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Abstract

:

Cheese production causes significant environmental impacts, which have to be reduced. In France, a lot of different cheeses are available, made from different milks but also from different cheese technologies. The goal of this study was to understand the origin of the environmental impact variation between cheeses made from different technologies and milks and produced using different ripening practices. To do so, the environmental impacts of 44 different types of French artisanal cheese, all produced under protected designation of origin (PDO) labels, were assessed using the life cycle assessment. Cheese technologies were fully described and two ripening scenarios were investigated. Results show that the differences of environmental impacts between cheeses mainly come from: the milk type (cow, goat, or sheep), the milk amount needed to produce one kilogram of cheese, the energetic performance of the ripening room, and the ripening time. Such results could be useful to cheesemakers to identify the origin of the environmental impacts of their products and to implement effective actions to reduce them. According to the results, innovations leading to the reduction in electrical consumption during ripening are interesting to explore in order to increase the environmental performance of a cheese.
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1. Introduction


Cheese is an appreciated food product, especially in the European Union, where more than 39% of total whole milk production is used for cheese [1]. In France, cheese plays an integral part in traditional culture and gastronomy; indeed, in [2] it is estimated that in 2020, the average annual cheese consumption per capita in France was 27.4 kg.



However, this consumption is not without its costs, as animal products, such as cheese, are linked with serious environmental impacts. Among the different methods used to assess environmental impacts, the life cycle assessment (LCA) is well regarded because it evaluates the potential environmental impact associated with a product, process, or service over its entire life cycle. It is a multicriteria method of evaluation that is scientifically recognized and standardized under ISO standards 14040 to 14044 [3]. Furthermore, the European Union established a theoretical and practical framework to promote the standardization of LCA practices used for quantifying the environmental performance of products (Product Environmental Footprint Category 2 Rules Guidance, 2018; Suggestions for updating the Product Environmental Footprint (PEF) method, 2019). These standards form a basis for the effective comparison of multiple scenarios with regard to the scope of different evaluations and their underlying assumptions. With these advances, LCA became a method of choice in studies focusing on the agrifood sector [4].



A 2017 review examined 16 published examples of LCAs conducted for different cheeses [5]. The 16 studies were carried out in different countries, but shared largely similar goals: to define the environmental “hotspots” of cheese production (using a mass-based functional unit) in order to either reduce environmental impacts or compare different production plants. When possible, the review compared the LCA results of the different studies with respect to the potential impacts on global warming, acidification, and eutrophication, divided into the following steps: raw milk production, raw milk transportation, milk processing, and cheese packaging. Across all studies, the step with the largest environmental impacts tended to be raw milk production. A similar finding was reported by [6] in his literature review of 31 published LCAs of dairy products, of which 17 were for cheeses (8 of the 17 were also included in the review of [5]). Both of these literature reviews highlighted the fact that the most commonly calculated environmental impact was global warming potential, followed by eutrophication and acidification potential. Impacts of cheeses on other environmental categories were less often examined, with the result that the overall picture in the scientific literature is less clear.



The strong degree of overlap between these two reviews highlights the fact that the number of LCAs performed on cheese is quite low given the extraordinary number and diversity of products in this category. In France alone, there are more than 1200 varieties of cheese [7], which differ from one to another in numerous ways, such as the milk they are made of (cow, sheep, or goat), the cheese technology used, or the ripening time. This diversity is currently not well represented in the literature. Indeed, a recent examination of 25 LCAs of cheese by [8] included the same 17 studies included in the literature review of [6] as well as the 16 studies reviewed by [5] (with 8 studies included in both). Furthermore, the studies carried out to date focused on only one or a small number of cheeses, making it difficult to understand the origin of any possible variations in the environmental impacts of cheese. Moreover, the system boundaries, environmental categories assessed, and allocations used are often different from one study to another, which hampers quantitative comparisons.



For this reason, the aim of this study was to study the hotspots and compare the environmental impacts of a large number of cheeses in order to understand the origin of their differences by investigating possible correlations between cheese characteristics and their environmental impacts. We selected French PDO cheeses as our model system because they encompass a large diversity of milk types and cheese technologies. Protected designation of origin (PDO) is a European label attributed to food products produced in a specific geographical area whose unique characteristics are reflective of time-honoured production techniques and local knowledge. As of the time of this study, 45 cheeses benefit from this quality label in France [9]. On average, PDO cheeses represent 15.8% of the total production of ripened cheeses in France [10]. These cheeses were also suited for this study because their production is highly regulated by strict and detailed specifications that could be consulted for data collection. After the cheesemaking process, cheesemakers can choose to ripen their cheeses at the production site or to ripen them off-site in a dedicated shared ripening room. These two scenarios will be analyzed in the study in order to understand how these two practices can influence the environmental impacts of cheeses.




2. Materials and Methods


For this study, we followed the four steps of life cycle assessment: goal and scope definition, life cycle inventory analysis, life cycle impact assessment (LCIA), and interpretation of results.



2.1. Goal and Scope


The goals of this study were to analyze the environmental impacts of a large sample of cheeses (44 French PDO cheeses), determine the most significant impacts associated with different cheese production processes, and better understand the links between the different characteristics of cheese and its environmental impacts.



2.1.1. Product Selection


The 44 PDO cheeses studied, as well as the technologies and types of milk used for each, are presented in Table 1.



