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Abstract: To limit the huge damage caused by plastic pollution, major changes need to be made in 
the food and beverage packaging sector. In this context, a new packaging system for dry-cured ham 
slices, containing natural antioxidants, was developed; it consists of a reusable polymer tray sealed 
with disposable polymer film. The life cycle of the packaging was assessed to compare its 
environmental impacts with a reference disposable packaging system already in use. The life cycle 
assessment was performed in accordance with the ISO 14040-14044 series; the system was model 
using the Gabi software and the ILCD PEF method was used to evaluate the impacts. The functional 
unit chosen was to pack 1000 batches of 4 slices of dry-cured ham in France. Three packaging 
scenarios were compared: a reference disposable packaging system, incinerated at end of life; the 
partially reusable packaging, recycled at end of life and the same partially reusable packaging, 
incinerated at end of life. The study of the relative impacts of each scenario revealed that for the 
reference packaging, the production of the tray was the highest-impact stage. With the reusable 
packaging, the highest-impact stages were the thermosealing process and the production of the trays 
and films. A significant reduction in all impacts was observed with the use of the reusable packaging. 
Sensitivity analysis was carried out to study the influence of the breakage rate of the tray during 
reuse and the number of reuse cycles of the tray. Except for freshwater resource depletion, the 
reusable packaging had lower environmental impacts even with a high tray breakage rate or a low 
number of reuses. This paper demonstrates the interest of this reusable and recyclable food contact 
packaging to lower the environmental footprint of packaging; the reuse and recycling stages now 
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need to be tested in real situations for the packaging prototype to confirm the feasibility of the reuse 
process. 

Keywords: life cycle assessment; packaging; plastics; circular economy; reusable; environmental 
impacts 
 

1. Introduction 

Plastics are the cause of huge quantities of waste pollution all around the world [1,2]. Plastics 
from food and drink packaging are predominant in litter [3,4]. Recently, the planetary boundary for 
novel entities was proven to be exceeded [5], the authors pointed out that plastic pollution is a critical 
concern. Indeed, the plastic crisis causes various negative environmental effects such as 
contamination by hazardous substances [6,7], lethal effects on fauna [8,9], ecosystem water  
pollution [10] or microplastic and nanoplastic contamination [11,12]. 

To face this environmental burden, the use of plastic must be rethought, especially in the field 
of food and beverage packaging. Usually, when the life cycle of a food product is examined, 
packaging is at the origin of the main environmental impacts, as for wine [13,14], tomato puree [15] 
and beverages [16] for instance. Several strategies are emerging to improve food and beverage 
packaging: buying in bulk [17], the use of biodegradable materials [18], reusable and returnable 
containers [19,20]. Buying bulk products with reusable packaging and returnable containers tends to 
be the most environmentally friendly option, preventing waste generation in a circular economy 
approach, in accordance with the European Union waste hierarchy [21]. Moreover, since 2018, the 
European Union has required a considerable reduction in packaging waste in Europe; it fixed a target 
of 70% of packaging waste to be recycled in 2030 (55% for plastic packaging) [22]. It is worth 
noting that consumer behaviour is a key factor in plastic packaging waste reduction [23] and that 
convenience is essential to reach a wide range of consumers. Using recycled plastic as food contact 
material is a sensitive issue as the migration of hazardous substances into food must not be increased 
with the use of recycled materials [24]. Ecodesign is a key point for achieving European Union 
targets. Thus, in 2018, the European Commission created the Circular Plastics Alliance which 
federates public and private stakeholders to enhance the recycling of plastic by working on product 
designs, sorting and the quality of recycled plastics [25]. 

