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A B S T R A C T

Nowadays, a lot of effort goes into promoting food loss and waste reduction and this often without estimating the 
actual effectiveness and resource efficiency of different options concerning environmental impact reduction. In 
this study, we aim to go beyond intuitive choices on matters visible to the consumer: packaging in the super
market and actions at household level for those apples the consumer no longer wishes to eat fresh. The intuitive 
choices could be phrased as: "go for large cardboard packages” and “valorise your apples into apple sauce or 
apple chips if they no longer appear crispy fresh, rather than throwing them in the bin”. For our analysis, we 
build on our previously published study on the environmental impact of the Belgian apple-chain. First, we 
compare different packaging materials (only cardboard, cardboard—plastic combination or only plastic) and 
packaging sizes (per 4 or per 6) to assess the impact of reduced losses at the shop. Second, we studied which of 
two valorization steps (apple sauce or apple chips) should be recommended to consumers who might elsewise 
dispose of those apples that no longer appear crispy fresh to them. For the packaging, the life cycle assessment 
showed that packaging apples in plastic per 4 could have beneficial effects, but proper waste management should 
be assured. At the household level, the environmental benefits of valorizing waste apples strongly depend on how 
energy intensive the needed kitchen appliance is. The ranking of the different options was however similar across 
the various impact categories considered. In general, making apple sauce in a microwave was the preferable 
option compared to treating the apple as waste, while making apple chips was not preferable. The results 
illustrate that it is important to go beyond intuition when considering the best food loss and waste options and 
that proper life cycle assessment calculations are essential to do this.

1. Introduction

Currently, the world is facing several challenges, such as population 
increase, demographic shifts, and changes in diet. To fulfil the needs 
linked to these challenges, a more sustainable lifestyle should be tar
geted. This could be achieved by, among other things, implementing a 
more efficient food system aiming for less food losses and food waste 
(FLW). Such FLW occur in every stage of any agri-food chain, all with 

their own causes and related environmental, economic and social im
pacts. Hence, it is important to determine the interventions, i.e., pre
vention and/or valorization, that mostly reduce the environmental 
impact, and which are the most rewarding, while preserving the same 
quality and safety to consumers. Prevention is when avoidable FLW are 
reduced, while valorization refers to converting residual waste, FLW and 
unavoidable streams into useful products (Papargyropoulou et al., 
2014). In this article, we generally use FLW for discarded apples, only at 
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the consumer stage we specifically define discarded apples as just apple 
waste (and not loss).

A lot of effort goes into FLW reduction, but often without estimating 
the actual effectiveness (in terms of tonnes of food that are no longer 
being wasted) and resource efficiency (in terms of for example net car
bon savings) of different options for reducing FLW (Goossens et al., 
2019b). Monitoring and evaluating measures is crucial to know their 
effects and to design effective interventions in the future (Thyberg and 
Tonjes, 2016). However, the measurements and evaluation of measures 
can be challenging and expensive (Reynolds et al., 2019). Because of 
this, most measures are not systematically evaluated (Goossens et al., 
2019b; Quested et al., 2013) resulting in lack of information on the 
potential effectiveness and resource efficiency of FLW reduction, espe
cially when it comes to the long-term effects (Cox et al., 2010; Goossens 
et al., 2019b).

A common approach to assess the environmental effects of FLW 
prevention or valorization measures is Life Cycle Assessment (LCA). It is 
important to put FLW in a food chain perspective because waste is 
generated in every stage, and its associated impacts accumulate further 
along the chain (Goossens et al., 2019b; Sarlee et al., 2012). In other 
words, FLW in a specific life cycle stage, and its associated impacts, 
should be tackled in a targeted way while considering the indirect 
changes it may induce in other stages. Due to complexity of the FLW 
problem, it can be a challenge to find the most sustainable intervention 
to reduce FLW.

In this context, a case study is conducted aimed at reducing FLW and 
its environmental impacts in the Belgian apple chain. We hereby focus 
on pre-packed apples and build on our previously published study on the 
environmental impact of the Belgian Jonagold apple chain (Goossens 
et al., 2019a). In that study, pre-packed apples were found to contribute 
to 60 % of the market share of Jonagold apples sold by the retailer 
Colruyt Group. The apple food supply chain can be subdivided into the 
following stages: cultivation, auction & sorting, secondary packaging at 
the sorting facility, distribution, primary and secondary packaging at the 
distribution center (DC), the shop and the consumer stage. Goossens 
et al. (2019a) assessed the environmental impact of FLW along this 
entire chain. They found that, for all but two of the seven impact cate
gories that were studied, at least 10 % of the impacts associated with the 
apple chain were due to lost and wasted apples. They further identified 
the packaging and consumer stages (among others) as hotspots of the 
apple chain impacts. In our case study, we will investigate if in
terventions to reduce food losses and waste in these hotspot stages can 
reduce the total impact along the food supply chain, even if the inter
vention potentially introduces new impacts in the stages we are tar
geting. Literature, for example, has shown that the total environmental 
impact of a product can be reduced by altering the packaging to lessen 
food losses, even if that means the environmental impact from the 
packaging itself increases (Verghese et al., 2013; Williams and 
Wikström, 2011). This is caused by the fact that producing one unit of 
food is a lot more resource-intensive than producing one packaging unit.