The only PDO cheese not included in this study, Brocciu, was excluded because it is the only PDO cheese produced from whey, and would therefore represent an outlier in the analysis.




2.1.2. System Boundaries


The steps of cheese production analyzed in this study are presented in Figure 1. Initially, we aimed to model only a base scenario of an on-site cheesemaking process in which cheeses are ripened in a small room close to the production area. However, it became clear from discussions with experts that there are major disparities in the energy usage and efficiency of ripening rooms. For this reason, we also studied an alternative scenario of cheese ripening in which cheeses are transported to a larger, more energy efficient, dedicated ripening room shared with cheeses from other producers. This ripening room is located within the authorized geographical production area of each PDO cheese. This scenario is presented as “Alternative scenario” in Figure 1 and includes the additional transportation step. Outputs of possible co-products (cream and whey) were not included within the system boundaries and therefore allocation factors were used to determine the parts of the process that were attributable to the cheese rather than its co-products.



Although the different cheese technologies generally utilize the same steps, some steps of milk processing are specific to certain technologies, such as pressing, which is used for pressed cheeses (although some other cheeses may also undergo light pressing), or cooking of the curd, which is specific to cooked pressed cheeses. The milk production step includes all the processes needed to produce the milk (animal feed production, breeding, etc.). Milk pumping, storage, and processing include energy consumption, as well as the materials of some equipment. Milk and cheeses are transported in a refrigerated truck. Data related to the milks’ productions were taken from the AGRIBALYSE 3.0 database, and data related to the electricity, the materials, and the transports were taken from the Ecoinvent 3.6 database. More details about the sub-steps of the cheese production process, as well as the data used for the life cycle inventory, are available in the associated data paper [11].




2.1.3. Functional Unit


The functional unit chosen for this study was 1 kg of cheese after the ripening step.





2.2. Inventory Analysis


2.2.1. Data Collection


The main flows considered here were milk, co-products (cream and whey), transport, water, energy consumption, and equipment materials (stainless steel, copper, and wood). PDO specifications were used to identify the type of milk used (highland cow milk, lowland cow milk, sheep milk, goat milk), the minimum ripening duration, the allowed materials for the vat (stainless steel or copper) and for ripening room shelving (wood or stainless steel), the maximum distance allowed for milk and/or cheese transport, and the maximum length of time the milk could be stored before being processed. Technical datasheets and the scientific literature were consulted for estimates of water consumption in the equipment cleaning step, the electricity consumed for cheese processing, and the materials used in the production of 1 kg of cheese (using time and volume allocations). We consulted cheese experts to estimate the amount of milk needed to produce 1 kg of each cheese based on their knowledge, complemented by online data when needed. Two cheese experts provided information on their ripening rooms (power requirements of equipment, size of the room, and number of cheeses ripened at the same time), which was used to estimate the electrical consumption related to cheese ripening in the base scenario. For the alternative scenario, information was obtained from the scientific literature [12]. We made a particular effort to collect detailed data on each sub-step of each cheese processing method; the different sub-steps considered and their related flows are described in the associated data paper [11]. Data from the AGRIBALYSE 3.0 database were used to modelized highland cow milk, lowland cow milk, goat milk, and sheep milk. Data from the Ecoinvent database were used to modelize the electricity consumption as well as the equipment materials. All the data used are presented in the associated data paper [11].




2.2.2. Dry Matter Basis Allocation


As recommended by the PEF [13], allocations were performed on a dry matter basis to calculate the environmental impacts of the cheeses. To do so, the amount of co-products (whey and cream) associated with the production of 1 kg of cheese was estimated for each cheese and used to calculate dry basis allocation factors. These factors were then used to estimate the portion of environmental impacts that were attributable to the cheese only. More details related to the estimation of co-product mass and the calculation of allocation factors for each cheese are available in the associated data paper [11].





2.3. Life Cycle Impact Assessment


LCA was performed for each of the 44 cheeses using the SimaPro 9.1.0.11 software (PRé Sustainability, Amersfoort, The Netherlands). The selected characterization method was “EF 3.0 Method (adapted) V1.00/EF 3.0 normalization and weighting set” [14]. All the midpoint impact categories available in this method were calculated, and all of the results are available in the accompanying data paper [11]. In this article, we will focus only on the following 13 environmental indicators: climate change, ozone depletion, ionizing radiation, photochemical ozone formation, particulate matter, acidification, eutrophication marine, eutrophication freshwater, eutrophication terrestrial, land use, water use, resource use fossils, and resource use minerals and metals. The three remaining indicators were not included in the study since they are poorly modelled [15].




2.4. Interpretation of Results


Environmental data obtained by performing the LCA of the 44 different cheeses were analyzed with a principal component analysis (PCA) using Spearman correlations. PCA evaluates the correlations between all the variables tested and provides a visual, on which, the closer two variables are, the more positively correlated they are. Milk (kg/kg cheese), ripening time, and nutritional values (protein, fat, calcium, and salt content) were added as supplementary variables. The PCA was performed using the XLStat software version 2020, 5.1.1043 (Addinsoft, Paris, France). Data on the nutritional composition of the cheeses were obtained from the CIQUAL database, complemented by nutritional data on cheese packaging (found online) when necessary. When nutritional values could not be found for a cheese, the information from a similar cheese was used instead.





