity compared to the CR system. However, the greatest performance 
benefit is observed in the climate change category, which carries the 
most significant weight. As reported by Üçtuğ et al. [9], energy con
sumption emerged as the primary driver of the environmental footprint 

Fig. 6. Estimates of damages on human health (a), ecosystems (b), and resources (c) of the conventional ripening system (with brushing; CR system) and the 
innovative ripening system (with gaseous ozone use; IR system) respect to a functional unit equal to one hundred thousand euro of operating farm profit for ripening 
process. In table (d), the final single score (in mPt of impact) for the two ripening systems is reported.
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when considering the production processes. To date, the critical role of 
energy - such as natural gas, water, and electricity - remains the domi
nant contributor to environmental impacts, suggesting that in
terventions targeting these areas (e.g., energy efficiency measures) 
could yield significant improvements. Among cheese types, aged vari
eties like hard and semi-hard cheeses typically have a higher energy 
footprint due to longer ripening periods and controlled storage condi
tions [71]. The use of more energy-efficient equipment and renewable 
energy sources, such as photovoltaics, is necessary to achieve significant 
environmental advantages [72,73]. Improving the sustainability of en
ergy (renewable energy sources) and infrastructure in the production 
environment can further optimize the ecological performance of the 
entire system. The increase in shelf life is even more important consid
ering that effects were estimated on a product derived from raw milk, 
therefore subject to a rapid deterioration [74]. From a farm re
sponsibility perspective, this finding represents key research outcome, 
promoting the adoption of modern technologies and driving towards 
sustainable development. Furthermore, observing an improvement in 
environmental performance with respect to a monetary FU demon
strates that the adoption of the innovative technology could represent a 
suitable solution from a farm business perspective.

Given the inherent complexity of sustainable development processes, 
this work provides valuable insights into the potential trade-offs among 
environmental, social, and economic priorities associated with the 
modernization of dairy—and more broadly, agri-food—production 
systems. In this sense, the use of multiple FUs in our analysis has allowed 
us to capture the multifaceted nature of the ozone innovation in dairy 
production, aligning with the recommendations of several Life cycle 
Assessment (LCA) practitioners [47,75-77]. As highlighted in recent 
literature, innovations like the use of ozone in food production systems 
serve multiple functions, from improving product shelf life to enhancing 
sustainability [4]. Therefore, adopting diverse FUs not only broadens 
the scope of the analysis but also ensures that specific environmental 
targets are properly addressed, offering a more comprehensive view of 
the environmental consequences. In our case, this approach could help 
farmers to evaluate the broader implications of technological advance
ments, ensuring that all relevant perspectives are considered in the move 
towards both sustainable development and modernization.

5. Conclusions

Life cycle Assessment (LCA) comparison demonstrates that, for 1 kg 
of Toma cheese, conventional ripening (CR) and innovative ripening 
(IR) systems exhibit only minor differences in ecological footprints. 
These findings suggest that shifting from a traditional to an ozone-based 
ripening method does not lead to significant increases of environmental 
impacts on the system. Despite increases in some impact categories, such 
as non-carcinogenic toxicity (+90.8 %) and fine particulate matter for
mation (+29.9 %) when 1 kg of aging cheese is considered, the overall 
impact of the IR system is lower, due to its optimized operational design. 
In relation to the cheese lifespan unit, the environmental performance of 
the innovative system is significantly better than that of the conven
tional one. The gaseous ozone treatment has been shown to extend the 
shelf life of cheeses by approximately 21 days, contributing to improved 
food safety and reduced waste, with positive effects on social wellbeing 
and human health. The shelf life extension could also represent a cheese- 
added value, considering the greater freshness of the product and the 
potential increase in profit for the producer. The farm profitability of 
adopting an ozone-based ripening system is further supported by the 
impact assessment with respect to an economic functional unit (FU). The 
IR system demonstrated an overall reduction in environmental impacts 
compared to the CR system, with an 8.2 % reduction in energy impact 
per unit of operating profit (OP), highlighting improved energy effi
ciency. Energy use remains the primary contributor to environmental 
impacts, emphasizing the importance of integrating renewable energy 
sources. In conclusion, the adoption of this technology could represent a 

sustainable and advantageous solution, providing benefits from 
ecological, social, and economic perspectives. Future research should 
extend system boundaries to include distribution and end-of-life stages, 
focusing on the consumer’s role. Understanding consumer awareness 
and acceptance of ozone-based preservation could reveal barriers and 
opportunities. Clear communication and education on benefits, such as 
shelf life extension and waste reduction, may support a broader adop
tion and its sustainable integration.
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