Current figures indicate that food waste from households in Flanders 
is managed in three ways: through home composting (9.9 %), through 
separate collection via vegetable, fruit and garden waste, intended for 
industrial composting and anaerobic digestion facilities (11.8 %) and 
78.3 % still ending in the residual waste. This latter figure includes waste 
given to animals, but no figures are available on that matter. Fruit and 
vegetables, bread and prepared foods/sauces make up the top 3 in edible 
residual waste. When it comes to food losses at retail level, 17 % 
(including bread) is used for animal feed, 67 % goes to anaerobic 
digestion and 16 % goes to incineration, for example, for food safety 
reasons following inspections by the FASFC (Food Loss Monitor, 2020, 
2023).

Along the supply chain, various actions can be undertaken to pre
vent, reduce or valorise (apple) food waste. Examples would be a revi
sion of cosmetic and/or quality standards, optimisation of apple (long 
term) storage, innovative processing solutions such as a mobile juice 

processing unit, and a network or platform to better distribute and sell 
surpluses (Herzberg et al., 2023; Lehn et al., 2023; Zdravkovic et al., 
2021).

Consumers can also contribute to preventing, reducing or valorising 
apple FLW. In this study, we focus on two FLW interventions that can be 
linked to consumer decisions. Firstly, as consumers are often confronted 
with different packaging sizes for pre-packed apples, we look at how 
these affect the environmental impact along the apple chain. Goossens 
et al. (2019a) found that, for pre-packed apples, one spoiled apple at 
retail level results in the entire package being discarded. This means 
that, if one apple in a package of six is spoiled, five perfectly good apples 
are thrown away. A smaller packaging size might reduce the number of 
unnecessarily thrown apples, thereby preventing FLW. As such, the 
present paper focusses on how different packaging sizes affect FLW 
along the chain, and from there, affect the total food chain impacts. Next 
to choosing different packaging sizes, consumers may also prefer certain 
packaging materials, for example, cardboard, because of its presumed 
status as a sustainable option. This study therefore also investigates 
different packaging materials, even though there is no direct link with 
apple FLW. Secondly, we look at consumer interventions aimed at val
orising apple waste in the consumer stage. We hereby assess how making 
apple sauce and apple chips out of apples that would normally be dis
carded affects the impacts along the chain and compare this to the 
alternative scenario of consumers throwing the apples away and buying 
industrially made apple sauce and apple chips instead. For both con
sumer interventions (choice of packaging size and valorisation of apple 
waste), a range of scenarios will be assessed.

Based on economies of scale, a larger packaging size reduces the 
amount of packaging materials per kilogram of food. One might there
fore intuitively think that larger packaging sizes are more environment- 
friendly than smaller packaging sizes. Also, following the current plastic 
pollution of our environment, cardboard packaging is believed to be less 
impactful than plastic packaging (TwoSides, 2020). Lastly, rather than 
throwing apples away, one might think it would be a good idea to use 
them and valorise them in another tasty dish. Whether these thoughts 
are correct will be investigated in this paper. Rather than relying on 
intuition, we want to provide evidence-based recommendations.

2. Methods

Possible measures to reduce food losses and waste were introduced in 
an updated version of the Belgian apple chain built by Goossens et al. 
(2019a). This updated version included using updated SimaPro (version 
20.12.0.39) processes, including the impact of pesticide production and 
using the 2019 refinement to the 2006 Intergovernmental Panel on 
Climate Change (IPCC) guidelines (Buendia et al., 2019). Moreover, 
apple losses and waste percentages at consumer level were adapted, as 
described in Section 2.2. The “ILCD 2011 MidPoint+V1.10 method” was 
used to calculate the environmental impacts. The functional unit of “1 kg 
of apples purchased by the consumer” is used.

2.1. Alternative packaging options

According to Goossens et al. (2019a), 1 % of the apples that enter the 
post-harvest chain is lost at the auction, 3 % of pre-packed apples 
(pre-packed per 6) is lost at the DC and 1.42 % is lost at the shop (see 
dark-grey in Fig. 1). A switch to a smaller packaging size of four apples 
would result in losses at the shop of 0.95 % instead of 1.42 % (assuming 
a best-case scenario of one-third apples less that would have to be 
thrown away if one is spoiled).

Since a functional unit of “1 kg of apples purchased by the consumer” 
is used, this would mean that less apples would have to leave the farm 
and enter the food supply chain to get 1 kg to the shop (1.051 kg instead 
of 1.056 kg; see pink in Fig. 1), taking into account all losses along the 
supply chain. The research question then becomes: does this reduced 
number of apples that goes through the supply chain and the reduced 
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number of apples that are thrown away at the shop cancel out the impact 
connected to the extra packaging material that is needed when pack
aging per four instead of six, given that the FU remains 1 kg of apples 

purchased?
Five different packaging scenarios were considered, based on real- 

world applications or on literature (Goossens et al., 2019a; Marks and 

Fig. 1. Flowchart showing the apple food losses and waste (FLW) along the reference apple chain for pre-packed apples per 6 (grey) based on Goossens et al. (2019a). 
The adaptations for when 1 kg of apples is packaged per 4 is shown (pink) and the three considered scenarios of how apple losses and waste can be valorized at the 
household: as waste (reference chain; blue) or as an ingredient for apple sauce (green) or apple chips (orange).