3. Results and Discussion


First, we analyzed variation in environmental impacts among the studied cheeses. Then, we determined the “hotspots” of cheese production (i.e., steps with particularly significant impacts) and established if these differ according to the characteristics of the cheeses. Finally, we examined the links between environmental impacts and cheese characteristics in greater detail.



3.1. Base Scenario—Analysis of Environmental Impacts Variability, Identification of Hotspots


Our first task was to study the variability in environmental impacts among the 44 cheeses. For each environmental indicator, the impact of each cheese was calculated as a percentage of the cheese with the strongest impact (which varied depending on the indicator in question). The results are presented as a boxplot in Figure 2. The range of impacts (minimum and maximum) are represented for each indicator, as well as the average, the first and third quartiles, and the median.



As depicted in Figure 2, there is wide variability in environmental impacts among the 44 studied cheeses. Indeed, the difference between the cheese with the highest impact and the cheese with the lowest impact ranges from 65% for terrestrial eutrophication to almost 94% for ionizing radiation. Thus, depending on the indicator in question, the cheese with the strongest impact has at least 3 times, and up to 15 times, the influence as the one with the weakest impact. However, it can be noted that for some indicators, there are extreme high values that are very different from other values, while for other indicators, the values seem to be more clustered. The indicators for which the values seem to be the most dispersed, with some values well above the others, are: ionizing radiation, ozone depletion, resource use minerals and metals, and resource use fossils.



For this reason, it would clearly be incorrect to generalize the environmental impact of one cheese to the group as a whole.



Our next task was to investigate the factors behind the observed variation. To do this, we calculated the environmental impacts of the different production steps for each studied cheese. As an example, Figure 3 shows the contribution of each production step to the overall impact of Brie de Melun for each of the 13 environmental indicators. Therefore, for each environmental indicator, the more a color is represented in the bar, the higher the contribution of the corresponding stage to the indicator. Brie de Melun was selected as an example because its ripening time and milk amount needed to make 1 kg were not the lowest nor the highest of the 44 cheeses.



It can be seen that two steps—milk production and cheese ripening—are responsible for the majority of the contributions in all of the studied environmental impact categories. Most other processing steps have only minor environmental impacts, with the exception of cleaning, which makes a notable contribution to overall impact on water use. However, the relative contributions of milk production and cheese ripening vary among the different cheeses and environmental indicators, as shown in Table 2.



Overall, milk production is the main contributor to the cheeses′ impacts on climate change, photochemical ozone formation, particulate matter, acidification, marine eutrophication, terrestrial eutrophication, land use, and water use (Table 2). Instead, cheese ripening is the main contributor to the impacts on ozone depletion, ionizing radiation, fossil resource use fossils, and resource use minerals and metals. Therefore, it can be said that the extreme high values observed on Figure 2 for these four environmental indicators were those of cheeses ripened a long time. Indeed, most of the studied cheeses are ripened during no longer than 45 days while only five of them are ripened at least 100 days. These differences explain the gap observed on Figure 2 between the extreme values and the rest.



For eutrophication freshwater, the main contributor can be either milk production or cheese ripening depending on the cheese in question; on average, across the 44 cheeses, the contributions of the two steps are equivalent. Unsurprisingly, though, the impact of the ripening step on the eutrophication of freshwater tends to be larger for cheeses with a long ripening time than for those with a short ripening time.



The agricultural sector is the source of significant greenhouse gas emissions, originating from both methane-producing animals and CO2-emitting machinery [16]. It is therefore logical that the milk production step contributes strongly to the overall impact of these cheeses on climate change. Similarly, the spreading of manure and the use of nitrogen fertilizer in cultivating feed for livestock lead to eutrophication in freshwater, marine, and terrestrial environments, which explains the impact of milk production on these indicators [17]. Both livestock production and the production of livestock feed require large amounts of land [17] and significant amounts of water, which may explain why milk production is a major contributor to impacts on the land use and water use indicators. The impact of milk production on acidification can be explained by the use of nitrogen fertilizers or liquid manure to produce livestock feed; these can generate nitrogen oxides and ammonia that may induce acidification in the air or soil. Fuel combustion by farm machinery can also emit sulfur dioxide, inducing acidification [17], and generating fine particles, contributing to particulate matter.



Here, energy consumption was modelled using a French electricity mix, which is based heavily on nuclear power. The nuclear production of electricity can generate ionizing radiation [18], which explains the strong contribution of the cheese ripening step to the effect on ionizing radiation. Moreover, nuclear power production also requires the use of fossil resources [19], as well as metals (notably for the transport of electricity), which explains why the cheese ripening step plays such a large role in the cheeses′ impact on both fossil and mineral/metal resource use.