Life cycle analysis (LCA) is a standardized methodology (ISO 14040:2006/ISO        
14044:2006 [26,27]) developed to assess the environmental impacts of a product or system. 
Improvements in packaging systems have already been studied by LCA, especially in the fields of 
food and beverage packaging. In most studies, the use of reusable food or beverage packaging leads 
to better environmental profiles [28–31]. However, in some cases, washing packages before reuse 
inverses the trend, and leads to higher impacts for the reusable option. For instance, Tamburini et    al. 
[32] compared the environmental impacts of one-way polyethylene terephthalate (PET) bottles, one-
way polylactic acid bottles and aluminium refillable bottles by LCA; the results showed that the 
daily washing stage of the aluminium reusable bottle increased its environmental footprint compared 
to PET bottles. A complete review of LCA and beverage packaging has shown that the definition of 
the functional unit is a critical point for tackling packaging within a circular economy [33]. The 
number of reuses also appeared as a key aspect [34], some studies evaluated the critical number of 
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reuses needed to outweigh the impact of a disposable packaging (break-even point), this number 
varied between 18 and 208 times, depending on the nature of the packaging studied [35–37]. No 
LCA about the reuse of food packaging trays was found in the literature. 

In this context, this paper presents an ex-ante life cycle analysis of the use of a partially reusable 
packaging system for dry-cured ham slices, made up of a tray and a transparent film. The packaging 
was developed during an Interreg project gathering together academic researchers and dry-curing 
industry professionals, represented by the company Pyragena. The goals of the project were to 
develop a healthier but also more environmentally friendly packaging design containing natural 
antioxidants, to test the food packaging’s properties and durability and to evaluate its environmental 
footprint through LCA. The packaging is called “partially reusable” as only the tray is reusable. The 
‘ex-ante LCA’ term refers to the LCA of the scaling up of an emerging product with the most likely 
scenario, as defined by Buyle et al. [38]. The goal is to evaluate the environmental benefits of the 
reusable packaging before its implementation. The new formulation of the reusable packaging was 
developed with natural oxidants, used as stabilizers for the polymers, preventing oxidation and 
ensuring the shelf life of the dry-cured ham [39], the formulation of the material was patented. Tests 
were performed at lab-scale to validate the food packaging’s properties and the reuse of the  
packages [40]. The antioxidants selected were vitamin E and tannins, at concentrations lower than 
0.1 wt%. As the collection, washing and recycling management of the reusable trays have not been 
developed yet; those stages were modelled by means of literature data. Results were compared to a 
standard disposable packaging already used in the dry-cured ham market. 

2. Materials and methods 

Life cycle assessment was performed following the ISO 14040-14044 framework, which 
consists of four main steps: goal and definition, inventory analysis, impact assessment and 
interpretation. The studied products were modelled on the Gabi ts software from Sphera™ (version 
9.5.2.49) and using the ecoinvent 3.5 database. Environmental impacts were evaluated using the 
product environmental footprint method (PEF v1.9), which is appropriate to the European context, 
provides a wide range of mid-point impacts and is recommended by International Life Cycle Data 
(ILCD), a European Union initiative to provide guidance for LCA. 14 environmental impacts 
provided by the PEF method were selected to compare the systems. System expansion was used to 
evaluate the impacts avoided due to electricity or recycled plastic production in end-of-life 
treatments. 

2.1. Goal and scope 

The goal of the study is to assess the environmental impacts of partially reusable food packages 
and to compare them to reference disposable packages already in use. The food packaging is studied 
dedicated to dry-cured ham slices and produced in the south-west of France by the company 
Pyragena. The functional unit chosen is “to pack 1000 batches of 4 dry-cured ham slices (100 g) in 
France”. All the studied packages conserve the dry-cured ham for 3 months and also enable the 
consumer to see the food product. They consist of a transparent upper film and a black tray, both 
made of polymers. After depositing the dry-cured ham on the tray, the film is sealed on the tray by 
thermosealing. 
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The studied systems are presented in Figure 1. A first scenario (DPack) is dedicated to a 
disposable package already used by the dry-cured ham industry. The transparent upper film of the 
DPack is made of a layer of multiextruded polyethylene (PE), polyamide, ethylene-vinyl alcohol 
copolymer polyamide and polyethylene film, with a thickness of 40 µm. The bilayer tray is made of 
PET and PE. 