Table 1 
Description of the different packaging scenarios. With FU: functional unit (1 kg of apples purchased in the shop), CB: cardboard, LDPE: low-density polyethylene, PVC: 
polyvinylchloride and EPS: expanded polystyrene.

Reference: 
Per 6 in CB & plastic

Alternative 1: 
Per 6 in CB

Alternative 2: 
Per 4 in CB & plastic

Alternative 3: 
Per 4 in CB

Alternative 4: 
Per 4 in plastic

Example

(Colruyt, 2021) (Delhaize 2020a) (Colruyt, 2021) (Delhaize 2020b) (Zoom by Ocado, 
2024)

Size (lxwxh) 
of one 
package

255x155x70 255x155x70 155x155x70 155x155x70 155x155x70

Material to 
package 1 
pack

3.21 g LDPE 
21 g CB

31.96 g CB 2.37 g LDPE 
15.52 g CB

21.68 g CB 3 g PVC 
4 g EPS

Material to 
package 
1 kg (FU)

3.21 g LDPE 
21 g CB

31.96 CB 3.56 g LDPE 
23.2 g CB

32.53 g CB 4.5 g PVC 
6 g EPS

Shop losses 1.42 % 1.42 % 0.95 % 0.95 % 0.95 %
Source for 

packaging 
materials

Goossens et al. (2019a) Own measurements of a pack of 6 
apples (weighing 900 g) in CB, 
rescaled to 1 kg of apples using the 
data in Goossens et al. (2019a) for 
equivalency

Estimation based on: a pack of 6 in 
CB & LDPE (using the data in 
Goossens et al. (2019a) for 
equivalency) and own 
measurements of a pack of 4 in CB

Estimation based on: own 
measurements of a pack of 4 in 
CB, adapted for 1 kg using the 
data in Goossens et al. (2019a)
for equivalency

(Marks & Spencer 
Plc, 2003)
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Spencer Plc, 2003): six apples packaged in either (reference) cardboard 
and plastic or (alternative 1) only cardboard; and four apples packaged 
in either (alternative 2) cardboard and plastic, (alternative 3) only 
cardboard or (alternative 4) only plastic. Technical details of the pack
aging materials are provided in Table 1. For a package of four apples, 1.5 
packs were needed to equivalent the 1 kg functional unit. Of course, 
buying 1.5 packs is not a realistic option for the consumer. One might 
argue that it would be more representative to have a functional unit of 
2 kg, comparing two packs of six apples and three packs of four apples. 
However, this would only double the results obtained for 1 kg, while the 
interpretation remains the same.

The reference scenario is based on Goossens et al. (2019a). For Al
ternatives 1 and 3, we looked at some real-life examples in various su
permarkets and weighed the amounts of packaging materials being used 
(Table 1). For Alternative 2, we based ourselves on the amounts of 
cardboard needed in the reference situation. Furthermore, we assumed 
the same kinds of packaging materials (cardboard and HDPE), and 
similar transport and packaging processes are used as in Goossens et al. 
(2019a). For Alternative 4, a stronger kind of plastic material was 
needed (Marks and Spencer Plc, 2003). Inputs needed for labeling or 
printing were not accounted for. Packaging processes and transport 
distances to appropriate production facilities were adapted accordingly. 
Where appropriate, the amounts of packaging materials for the alter
natives were rescaled to fit 1 kg of apples.

The waste management applied for both packaging waste and food 
waste is the same as in Goossens et al. (2019a). For matters of practi
cality, these are repeated in Table 2.

2.2. Valorizing waste apples at the household

The percentage of apples that go to waste at household level was 
adapted, as compared to the percentage used by Goossens et al. (2019a). 
Of the 1 kg of pre-packed apples that is bought in the shop by the con
sumer, the present paper assumes that 17.8 % is thrown away at the 
household. This percentage of wasted purchased apples at the consumer 
is the mean of 6.5 % that was used in Goossens et al. (2019a) and 29 % 
according to DEFRA (2010). Another study at European level (Caldeira 
et al., 2019) confirms these high levels: on average about 20 % of the 
fruit arriving at home or at food services is wasted, while De Jong et al. 
(2023) indicate how among these EU countries, Belgium is producing 
above level food waste volumes per capita. Thus, in our calculations, the 
consumer ends up eating only 0.82 kg of the apples that were bought 
(assuming the core and peels are eaten as well; reference situation 
“Apple waste”, blue in Fig. 1).

In this study, we considered two valorization scenarios at the 
household level. For both scenarios, the avoided impacts of purchased 

ready-to-eat product (produced on an industrial scale) were taken into 
account. An overview of the considered scenarios is shown in Table 3. 
The waste treatment applied for apple waste at the consumer can be 
found in Table 2.

In the first valorization scenario, instead of throwing the 17.8 % 
apples away, the consumer decides to make apple sauce from them, 
either on the stove or in the microwave. It is assumed that those apples 
are peeled and have their core removed. It was estimated by peeling and 
removing the core of thirty apples on different days by three different 
people, that an average of 11.2 % represents the core and 15.0 % rep
resents the peels. Therefore, there was still a waste of 0.047 kg (valo
rization scenario 1 “Apple sauce”; green in Fig. 1), whereas 0.131 kg of 
apples can now be used to make apple sauce.