Our finding that milk production contributes heavily to the environmental impacts of cheese is consistent with the literature; a2019 review reported that raw milk production was the main factor responsible for cheese’s environmental impacts [6]. In particular, the production of raw milk was responsible for, on average, 59% of abiotic resource depletion, 92% of acidification potential, 75% of ecotoxicity, 60% of energy use, 88% of eutrophication potential, 82% of global warming potential, 47% of human toxicity, 98% of land use, 39% of ozone layer depletion, 77% of photochemical ozone formation, and 96% of water depletion associated with cheese [6]. Similarly, the literature review of [5] reported that, in the production of cheese, raw milk production was responsible for between 79% and 95% of the overall impact of cheese on global warming potential, 89–99% of the impact on acidification potential, and 59–99% of the impact on eutrophication potential. As in the present study, though, it was also reported that the step of cheese production (in which the ripening step was included) could make a larger contribution to ozone layer depletion (10–80%) than raw milk production does (7–71%) [6]. On average, those authors concluded that cheese production (including ripening) accounted for 38% of abiotic resource depletion, 7% of acidification potential, 9% of ecotoxicity, 26% of energy use, 10% of eutrophication potential, 12% of global warming potential, 22% of human toxicity, 2% of land use, 38% of ozone layer depletion, 16% of photochemical ozone formation, and 4% of water depletion. In that review, the main factor behind the contribution of cheese manufacturing to each environmental impact was reported to be energy consumption. This is consistent with the results of the current study if we combine the steps of milk processing and cheese ripening, although the contribution of the cheese ripening step is higher in our study for some indicators.



For all environmental indicators, all other production steps make lower, mostly minor, contributions. Indeed, milk transport is responsible for less than 7.5% of the impact of any indicator for any cheese, with the exception of mineral and metal resource use, for which it contributes up to 14% of the impact. Milk storage accounts for less than 8% of any impact, milk processing less than 2%, and milk pumping less than 0.01%. The cleaning step makes a significant contribution to water use (from 10% to 29.5%) but has only a small effect on the other indicators (less than 4.5% for all other indicators and all cheeses). All of the LCIA results are available in the associated data paper [11].




3.2. Alternative Scenario—Analysis of Environmental Impacts Variability, Identification of Hotspots


Because the cheese ripening step makes a major contribution to the environmental impact of cheese, and because the electrical consumption attributable to this step can differ depending on the characteristics of the ripening room, we studied an alternative scenario in which the cheeses are transported off-site to a shared ripening room. This dedicated room is larger and more energy efficient (per kg of cheese) than the room modelled in the base scenario (additional information related to the ripening rooms is available in the data paper [11]). Figure 4 shows a boxplot representing the variability in environmental impacts calculated using the alternative scenario. As in Figure 2, for each environmental indicator the impact of each cheese is represented as a percentage of the cheese with the strongest impact.



By comparing Figure 2 and Figure 4, it is evident that the variability among cheeses in their environmental impacts is lower in the alternative scenario than in the base scenario. With the alternative scenario, the difference between the cheese with the highest impact and the cheese with the lowest impact ranges from 46% to almost 78% depending on the impact category, compared with the range of 65% to 94% calculated for the base scenario. Nevertheless, for each environmental indicator, the cheese with the strongest impact still has at least two times the influence of the cheese with the lowest impact, meaning that there is still significant variability among cheeses in the environmental impacts assessed in the alternative scenario.



Figure 5 shows the contributions of the different production steps for Brie de Melun to the environmental impacts calculated with the alternative scenario.



For all of the studied environmental indicators, milk production is a major contributor to the environmental impact of this cheese. This was true for the majority of cheeses, although there was some notable variation, as shown in Table 3.



Under the alternative ripening scenario, the ripening step makes a much smaller contribution to all environmental indicators, but can still have a non-negligible impact on ozone depletion, ionizing radiation, fossil resource use, and mineral and metal resource use. Because the contributions of each step were calculated as percentages of the total, the reduction in the contribution from ripening necessarily induced an increase in the contributions of other electricity-dependent steps. For example, milk storage has a larger impact on ozone depletion, ionizing radiation, fossil resource use, and mineral and metal resource use in the alternative scenario than the base scenario (a contribution of 0% of the milk storage step represents the case in which the milk is not stored before being processed). Likewise, the contribution of milk transport is also larger, especially for the cheeses’ impact on resource use minerals and metals and ozone depletion. The fact that the milk production is globally the main hotspot for the environmental impacts of cheeses calculated with the alternative scenario is consistent with the results obtained for other European PDO cheeses. Indeed, a study conducted on the San Simon da Costa cheese [20], a Spanish PDO cheese, concluded that 63 to 89% of the environmental impact was due to the production of cow milk, depending on the environmental indicators. Apart from the milk production, the most impactful steps were the smoking of the cheese, the heating processes, and the waste treatment, especially because the whey produced was not valorized. Similarly, a study conducted on Grana Padano cheese [21], an Italian PDO cheese, also concluded that milk production was the main hotspot, representing from 93.5 to 99.6% of the environmental impact, depending on the indicators. Apart from the milk production, electricity consumption and transport were found to have the main contributions. The energy consumption of the ripening rooms was not specified in these two studies; neither were their capacities nor filling rates. However, the global electrical consumption of the first study was quite low, which can indicate that the electrical consumption of the ripening room is low for 1 kg of cheese. Furthermore, the ripening step was reported to be negligible in the second study, but more technical information would be needed to compare their ripening systems to the ones used in the present study. However, these results show that apart from the milk production that seems to be a major environmental hotspot in all cheese LCA related studies, the contribution of the rest of the cheesemaking process can be variable due to variable practices. For example, some cheesemakers ripen their cheeses in natural ripening rooms that do not require electricity for temperature regulation, while some others use artificial ripening rooms that can be more or less energy-consuming. These differences of cheesemaking equipment and practices between cheese production sites would need to be deeper assessed in future research.