 

Figure 1. System boundaries of the two packaging systems. 

In the alternative scenario, partially reusable packages (pRPack) are used, with reusable trays 
and disposable films. Package dimensions and masses are identical to those of the first scenario, only 
the materials used change. The tray of the pRPack is made of polypropylene (PP) with natural 
antioxidants (vitamin E, tannins), while the upper film is made of PE with the same natural 
antioxidants. Physicochemical analysis proved that the materials used in the pRPack trays can 
withstand 100 washing cycles without deterioration. Concerning the additional reusable packaging 
needed to serve the reusable system, a simplified case is studied: the stocking of packaging for 
normal functioning of the reusable system is not considered. 

For both packages, the masses of the tray and upper film layer are 15 g and 1 g respectively, the 
dimensions are 14 cm by 24 cm. 

The reference flows for the functional unit are presented in the last column of Table 1. For the 
first DPack scenario, 1000 packages will be used while for the pRPack scenario, 10 packages will be 
reused 100 times, discontinuously. Packages broken during thermosealing are considered for both 
scenarios (6.7%); for the pRPack scenario, the trays lost and broken during reuse are included (5%). 
Masses are determined by multiplying the mass of one package by the number of packages needed, 
plus the mass lost during thermosealing, plus the mass of lost and broken trays for the pRPack 
scenario. 
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Table 1. Packaging properties and reference flows. 

Scenario Packaging Material Mass Reference flow 

DPack Tray 90% PET, 10% PE 15 g 16.00 kg 

Film Multilayer polymers film 1 g 1.07 kg 

pRPack Tray PP + Natural antioxidants 15 g 1.89 kg 

Film PE + Natural antioxidants 1 g 1.07 kg 

To distinguish the influence of the end-of-life stage, fictional scenarios were considered, with 
100% incineration or recycling for the trays. All plastic waste generated during the DPack scenario is 
incinerated with energy recovery. Two end-of-life options are considered for the pRPack scenario. 
First, all broken or used trays are assumed to be recycled (sub-scenario pRPack-r) and the upper-
layer films are incinerated with energy recovery. In a second sub-scenario, pRPack-i, all broken and 
lost trays but also packaging waste produced during the life cycle are incinerated with energy 
recovery. 

The whole life cycle is considered, from cradle to grave, i.e., from the production of the raw 
materials to the end of life of the packaging (Figure 1). After production of the raw materials, films 
and trays are produced at the packaging production sites and then sent to the dry-cured ham factory. 
The thermosealing step closes the packaging by sealing the upper film on the tray, once the dry-
cured ham slices have been placed. Waste packaging produced during thermosealing is collected and 
incinerated or recycled. Then, the dry-cured ham packaging is sent to the distribution site by lorry, 
transported to the consumer’s home by car, collected as waste from the consumer’s house, sent to the 
waste treatment site and then sent to the final treatment site (incineration plant or recycling site or 
dry-cured ham factory for reuse). 

2.2. Life cycle inventory and hypothesis 

Confidential data about materials used and thermosealing process were provided by researchers 
and industrials partners of the Interreg Project Foodyplast (University of Pau, Pyragena). For the 
processes of extrusion and incineration, data from the Gabi database were used, whereas all the other 
data for the processes were from ecoinvent (raw materials production, transport, electricity…). 