A basic recipe was considered for making apple sauce of 0.1 liter 
water and 1 tablespoon of sugar (2 g) per kg of apples (unpeeled and 
including the core), resulting in 0.151 kg of apple sauce (ignoring 
weight losses due to evaporation during cooking). The apple sauce was 
assumed to be cooked for 20 min on a stove (assumption: 50 % is cooked 

Table 2 
Description of the waste management treatment for packaging and food waste, taken from Goossens et al. (2019a).

Life cycle stage Description of waste treatment

At 
supermarket

The pre-packed apples go (with their packaging) to a digester facility where they are being unpacked. 
Packaging waste: 
- Cardboard: Assuming recuperation of pure fractions of cardboard materials, these cardboard wastes are collected by municipal waste collection services (using 

default distances) and sent to “Waste paperboard, sorted {GLO}| market for | Alloc Def, U”.
- Plastic foil: The resulting plastic wastes are collected by municipal waste collection services (using default distances), followed by municipal incineration 

(“municipal incineration, waste plastics mixture”).
Food waste: “Biowaste, treatment of manure and by anaerobic digestion”.

At consumer Packaging waste: 
- Cardboard: municipal waste collection service for paper/cardboard (using default distances) followed by “Waste paperboard, sorted {GLO}| market for | Alloc 

Def, U”.
- Plastic foil: municipal household waste collection (using default distances), followed by municipal incineration (“municipal incineration, waste plastics mixture”)
Food waste: 
- 43 % municipal collection of biowaste: waste stream “Biowaste, treatment of composting” which includes collection service (default distances) and use of 

composting facilities.
- 36 % home composting: inclusion of gaseous emissions related to home composting; exclusion of material inputs such as plastic compost container.
- 21 % municipal househould waste: waste stream “Biowaste, market for” which includes municipal collection service (default distances) followed by incineration 

of household waste and anaerobic digestion (including the necessary processing facilities).

Table 3 
Overview of the considered scenarios for valorizing waste apples at the 
household.

Reference 
situation

Valorization 1 Valorization 2

Functional unit Purchase of 1 kg apples
Use at household 0.822 kg is 

eaten and 
0.178 kg is 
wasted

0.822 kg is eaten and 
0.178 kg is used for 
apple sauce

0.822 kg is eaten 
and 0.178 kg is used 
for apple chips

Considered 
impacts until 
purchase

Production and distribution of 1 kg apples (pre-packed per 6, 
using CB and plastic, as shown in the Reference in Table 1)

Considered 
impacts 
between 
purchase and 
apple waste/ 
valorization

Consumer transport, cooling (household fridge), packaging 
waste treatment

Considered 
impacts of 
apple waste/ 
valorization

Waste 
treatment of 
0.178 kg 
apples

Waste treatment of 
0.047 kg apples 
(peel & core) & 
Cooking impact and 
additional 
ingredients for 
making 0.151 kg 
apple sauce from 
0.131 kg apples

Waste treatment of 
0.020 kg apples 
(core) & 
Drying impact for 
making 0.034 kg 
apple chips from 
0.158 kg (unpeeled) 
apples

Avoided burdens None Avoided impact of 
0.151 kg ready-to- 
eat apple sauce

Avoided impact of 
0.034 kg ready-to- 
eat apple chips
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on an electric stove, 50 % on a natural gas stove) or for 2 min in the 
microwave at 700 W (Table 4). The Belgian energy grid mix was used for 
heating. Because apple waste is valorized into apple sauce, the impact of 
0.151 kg of ready-to-eat apple sauce can be avoided. The avoided impact 
was retrieved from the Agribalyse 3.0 database and adapted to the 
Belgian energy grid mix from distribution onwards.

In the second valorization scenario, the consumer dries the apples in 
an oven, making apple chips. These apples only have their core removed, 
leading to a waste of 0.020 kg (valorization scenario 2 “Apple chips”; 
orange in Fig. 1) and 0.158 kg of apples being used for the chips. The 
apples are sliced and put in an oven at 100◦C for 2 h, independent of the 
used amount. The Belgian energy grid mix was used for heating. Because 
of this valorization, the impact of bought ready-to-eat dried apples was 
avoided. These ready-to-eat apple chips are made using an evaporative 
drying process with a vacuum rotary instead of an oven, as found in the 
Agribalyse 3.0 database and adapted to the Belgian energy grid mix from 
distribution onwards. The weight loss of the homemade chips due to 
drying were considered equivalent to the weight losses considered in the 
process for making the ready-to-eat product in the Agribalyse database: 
0.034 kg apple chips could be made from 0.158 kg apples (Table 5).

3. Results

3.1. Alternative packaging options

Fig. 2 shows the results of the total apple chain for the different 

packaging scenarios, relative to apples packaged per six using cardboard 
and plastic (0 %). Negative values refer to a reduction of impact as 
compared to the reference scenario, whereas positive values indicate an 
increase of impact. In general, the lowest environmental impacts are 
linked to a pack of four apples packaged in plastic (for 15 of the 16 
impact categories, the exception being Freshwater ecotoxicity), while 
the highest can be found for a pack of six apples packaged in only 
cardboard (for all impact categories, see Appendix for absolute impact 
values). If the packaging options would be ranked according to their 
overall tendency across all different impact categories, it would be, from 
best to worst option for the environment: per 4 in plastic, per 6 in 
cardboard & plastic, per 4 in cardboard & plastic, per 4 in cardboard and 
per 6 in cardboard.