3.3. Comparative Analysis of the Base and Alternative Scenarios


To more thoroughly investigate the differences between the two scenarios, we compared the environmental impacts calculated for the base scenario to those assessed for the alternative scenario for two cheeses: one with a short ripening time (Neufchatel, ripened for 10 days) and one with a long ripening time (Comté, ripened for 120 days). Figure 6 presents the impacts of these cheeses (Neufchatel in Figure 6a and Comté in Figure 6b) in both scenarios, with the values obtained from the alternative scenario expressed as a percentage of those assessed with the base scenario.



For all environmental indicators considered, the relative reduction in environmental impacts that was obtained with the alternative scenario was greater in magnitude for Comté than for Neufchatel. This pattern was evident for all studied cheeses: in general, the use of the alternative scenario reduced the environmental impacts of cheese compared to the base scenario, but this effect was much more pronounced for cheeses with a long ripening period than for those with a short ripening period. This was particularly notable for environmental indicators that are sensitive to the use of electricity, such as ozone depletion, ionizing radiation, fossil resource use, and mineral and metal resource use, and less visible in indicators that are more closely tied to the agricultural production of milk, such as climate change or land use. For example, compared to the base scenario, the alternative scenario reduced the impact on climate change by 11% for Neufchatel and 48% for Comté, while the impact on ionizing radiation was reduced by 87% for Neufchatel and 97% for Comté. These results demonstrate how ripening cheeses in a large, shared ripening room can enable a substantial reduction in the environmental impacts of the ripening step, and thus of the final cheese as well. In general, this highlights the importance of optimizing the energy efficiency of cheesemaking equipment and facilities, particularly for cheeses with a long ripening period. For example, the use of sequential air ventilation can lead to a considerable reduction in the daily energy consumption of industrial ripening rooms [12]. It is tempting to interpret these results as suggesting that the larger the scale of production, the less impact an individual product will have on the environment. However, in a comparison of the environmental impacts of artisanal and industrial cheese processing, this is not necessarily the case [22]. Indeed, it wasconcluded that the industrial production of Minas cheese had larger environmental impacts than artisanal production for all impact categories studied; this appeared to be due to the pasteurization step, which is used to produce this cheese in an industrial setting but not in an artisanal one. In any event, our two scenarios represent only examples and do not capture the wide diversity of existing ripening rooms. It is quite possible for a small ripening room to be energy efficient and generate little environmental impacts, such as natural ripening rooms that require little or no energy to operate. Moreover, we should point out that, although the electrical consumption used in the alternative scenario was measured in an industrial ripening room [12], values for the base scenario were estimated based on the power of the equipment in two experimental ripening rooms and on each cheese’s ripening time. This could have led us to overestimate the real electrical consumption of the ripening room used in the base scenario.




3.4. Influence of Cheese Characteristics on Environmental Impacts


Since the results presented in Section 3.1 demonstrate that milk production and cheese ripening are the two main contributors to the environmental impacts of cheese, we decided to further investigate the following characteristics: the amount of milk needed (kg/kg of cheese), milk type, and ripening time. Furthermore, we wanted to examine the influence of cheese technologies on environmental impacts as, to our knowledge, this was never studied. We also assessed possible correlations between the nutritional profiles of cheeses (fat, protein, calcium, and salt content) and their environmental impacts.



3.4.1. Base Scenario—Influence of Qualitative Characteristics of Cheeses on Their Environmental Impacts


Comparison of the Environmental Impacts of Cheeses Made from Different Types of Milk


First, we calculated the average environmental impacts of cheeses made with cow (highland), cow (lowland), and goat milk, and compared them using Kruskal–Wallis and Dunn tests (Figure 7). Sheep milk cheeses were not included here since there were only two representatives.



For each impact category, different letters indicate a significant difference (p-value < 0.05) according to Kruskal–Wallis and Dunn tests.



We observed that goat milk cheeses have a higher impact than those made from cow milk on four environmental indicators: particulate matter, acidification, terrestrial eutrophication, and water use. To investigate this further, we performed a comparison of the environmental impacts of 1 kg of each type of milk, including sheep milk, which was used for the LCA (data from the AGRIBALYSE 3.0 database) (Figure 8).



According to Figure 8, it could be said that overall, sheep milk and goat milk have higher impacts than cow milk on 11 of the 13 studied environmental indicators. Goat milk also has a much higher impact on water use than other types of milk. Interestingly, even though goat milk cheeses require less milk (kg milk/kg of cheese) and less ripening time than cow (highland) milk cheeses, they still have a higher impact on particulate matter, acidification, freshwater eutrophication, marine eutrophication, terrestrial eutrophication, and water use. It thus appears that the impacts of cheese on these environmental indicators are most strongly influenced by the type of milk used. Instead, the impacts on ozone depletion, ionizing radiation, photochemical ozone formation, fossil resource use, and mineral and metal resource use are higher for cow milk cheeses than for goat milk cheeses, even though goat milk has a higher impact on these indicators than cow milk. For these environmental indicators, then, the type of milk does not seem to be the main factor underlying the impacts of cheese. However, in this study we used the data available in the AGRIBALYSE 3.0. database to modelize the productions of highland cow, lowland cow, goat, and sheep milks. Unfortunately, the number of data available was low and therefore not all the milk production systems used for the 44 PDO cheeses production were available, which is a limitation of the study. Therefore, it would be interesting to conduct studies specific to all the milk production systems used for each PDO French cheese, especially for goat and sheep milk production, for which less data are currently available than for cow milk production. As the agricultural milk production is a major hotspot, it is predictable that the variation in farming practices can have an important influence on the LCA results.