For the DPack, the multilayer polymer film was assimilated to a bilayer film with PET and PE, 
containing 90 wt% of PET and 10% of PE. Packaging additives, such as natural antioxidants, were 
not considered, as their concentrations are negligible (0.1 wt%). 6.7% of packed trays are lost during 
the setting up of the thermosealing machine (data from Pyragena, producer of dry-cured ham). The 
use of the machine and the building were taken into consideration for the thermosealing stage. The 
share of machine and building used were determined from the dimensions of the machine, time of 
use for the functional unit, building and machine lifetimes. At each reuse cycle of the pRPack tray, 
we assumed that 5% of the trays would be broken or lost (hypothetical data) and therefore not 
collected. This low ratio of broken and lost trays represents an idealist case, where the collect is 
perfectly managed to limit the losses. Trays were assumed to be washed before reuse in a washer 
with hot water and sodium hydroxide, by means of a process already used for PET bottles and plastic 
scraps [41,42]: 1.4 × 10−3 kg of sodium hydroxide and 1.43 kg of water were used per kg of trays 
washed. The use phase was assumed to be negligible. At end of life, waste is collected by lorry. For 
incineration, only electricity recovery is considered, the amount of electricity produced was 
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calculated with the lower heating values of the polymers and with an electricity generation efficiency 
of 13% [43]. When trays are recycled after reuse, they follow a standard treatment with stages of 
shredding (electrical consumption of 158 MJ/t), washing (same data as tray washing) and    extrusion. 
The default PEF approach was used to calculate the credits du to PP recycling (A = 0.5, Qs/Qp = 0.9) 
[44]. The A factor defines the allocation between the recycling stage and the end of life, while the 
Qs/Qp factor represents the quality of the recycled plastic. Thus, in that case, 45% of the credits from 
recycling PP were attributed to the system. 

The transport distances are presented in Table 2. All the intermediate transport for raw material 
and package production was provided by Pyragena, a partner in the Foodyplast project, representing 
professionals in the dry-cured ham industry. Other distances were estimated based on the literature, 
with the hypothesis of regional use of the packages. The reusable trays were assumed to be collected 
like standard packaging, then separated at the waste treatment site and sent to the dry-cured ham 
production site (250 km away), where they are washed before reusing. Trays lost during the process 
separation are sent for incineration or recycling. 

Table 2. Distances for the intermediate transport stages. 

 DPack pRPack 

Distance from polymer production to package manufacturing site 280 km 570 km 

Distance from package manufacturing site to dry-cured ham factory 752 km 220 km 

Delivery 250 km 250 km 

Consumer journey 5 km 5 km 

Waste collection 50 km 50 km 

Distance to the final waste disposal site 100 km 100 km 

Distance for return of reusable trays  - 250 km 

3. Results and discussion 

3.1. Scenario analysis 

Figure 2 presents the relative contributions of the main stages of the DPack scenario. For all the 
impacts studied, production of the trays is the highest-impact step with ratios between 47% and 88%. 
Most of these impacts come from the PET and PE production stages. With around 16 kg of polymers 
needed, itis the largest material flow in the system. For climate change impact, incineration is the 
second highest impact stage; this is mainly due to the emission of CO2 during incineration. For 8 of 
the other impacts (ozone depletion, human toxicity with and without cancer, freshwater 
eutrophication, freshwater ecotoxicity, resource depletion of water and materials, primary energy 
demand), it is the thermosealing stage which is the second highest impact stage. The electricity 
consumption needed for this stage is the main contributor to the impacts, impacts from the use of the 
machine and the building during thermosealing are negligible. For the other impacts, film production, 
thermosealing, packaging transport and incineration are approximately at the same level. Other 
transport stages are very low with impacts around 1% (waste collection, consumer journey, delivery). 
The electricity produced during incineration leads to notable credits for ozone depletion, resource 
depletion water and primary energy demand (between 11% and 23%). For the remaining impact 
categories, avoided impacts are lower than 7%. 
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Figure 2. Relative contribution of the various life stages of the DPack scenario. 