The contribution analysis of two impact categories is shown in Fig. 3. 
Climate change, on the one hand, because of its’ societal relevance and 
Freshwater eutrophication, on the other hand, because that impact 
category showed the biggest difference in impacts between the options. 
The graphs show how the contribution of the primary packaging (which 
includes the production of the packaging material, its’ transport to the 
DC and the packaging process at the DC; light blue bar) changes between 
the different packaging options. Primary packaging in only plastic has 
the lowest absolute impacts and contributes the least to the total impact 
of all the primary packaging options.

It is important to note that except for the primary packaging stage 
(which is determined by the used packaging material), all other stages 
have a lower impact for when packaging per four apples instead of per 
six apples (this difference is not clearly visible in the figure). The lower 
impact is caused by the lower FLW percentage when packaged per four, 
leading to a lower amount of apples to go through the chain to get 1 kg 
of apples to the consumer.

3.2. Valorizing waste apples at the household

In Fig. 4, the results for valorizing the 17.8 % of purchased apples are 
shown using the scenario where the 17.8 % is thrown in the bin as a 
reference scenario (0 %). The homemade apple sauce is prepared either 
on the stove or in the microwave. Again, negative values refer to a 
reduction of impact as compared to the reference scenario, whereas 
positive values indicate an increase of impact. In general, the best option 
for the environment is to make apple sauce from your normally dis
carded apples, rather than throwing them away. This was the case for 14 
out of the 16 impact categories. Freshwater eutrophication and water 
resource depletion were the only exception for which apples were better 

Table 4 
Inputs considered for the ready-to-eat apple sauce and homemade sauce made of 
the 0.131 kg apples that would normally be wasted at the household level 
following a functional unit of 1 kg of apples purchased at the shop. The sauce is 
prepared either on the stove for 20 min or in the microwave for 2 min (indicated 
as “preparation option 1 or 2”).

Input Value Unit Process Database

Homemade, using 0.131 kg of 1 kg purchased apples
Water 0.018 kg Tap water {RER}| market 

group for | APOS, U
Ecoinvent 3

Sugar 0.0012 kg Sugar, from sugar beet 
{GLO}| market for | APOS, 
U

Ecoinvent 3

0.0012 kg Sugar, from sugarcane 
{GLO}| market for | APOS, 
U

Ecoinvent 3

Preparation 
option 1: 
Stove

0.5 p Boiling, vegetables with 
electric electricity: stove, 
at consumer (WFLDB)/ 
GLO U → altered to the 
specific heat value for 
apples: 3.7E− 06 MJ/(g*K) 
(Lisowa et al., 2002) & to 
the Belgian energy grid 
mix

World Food 
LCA database 
(WFLDB)

0.5 p Boiling, vegetables with 
natural gas stove, at 
consumer (WFLDB)/GLO 
U → altered to the specific 
heat value for apples: 
3.7E− 06 MJ/(g*K) (
Lisowa et al., 2002) & to 
the Belgian energy grid 
mix

Preparation 
option 2: 
Microwave

1 p Microwaving, 700 W, at 
consumer home (WFLDB)/ 
GLO U → altered to the 
Belgian energy grid mix

WFLDB

Ready-to-eat
Apple sauce 0.151 kg Apple compote, processed 

in FR | Chilled | PS | No 
preparation | at 
consumer/FR → altered to 
BE energy grid mix from 
distribution onwards

Agribalyse 3.0

Table 5 
Inputs considered for homemade apple chips made of the 0.158 kg apples that 
would normally be wasted at the household level following a functional unit of 
1 kg of apples bought at the shop. The sauce is prepared in an oven at 100◦C for 
2 h.

Input Value Unit Process Database

Homemade, using 0.158 kg of 1 kg purchased apples
Oven 1 p Preheating, electric oven, 80◦C 

(176 ◦F), at consumer home (WFLDB)/ 
GLO U → extrapolated to 10 min 
preheating at 318.18 Wh & altered to 
the Belgian energy grid mix

WFLDB

2 h baking without preheating, with 
electric oven, 80◦C (176 ◦F), at 
consumer home (WFLDB)/GLO U → 
extrapolated to 100◦C, which needed 
3.715 Wh/min & altered to the 
Belgian energy grid mix

Ready-to-eat
Dried 

apple
0.034 kg Apple, dried, processed in FR | 

Ambient (average) | LDPE | No 
preparation | at consumer/FR → 
altered to the Belgian energy grid mix 
from distribution onwards

Agribalyse 
3.0
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discarded. If the applesauce is homemade, then lower environmental 
impacts are generated when it is prepared using a microwave instead of 
on a stove. When prepared in a microwave, homemade applesauce is 
even preferable for 15 of the 16 impact categories (except for Water 
resource depletion). Adding one teaspoon of cinnamon to the home
made sauce (results not shown), did not change the interpretation of the 
results.

In the valorization scenario where apple chips are made from the 
normally discarded apples, the reverse is true. It was environmentally 
better to discard the apples and buy ready-to-eat apple chips instead of 
making it at the household. This was true for 14 of 16 impact categories, 
with the exceptions being Land Use and Mineral, fossil and renewable 
resource depletion. If sugar or cinnamon is added to the homemade 
apple chips at the household level (results not shown), the impacts – of 
course – increase even more, but the overall results would be equivalent.