Comparison of the Environmental Impact of Cheeses Made Using Different Cheese Technologies


The average environmental impacts of cheeses made using different technologies were calculated and compared (Figure 9). Pressed cooked cheeses were included in the analysis even though there were only three representatives. The significance of the differences among groups was tested using a Kruskal–Wallis and a Dunn test.



For each impact category, different letters for bars indicate a significant difference (p-value < 0.05) according to Kruskal–Wallis and Dunn tests.



For 6 of the 13 studied environmental indicators, bloomy rind cheeses have significantly lower environmental impacts than pressed cooked and pressed uncooked cheeses. In most other cases, the differences between cheese categories are not significant. Because milk processing makes only a small contribution to the environmental impacts of cheeses according to Figure 3, it is probable that the differences observed on Figure 9 originate from differences in the main contributing factors: milk and/or ripening time.





3.4.2. Base Scenario—Influence of Quantitative Cheese Characteristics on Their Environmental Impacts


To better understand the origin of the variation in environmental impacts among cheeses, we used PCA (Spearman correlation) to study the relationships between the environmental impacts of cheese and certain quantitative characteristics. Environmental impact categories were used as active variables while milk amount (milk (kg/kg of cheese)), ripening time, and protein, fat, calcium, and salt content were added as supplementary variables. Because the type of milk seemed to have an important influence on several environmental categories, two PCAs were performed: one for cow (highland and lowland) milk cheeses (Figure 10a) and one for goat milk cheeses (Figure 10b).



In representations of PCAs, the spatial relationship between variables depicts the correlation between them. Globally, in both scenarios, a cheese′s impact on resource use fossils, resource use minerals and metals, ionizing radiation, and ozone depletion is strongly positively correlated to its ripening time. These results are consistent with our finding that the main contributor to a cheese′s impact on these categories is the ripening step (Section 3.2). Instead, the impacts on land use, terrestrial eutrophication, marine eutrophication, and acidification tend to be more positively correlated to the amount of milk used than to the ripening time. This is in agreement with our observation that milk production is the main contributor to cheeses’ impacts on these environmental indicators. The two most obvious means of reducing the environmental impacts of cheese would therefore be reducing the amount of milk used and shortening the ripening time. Regarding the nutritional content, salt did not appear to be correlated with the environmental impacts of cheese, while, globally, amounts of proteins, fat, and calcium tended to be positively correlated with several environmental indicators (although the correlations were more significant for cow milk cheeses than for goat milk cheeses). In other words, the higher the protein and calcium content of a cheese, the more likely it is to have significant environmental impacts. This is logical since the cheeses with the highest amounts of these nutrients tend to be the ones that use the highest amount of milk and that have the longest ripening times. However, PDO cheeses have mandatory composition values to respect, and therefore the milk amount used to make one kilogram of cheese could not be modified. It can therefore be difficult for cheese consumers to identify the best compromise between interesting amounts of proteins and calcium and reduced environmental impact between the available cheeses of the retail market.




3.4.3. Alternative Scenario—Influence of Cheese Characteristics on Environmental Impacts under the Alternative Scenario


In the alternative scenario, ripening time has less of an influence on the environmental impacts of cheese, and milk type has more. As a result, goat milk cheeses—which under the base scenario had lower environmental impacts than cow (highland) milk cheeses on ozone depletion, ionizing radiation, photochemical ozone formation, and fossil resource use (Figure 6)—now have a stronger impact on these indicators (Figure 11).



For each impact category, different letters indicate a significant difference among bars (p-value < 0.05) according to Kruskal–Wallis and Dunn tests.



The correlations between the environmental impacts of cheeses and their ripening time and milk amount were also tested for each milk type. As expected, the correlations between environmental impacts and milk amount increased in the alternative scenario compared to the base scenario, while those between environmental impacts and ripening time decreased. In the alternative scenario, milk type and milk amount are the two factors with the most influence on the environmental impacts of cheese. This is consistent with the fact that, in the alternative scenario, milk production is the main contributor to all studied environmental indicators (Section 3.2).






4. Conclusions


Our results demonstrate that, although the environmental impacts of cheese differ greatly among the 44 French PDO cheeses studied here, two production steps were consistently highlighted as the main “hotspots”: milk production and cheese ripening. For all of the indicators examined, one of these two steps was responsible for the majority of the environmental impact. However, under an alternative scenario with a reduced daily electrical consumption (per kg of cheese), the contribution of the ripening step was decreased and milk production became the main contributor to the global environmental impacts. Moreover, reducing the daily energy consumption needed for the ripening of one kilogram of cheese reduced the impacts for all 13 environmental indicators, particularly for long-ripened cheeses and for the indicators that are most sensitive to electricity consumption. It is thus clear that optimizing the energy efficiency of ripening rooms could serve as an important means of reducing the environmental impacts of cheese. Another interesting finding was that the type of milk used for a cheese has a strong effect on its environmental impacts, especially under the alternative scenario in which the impact of cheese ripening is reduced. Finally, among cheeses made from the same type of milk, certain environmental impacts were more closely correlated to the amount of milk used, while others—those that were most sensitive to electricity consumption—were strongly correlated to the ripening time; again, though this latter relationship was much weaker in the alternative scenario. Efforts to reduce the environmental impacts of cheese could therefore also target the amount of milk used, as well as the length of the ripening period (particularly if the daily energy consumption of the ripening room is high). These results could be useful to cheesemakers who are searching for ways to reduce the environmental impact of production. However, since PDO cheeses are subject to strict specifications, changes may be difficult to implement. Nevertheless, these results can serve as inspiration for improvements in processes and recipes that are not specified under the PDO scheme. Any changes implemented should also take into account nutritional characteristics to avoid improving the environmental qualities of a cheese at the expense of its nutritional quality. These results can also be of interest to support the fact that the differences of a cheese’s environmental impacts should be represented in environmental labelling of food products. This would allow cheese consumers to make more sustainable choices. However, as discussed in the study, the environmental impacts of cheeses depend on the farming as well as the cheesemaking practices.