The relative share of the different stages of the pRPAck-r and pRPack-i scenarios are presented 
in Figures 3 and 4 respectively. For most of the studied impacts, the stage thermosealing has the 
highest impact. Tray and film production both also have notable impacts, with ratios proportional to 
the mass of the material flows, slightly higher for the tray. For 5 of the studied impacts (climate 
change, photochemical ozone formation, acidification, terrestrial eutrophication, marine 
eutrophication), the total contribution of tray and film production is between 50% and 65%. As for 
the DPack scenario, incineration contributes around 20% for the climate change impact, due to 
emissions in the air; for all the other impacts, this stage is negligible. Avoided impacts are lower than 
10% for all impacts; they are due to the incineration of the films and the recycling of the tray after 
reuse. Using a lower substitution factor for the recycled PP would lead to a reduction in the avoided 
impacts, and therefore an increase in the total scores of the pRPack-r option. The reuse and recycling 
stages make low contributions (<10%). For the transport stages, delivery makes a minor contribution, 
around 3–5%, while waste collection and consumer driving are negligible. 
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Figure 3. Relative contributions of the various life stages of the pRPack-r scenario. 

When incineration of the tray is chosen after reuse (Figure 4), thermosealing is still the highest-
impact stage for 7 of the studied impacts (ozone depletion, human toxicity with and without cancer, 
freshwater ecotoxicity, water and materials depletion, primary energy demand). The total 
contributions of the trays and films production are predominant for 5 of the impacts (climate change, 
particulate matter, photochemical ozone formation, acidification, marine eutrophication). 
Incineration at end of life leads to avoided impacts for all the impacts considered. The reuse stage 
has notable impacts for the human toxicity, non-cancer impact and the marine eutrophication impact, 
due to the washing of the tray. For the other transport stages, delivery makes a minor contribution, 
around 3–5%, while waste collection and consumer journeys are negligible. 
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Figure 4. Relative contributions of the various life stages of the pRPack-i scenario. 

As expected, the production of the trays is at the origin of the main impacts for the standard 
packaging. Changing the raw materials used or the usage of the tray is thus a good option to lower 
the environmental impacts of the packaging. Indeed, when using a reusable tray, the relative share of 
the various stages is completely modified. The main contributors become the thermosealing stage 
and the production of all the packaging (trays + films). 

3.2. Comparison of scenarios 

The total scores of each impact for the three scenarios are compared in Figure 5, relative to the 
standard packaging DPack. Net values are presented in Table 3. For all the impacts, significant 
reductions can be observed; the scores of the pRPack scenarios are between 14% and 52% of the 
DPack option. As seen above, the tray production stage is the main contributor of the DPack scenario 
(Figure 2); reusable trays greatly reduce the quantities of raw materials required (Table 1) and lead to 
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significantly lower impacts. The materials used also have a notable influence. Figure 6 compares the 
environmental impacts of only the production stage of one tray (raw materials production, transport, 
injection), relative to DPack tray production. Shifting from PET/PE to PP reduces some of the 
studied impacts; pRPack tray production has 7 impact scores lower than 50% compared to the DPack 
tray production scores. The impacts of collecting and washing the used trays do not cancel out the 
benefits of reuse. Comparing the two end-of-life options of the reused trays, for most of the impacts 
the results are quite similar. A difference above 5% can be observed for the impacts on climate 
change, ozone depletion, marine eutrophication and water resource depletion. For the climate change 
and the marine eutrophication impacts, incineration leads to higher impacts. For the two other 
impacts (ozone depletion, water resource depletion), the inverse phenomenon is observed, the 
recycling option has a higher impact than the incineration one, due to less impacts being avoided. 
The relative impacts when the trays are incinerated or recycled after being reused are quite similar. 
The changes are mainly observed for avoided impacts (Figures 3 and 4). 

 

Figure 5. Comparison of the total impacts of the three scenarios. 
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Table 3. Environmental impact scores of the three scenarios. 