The contribution analysis of two impact categories is shown in Fig. 5. 
Climate change, on the one hand, because of its’ societal relevance and 
Land use, on the other hand, as a second illustrative example. The graphs 
show how the avoided impact of the ready-to-eat products can steer the 
decision whether valorizing waste apples is beneficial for the environ
ment or not. For Climate change, the avoided impact of ready-to-eat 
apple chips only causes a minimal reduction to the impact of that 
valorization option. As such, the net climate change impact for valo
rizing the apples into apple chips is higher than the reference scenario in 
which the apples are discarded. For apple sauce, the net climate change 
impact is lower than the reference scenario.

For Land use, the avoided impact of ready-to-eat apple chips is large 
enough to cause homemade apple chips to be the best option for 
handling apple waste. When it comes to the apple sauce, the avoided 
land use impacts are even higher. It should be noted though, that this is a 
consequence of the modelling choices assumed within the Agribalyse 
database: within Agribalyse, the cooking of 1 kg of food is based on 
equal-weight average of the three cooking processes boiling, oven- 

baking and deep frying in rape oil (ADEME, 2022). Following these 
assumptions, 83 % of the land use impact of 1 kg of ready-to-eat apple 
sauce was found to be attributed to rape oil. In reality though, one would 
not apply deep-frying to make apple sauce. It was out of scope of this 
study to adapt the cooking processes used within the ready-to-eat apple 
sauce. However, we expect the LU impacts to decrease dramatically 
when leaving out the rape oil, which would in turn decrease the avoided 
land use impacts within this valorization scenario. This shows the 
importance of modeling choices in third-party databases.

4. Discussion

4.1. Alternative packaging options

WRAP (2011) reported a retail apple waste of 2–3 % in the United 
Kingdom. According to that report, apples could be sold either loose 
with polystyrene inserts within plastic returnable trays or cardboard box 
to give protection, in polyethylene bags or in bulk. In Sweden, Eriksson 
et al. (2012) found a retail apple waste of 3.8 %, while Mattsson et al. 
(2018) listed an in-store waste quota of 1.9 %. In this study, a waste 
percentage of 1.42 was used at the shop for pre-packed apples and 
Goossens et al. (2019a) also mention a loss of 2.4 % for bulk apples at 
the Belgian shop. It seems that bulk has a larger waste, however, if we 
account for losses at the DC as well, pre-packed apples have an addi
tional 3 % loss as an additional sorting step is being carried out prior to 
packaging, whereas this step does not take place for bulk apples 
resulting in 0 % loss at the DC (Goossens et al., 2019a).

In this study, it was hypothesized that the extra impact connected to 
additional packaging materials needed when packaging apples per four 
is counteracted by the reduced apple losses since only four apples are 
thrown away when one is spoiled instead of six (as is the case for a 
package of six apples). The results (Fig. 2) showed packaging apples per 
four in only plastic as the environmentally favorable option. It has to be 

Fig. 2. Impacts of the four alternative packaging options for pre-packed apples, relative to the impacts of the reference packaging of per 6 in cardboard (CB) and 
plastic. The functional unit is “1 kg of apples purchased by the consumer”. See Appendix A for the absolute impact values.
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kept in mind that this conclusion is solely based on the environmental 
impacts, assuming correct waste handling by the consumer.

For apples packed per four, the preferable option would be to use 
only plastic. For apples packed per six, packaging in cardboard and 
plastic is preferable over only cardboard. It seems there is an environ
mental preference for plastic over cardboard. Though, in the past, the 
use of plastics has shown to result in significant environmental impacts 
related to the need of fossil fuels for its production and improper waste 
management leading to littering (Axelsson-Bakri et al., 2020). In this 
study, improper waste management resulting in littering was not 
accounted for, since we assumed that no plastic ended up in the envi
ronment. Instead, all plastic was assumed to be collected as municipal 
waste and subsequently incinerated. It would be interesting to model (a 
fraction of) plastic recycling in future studies. Yet, here we take a con
servative approach.

The lower weight of plastic packaging compared to cardboard leads 
to a lower transport impact. For cardboard boxes, high impacts are 
related to the manufacturing stage (forestry, wood supply and produc
tion) (Abejón et al., 2020). However, cardboard packaging is described 
with terms such as “nice”, “homely” and “fresh”, while plastic packaging 
is associated with terms such as “strange”, “unnecessary” and “expen
sive” (Fernqvist et al., 2015). If proper waste management can be 
assured for plastic packaging, it would be relevant to try to refine these 
negative connotations.

The packaging material clearly is the determining factor when 
choosing the best packaging option. While packaging apples in card
board and plastic, six apples are preferred over four; the reverse is true 

when only packaging in cardboard. Thus, while a reduction of food 
waste when packaging per four might be a promising avenue, buying 
apples per four cannot be used as a clear guideline for consumers. 
However, only the reduced losses at shop level were accounted for in this 
study. A smaller package might also reduce the food waste in the 
household. Smaller packages allow consumers to buy what they actually 
need, instead of forcing them to buy more than they need. Different 
sources (Verghese et al., 2013; Williams et al., 2012; WRAP, 2014) 
suggest reducing packaging sizes or having them be more flexible in 
order to reduce FLW. Lanfranchi et al. (2016) found that more than 
one-third of consumers claim they would generate less food waste if the 
portions or the packaging of their favorite foods suited their needs more.