The main limitation of this study is a lack of specific data (consumptions and emissions) related to the agricultural and cheesemaking practices for each PDO cheese production. Furthermore, only two ripening scenarios were investigated, which is few compared to the wide diversity of ripening practices and existing equipment.



Therefore, in the future, research that incorporates more of the existing differences in cheesemaking plants and equipment may help to improve the knowledge regarding environmental impact differences between chesses and to identify options for reducing them. According to the results of this study, using a shared ripening room can be an interesting option for reducing the environmental impacts linked to the ripening step. This could be implemented especially when different cheesemakers of the same cheese are located in the same geographical area, which is the case for PDO cheeses. Financial grants from the government can also help cheesemakers to invest in less energy-consuming equipment.



Finally, since the agricultural milk production seems to be the main contributor to the global environmental impacts of the cheeses, a special attention should be paid to the practices of the milk producers. In order to better understand the influence of the different agricultural practices, further research is needed, especially for French goat and sheep milk production. This would allow cheesemakers to make more sustainable choices when choosing their milk supplier.
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Figure 1. Steps of cheese production considered in the study. 
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Figure 2. Variation in environmental impacts among the 44 cheeses (base scenario). 
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Figure 3. Contribution of each step of Brie de Melun production to several environmental indicators calculated with the EF3.0 method (base scenario). 
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Figure 4. Variation in environmental impacts among the 44 cheeses (alternative scenario). 
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Figure 5. Contribution of each step of Brie de Melun production to several environmental impact categories calculated with the EF3.0 method (alternative scenario). 
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Figure 6. Differences in the environmental impacts calculated for the base and alternative scenarios for two cheeses: Neufchatel (a) and Comté (b). 
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Figure 7. Comparison of the impacts of cow (highland), cow (lowland), and goat milk cheeses for 13 environmental categories. (For each environmental category, different letters indicate a significant difference). 
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Figure 8. Comparison of the impact of cow (highland), cow (lowland) goat, and sheep milk for 13 environmental categories. 
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Figure 9. Comparison of the average environmental impacts of cheese according to the technologies used for production. (For each environmental category, different letters indicate a significant difference). 
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Figure 10. PCA of the environmental impacts of the 44 cheeses on 13 different impact categories (active variables, closed red circles) and cheese characteristics (supplementary variables, open blue squares) for cow milk cheese (a) and goat milk cheese (b). 
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Figure 11. Comparison of the impacts of cow (highland), cow (lowland), and goat milk cheeses on 13 environmental categories. (For each environmental category, two different letters mean significant difference). 
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Table 1. 44 French PDO cheeses studied.
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	Cheese Name
	Milk Origin
	Cheese Technology