 DPack pRPack-i pRPack-r 

Climate change, excl biogenic carbon, kg CO2 eq. 9.40E+01 2.13E+01 1.36E+01 

Ozone depletion, kg CFC-11 eq. 3.82E−06 1.52E−06 1.94E−06 

Human toxicity, non-cancer effects, CTUh 1.31E−05 2.66E−06 2.47E−06 

Human toxicity, cancer effects, CTUh 3.32E−06 7.24E−07 7.70E−07 

Particulate matter/respiratory inorganics, kg PM2.5 eq. 3.02E−02 4.15E−03 4.69E−03 

Photochemical ozone formation, human health, kg NMVOC eq. 1.75E−01 3.87E−02 3.79E−02 

Acidification, Mole of H+ eq. 2.54E−01 4.82E−02 5.15E−02 

Terrestrial eutrophication, Mole of N eq. 5.07E−01 1.08E−01 1.13E−01 

Freshwater eutrophication, kg P eq. 1.38E−02 2.16E−03 2.80E−03 

Freshwater ecotoxicity, kg Sb eq. 4.60E−02 1.39E−02 1.00E−02 

Resource depletion, mineral, fossils and renewables, kg Sb eq. 3.99E+02 7.30E+01 8.75E+01 

Resource depletion, water, m³ eq. 2.45E−03 4.75E−04 5.29E−04 

Primary energy demand, MJ 5.57E−01 2.17E−01 2.89E−01 

 

Figure 6. Impacts of the production of one tray for the pRPack scenario compared to the 
DPack scenario. 
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3.3. Sensitivity analysis 

Sensitivity analysis was performed on two parameters: the number of tray reuse cycles and the 
rate of broken trays at each reuse cycle, with a recycling treatment of the tray at the end of life. The 
results are presented in Figures 7 and 8, in percentages, compared to the DPack scenario. 

Concerning the influence of the number of reuse cycles (Figure 7), when the trays are reused 50 
times instead of 100 times, a low variation is observed for all the impacts, between 2% and 8%. 
When trays are only reused 10 times, a higher increase is observed compared to reusing them 100 
times. However, except for water resource depletion, all the scores stay below the reference 
disposable pack DPack. 

 

Figure 7. Impacts of the p-RPack-r scenario with several different numbers of reuse 
cycles, compared to the DPack scenario. 
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Figure 8. Comparison of the impacts of the p-RPack-r scenario with several broken tray 
rates, compared to the DPack scenario. 

For the influence of the broken tray rate, the trend is similar (Figure 8). When 10% of the trays 
are broken during reuse, scores are similar to the 5% scenario. Whereas, when 50% are broken, a 
higher increase occurs, with scores still lower than the DPack option, except for water resource 
depletion. 

When more trays are broken or when trays are less reused, the masses of polymers needed for 
the p-RPack option increase. The production of polymers and extrusion stages are responsible for the 
notable increase in some impacts with 10 cycles of reuse or 50% of broken trays. 

4. Conclusions 

The environmental impacts of two packaging systems for dry-cured ham slices were assessed 
by LCA. A disposable package made of a multilayer polymeric film sealed on a PET/PE tray was 
compared with a prototype of a partially reusable and recyclable package, made of a reusable tray in 
PP sealed by a PE film. The results show that the highest-impact stage for the disposable packaging 
was the production of the tray. This confirmed that improvement of tray design is a good option for 
improving the environmental footprint of the packaging. For the partially reusable packaging, 
impacts mainly came from four stages: thermosealing, production of the tray and the films, reuse of 
the tray. The comparison of the total scores for the three scenarios revealed that the use of partially 
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reusable packaging led to a significant reduction in all the impacts studied, despite the reuse stages 
(collection, washing). The different end-of-life treatment slightly influenced the total scores of the 
partially reusable packaging. Sensitivity analysis was performed on two parameters: the rate of 
broken trays during reuse and the number of reuse cycles. Even with a high broken-tray rate, which 
would be more representative of a realistic case, and a low number of reuse cycles, the partially 
reusable tray had lower environmental impacts than the disposable one, except for the water resource 
depletion impact. This study proves that reusing the tray of packaging for dry-cured ham slices leads 
to significant environmental benefits. However, before implementation, more tests are needed, 
especially to optimize the sorting stage and the feasibility of the collect. Specific collection by dry-
cured ham distributors could simplify the logistic chain and the sorting. Social benefits could also be 
assessed through social life-cycle assessment to evaluate the job creation potential due to reusable 
packaging systems. 
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