Specifically for apples, a survey with 1037 Flemish consumers 
(D’Udekem et al., 2021) showed that only 15 % (excluding people 
without an opinion and people who do not buy pre-packaged apples) 
agreed that being able to buy a smaller package size would lead them to 
waste less apples. This indicates that it depends on the kind of produce 
(e.g., apples versus potatoes) if reducing packaging sizes will have a 
positive effect on the FLW at the household level. Smaller packaging 
sizes would also inevitably lead to a higher cost per unit of volume/
weight. Research (Lyndhurst, 2008) suggests that consumers are not 
necessarily averse to paying a little more per unit of volume/weight in 
order to avoid being left with unnecessary surplus.

We did not take into account how the different packaging options can 
cause a difference in apple loss, related to how adequately they enclose 
and protect food, and increase shelf-life. We also did not take into ac
count other functions of packaging, such as facilitating usage and 

Fig. 3. Contribution to the total impact of the various stages along the pre-packed apple chain; focus on two impact categories (CB = cardboard and DC = Dis
tribution Center). The functional unit is “1 kg of apples purchased by the consumer”.
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transport, communication information, promoting the product and 
allowing for efficient handling throughout the food supply chain (The 
Consumer Goods Forum, 2011). Though we assume that each packaging 
option can provide all these functions equally adequately, since they are 
all actively used in the supermarket.

The packaging should also be designed for optimal ease of proper 
waste management. Proper sorting by the consumer is the most 
straightforward when apples are packaged only in cardboard, and less so 
when multiple packaging materials are used. However, when packaged 
in both cardboard and plastic, the two materials are easily divided since 
there is a cardboard plate and a plastic wrapper. The packaging that 
consists of only plastic is the least straightforward for recycling since 
two different types of plastic are used (both PVC and EPS), making this 
the least preferable option when it comes to waste management ease.

Williams et al. (2012) emphasize that those different functions can 
play an important role in the amount of food waste at the household, 
since in their study 20–25 % is related to packaging design attributes. It 
should be noted that even though packaging apples per four in plastic 
leads to general lower impacts, they are still larger than when bulk 
apples are bought (Goossens et al., 2019a).

An alternative could be that when one apple is spoiled from a set of 
pre-packed apples, the package is opened, the spoiled apple would be 
discarded, and the remainder would be sold in bulk. However, this is not 
possible for practical reasons: only a few cultivars are sold in bulk, and 
many more cultivars are sold packaged. Hence, there is no designated 
spot for selling different cultivars, with potentially different prices, in 
bulk. Moreover, as one apple spoils, the other apples may very well be 
already infected, but not visibly spoiled yet (latent infection). Finally, 
unpacking the apples would create more labor for the retail companies, 

which is not always appreciated.

4.2. Valorizing waste apples at the household level

In some studies (Beretta et al., 2013; Quested and Johnson, 2012; 
WRAP, 2009) apple cores are seen as unavoidable food waste and peels 
as possibly avoidable food waste, thus, food that some people eat, and 
others don’t. Corrado and Sala (2018) emphasize that some parts of fruit 
and vegetables (like the apple peels) are suitable for human consump
tion and have a nutritious value but are still considered unavoidable 
food waste because they are generally not eaten. In this study, apple 
cores were only seen as unavoidable waste when preparing apple sauce 
or apple chips at the household, and peeling waste was only accounted 
for when considering homemade apple sauce.

Furthermore, 17.8 % was considered a reasonable estimation of 
apple waste (considering every part of the apple as avoidable waste) at 
the household level. This fits into the apples waste estimations/mea
surements of other sources: 6.5 % of purchased apples (Goossens et al., 
2019a), 12 % avoidable waste and 22 % all waste (Quested and John
son, 2012), 29 % edible apple parts (DEFRA, 2010) and 31 % avoidable 
waste and 46 % all waste (WRAP, 2009). However, the last source 
indicated that those values might be slightly overestimated due to 
windfall apples making their way into the household waste statistics 
(WRAP, 2009). In general, apples are said to be wasted because they 
were not used in time (Quested and Johnson, 2012; WRAP, 2009).

We found that the cooking technique (especially the energy use) for 
apple sauce or chips, stove/microwave and oven, respectively, largely 
dominated the environmental impacts linked to making the product. In 
that regard, Oliveira et al. (2012) found in their user observation study 

Fig. 4. Impacts of the valorization scenarios of apple waste at the household, relative to the impacts of the reference situation of discarding 17.8 % apples that are 
purchased. The functional unit is “1 kg of apples purchased by the consumer”. Water resource depletion is not shown since it has a negative reference impact. See 
Appendix B for the absolute impact values.
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that participants on average uses three times more energy than neces
sary (i.e., than someone using energy saving tips such as using a lid), 
which would lead to even higher environmental impacts related to the 
household cooking process. For making apple sauce, using the micro
wave was clearly preferential to using a stove. This is in line with the 
findings of Frankowska et al. (2020), who found that even though 
cooking in a microwave and boiling on a stove are similar cooking 
techniques for preparing fruit, the greenhouse gas emissions drop by 
41–78 % when using a microwave compared with boiling or steaming. 
The present study therefore advises making apple sauce using a micro
wave instead of throwing away waste apples.