	Abondance
	Cow (highland)
	Pressed cooked cheese



	Banon
	Goat
	Bloomy rind cheese



	Beaufort
	Cow (highland)
	Pressed cooked cheese



	Bleu d’Auvergne
	Cow (highland)
	Blue veined cheese



	Bleu de Gex Haut-Jura
	Goat
	Blue veined cheese



	Bleu des Causses
	Cow (highland)
	Blue veined cheese



	Bleu du Vercors-Sassenage
	Cow (highland)
	Blue veined cheese



	Brie de Meaux
	Cow (lowland)
	Bloomy rind cheese



	Bries de Melun
	Cow (lowland)
	Bloomy rind cheese



	Camembert de Normandie
	Cow (lowland)
	Bloomy rind cheese



	Cantal
	Cow (highland)
	Pressed uncooked cheese



	Chabichou de Poitou
	Goat
	Bloomy rind cheese



	Chaource
	Cow (lowland)
	Bloomy rind cheese



	Charolais
	Goat
	Bloomy rind cheese



	Chavignol
	Goat
	Bloomy rind cheese



	Chevrotin
	Goat
	Pressed uncooked cheese



	Comté
	Cow (highland)
	Pressed cooked cheese



	Epoisses
	Cow (highland)
	Washed rind cheese



	Fourme d’Ambert
	Cow (highland)
	Blue veined cheese



	Fourme de Montbrisson
	Cow (highland)
	Blue veined cheese



	Laguiole
	Cow (highland)
	Pressed uncooked cheese



	Langres
	Cow (highland)
	Washed rind cheese



	Livarot
	Cow (lowland)
	Washed rind cheese



	Mâconnais
	Goat
	Bloomy rind cheese



	Maroilles
	Cow (lowland)
	Washed rind cheese



	Mont d’Or
	Cow (highland)
	Washed rind cheese



	Morbier
	Cow (highland)
	Pressed uncooked cheese



	Munster
	Cow (highland)
	Washed rind cheese



	Neufchâtel
	Cow (lowland)
	Bloomy rind cheese



	Ossau Iraty
	Sheep
	Pressed uncooked cheese



	Pélardon
	Goat
	Bloomy rind cheese



	Picodon
	Goat
	Bloomy rind cheese



	Pont l’Evêque
	Cow (lowland)
	Washed rind cheese



	Pouligny Saint-Pierre
	Goat
	Bloomy rind cheese



	Reblochon
	Cow (highland)
	Pressed uncooked cheese



	Rigotte de Condrieu
	Goat
	Bloomy rind cheese



	Rocamadour
	Goat
	Bloomy rind cheese



	Roquefort
	Sheep
	Blue veined cheese



	Saint-Nectaire
	Cow (highland)
	Pressed uncooked cheese



	Sainte-Maure-de-Touraine
	Goat
	Bloomy rind cheese



	Salers
	Cow (highland)
	Pressed uncooked cheese



	Selles sur Cher
	Goat
	Bloomy rind cheese



	Tome de Bauges
	Cow (highland)
	Pressed uncooked cheese



	Valençay
	Goat
	Bloomy rind cheese
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Table 2. Maximum, minimum, and average contributions of milk production and cheese ripening steps to different environmental impact categories among the 44 cheeses (rounded to the nearest whole number).
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Contribution of Milk Production (%)

	
Contribution of Cheese Ripening (%)




	

	
Maximum

	
Minimum

	
Average

	
Maximum

	
Minimum

	
Average






	
Climate change

	
90

	
45

	
78

	
53

	
7

	
20




	
Ozone depletion

	
37

	
2

	
15

	
96

	
52

	
78




	
Ionizing radiation

	
13

	
0.5

	
4

	
99

	
78

	
91




	
Photochemical ozone formation

	
86

	
30

	
66

	
68

	
8

	
28




	
Particulate matter

	
97

	
59

	
87

	
40

	
2

	
11




	
Acidification

	
98

	
65

	
89

	
35

	
1

	
9




	
Eutrophication, freshwater

	
78

	
9

	
42

	
90

	
18

	
54




	
Eutrophication, marine

	
97

	
57

	
87

	
42

	
2

	
11




	
Eutrophication, terrestrial

	
99

	
82

	
95

	
18

	
1

	
4




	
Land use

	
99

	
89

	
96

	
11

	
1

	
3




	
Water use

	
86

	
26

	
60

	
61

	
3

	
20




	
Resource use, fossils

	
27

	
1

	
9

	
98

	
64

	
86




	
Resource use, minerals and metals

	
19

	
1

	
8

	
97

	
61

	
81
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Table 3. Average, minimum, and maximum contribution (percentage) of the different steps to cheeses’ impacts on 13 environmental indicators (rounded to the nearest whole number).
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	Milk Production
	Milk Transport
	Milk Pumping
	Milk Storage
	Milk Processing
	Cheese Transport
	Cheese Ripening
	Equipment Cleaning





	Climate change
	97 (94–98)
	1 (0–3)
	0
	0 (0–1)
	0
	0 (0–1)
	0 (0–2)
	1



	Ozone depletion
	63 (47–77)
	7 (1–22)
	0
	11 (0–20)
	4 (0–6)
	2 (0–6)
	7 (2–26)
	6 (4–8)



	Ionizing radiation
	39 (18–62)
	1 (0–2)
	0
	31 (0–49)
	10 (0–17)
	0
	19 (5–50)
	1 (0–1)



	Photochemical ozone formation
	91 (96–83)
	4 (1–11)
	0
	1 (0–2)
	0 (0–1)
	1 (0–3)
	1 (0–3)
	1 (1–2)



	Particulate matter
	98 (99–96)
	1 (0–2)
	0
	0 (0–1)
	0
	0 (0–1)
	0 (0–1)
	0



	Acidification
	99 (99–97)
	0 (0–1)
	0
	0 (0–1)
	0
	0
	0 (0–1)
	0 (0–1)



	Eutrophication, freshwater
	87 (95–77)
	1 (0–5)
	0
	4 (0–7)
	1 (0–3)
	0 (0–1)
	3 (0–11)
	3 (2–4)



	Eutrophication, marine
	98 (99–95)
	1 (0–3)
	0
	0
	0
	0 (0–1)
	0 (0–1)
	0



	Eutrophication, terrestrial
	99 (100–98)
	0 (0–1)
	0
	0
	0
	0
	0
	0



	Land use
	99 (100–95)
	0 (0–0)
	0
	0
	0
	0
	0 (0–4)
	0



	Water use
	74 (88–65)
	0 (0–0)
	0
	1 (0–1)
	0 (0–1)
	0
	0 (0–2)
	25 (11–34)



	Resource use, fossils
	55 (76–32)
	4 (0–11)
	0
	20 (0–34)
	6 (0–10)
	1 (0–3)
	12 (2–39)
	2 (1–3)



	Resource use, minerals and metals
	40 (53–18)
	20 (4–52)
	0
	13 (0–22)
	4 (0–7)
	5 (1–14)
	8 (2–28)
	10 (5–14)
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