When normally discarded apples are used for making apple chips, the 
total environmental impact is largely dominated by the use of an oven. 
Similarly, Frankowska et al. (2020) found that cooking in an oven is the 
least sustainable cooking method due to the high energy demand and 
long cooking times. They, therefore, advise precooking some food in a 
microwave in order to lower the oven cooking time, thereby lowering 
greenhouse gas emissions without significantly changing sensorial 
properties. However, we do not see this helping the drying process of 
apples. Thus, as with the packaging options, we cannot provide a clear 
guideline to consumers on how to handle their apple waste. It depends 
on which food product they would like to make if discarding the food is 
environmentally preferable over preparing them. However, we can 
advise them to opt for the least energy-intensive cooking technique, 
where possible.

5. Conclusions

This study built on our previously study on the environmental impact 
of the Belgian apple-chain (Goossens et al., 2019a), focusing on FLW at 
two levels: packaging and household. For packaging, the life cycle 
assessment showed that packaging apples in plastic could have benefi
cial effects, but proper waste management should be assured. Reducing 
the packaging size could lead to lower impacts (if less losses are assumed 
at the shop), but not all packaging materials will offset the increased 
impact due to the smaller size. When reducing packaging sizes, the 
packaging material should be chosen carefully. At the household level, 
the environmental benefits of valorizing waste apples strongly depend 
on how energy intensive the needed kitchen appliance or process is. 
Making apple sauce from normally discarded apples in a microwave is 
environmentally preferable over discarding these apples, but this is not 
the case when drying the apples in the oven. In that case, it is better to 
throw the apples away. The results illustrate that it is important to go 
beyond intuition when considering the best food waste and loss options 
and that proper LCA calculations are essential to do this.
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Appendix

Alternative packaging options

See Table A1

Table A1 
Absolute impact values for the five apple packaging options using a functional unit of 1 kg apples purchased by 
the consumer, with a green – white – red scale indicating relatively low – medium – high impact values (CB =
cardboard)

(continued on next page)
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Table A1 (continued )

Impact category Unit
Per 6 in CB & 

plas�c
Per 6 in CB

Per 4 in CB 

& plas�c
Per 4 in CB

Per 4 in 

plas�c

Climate change kg CO2 eq 4,52E-01 4,55E-01 4,54E-01 4,52E-01 4,51E-01

Ozone deple�on
kg CFC-11 

eq
1,70E-07 1,71E-07 1,69E-07 1,71E-07 1,66E-07

Human toxicity, non-

cancer effects
CTUh 6,03E-05 6,03E-05 6,00E-05 6,00E-05 6,00E-05

Human toxicity, cancer 

effects
CTUh 9,96E-04 9,96E-04 9,91E-04 9,91E-04 9,91E-04

Par�culate ma�er
kg PM2.5 

eq
2,46E-04 2,59E-04 2,49E-04 2,58E-04 2,20E-04

Ionizing radia�on HH
kBq U235 

eq
1,22E-01 1,25E-01 1,22E-01 1,25E-01 1,14E-01

Ionizing radia�on E 

(interim)
CTUe 3,28E-07 3,35E-07 3,29E-07 3,35E-07 3,03E-07

Photochemical ozone 

forma�on

kg NMVOC 

eq
1,39E-03 1,42E-03 1,40E-03 1,41E-03 1,33E-03

Acidifica�on molc H+ eq 2,84E-03 2,93E-03 2,86E-03 2,92E-03 2,64E-03

Terrestrial 

eutrophica�on
molc N eq 8,70E-03 8,85E-03 8,72E-03 8,82E-03 8,37E-03

Freshwater 

eutrophica�on
kg P eq 1,34E-04 1,44E-04 1,34E-04 1,43E-04 1,12E-04

Marine eutrophica�on kg N eq 8,57E-04 8,71E-04 8,58E-04 8,68E-04 8,22E-04

Freshwater ecotoxicity CTUe 5,28E+00 5,33E+00 5,30E+00 5,29E+00 5,29E+00

Land use kg C deficit 1,20E+00 1,26E+00 1,21E+00 1,26E+00 1,08E+00

Water resource 

deple�on

m3 water 

eq
-4,62E-03 -4,84E-03 -4,63E-03 -4,83E-03 -4,17E-03

Mineral, fossil & ren 

resource deple�on
kg Sb eq 5,22E-05 5,33E-05 5,24E-05 5,32E-05 4,94E-05

Valorizing waste apples at the household

See Table B1

Table B1 
Absolute impact values for the waste apple valorization options using a functional unit of 1 kg apples purchased 
by the consumer, with a green – white – red scale indicating relatively low – medium – high impact values

(continued on next page)
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Table B1 (continued )

Impact category Unit Apple waste
Apple sauce 

on stove

Apple sauce 

in microwave
Apple chips

Climate change kg CO2 eq 4,52E-01 4,18E-01 3,82E-01 6,30E-01

Ozone deple�on kg CFC-11 eq 1,70E-07 1,47E-07 1,46E-07 1,94E-07

Human toxicity, non-

cancer effects
CTUh 6,03E-05 6,03E-05 6,02E-05 6,03E-05

Human toxicity, cancer 

effects
CTUh 9,96E-04 9,96E-04 9,96E-04 9,96E-04

Par�culate ma�er kg PM2.5 eq 2,46E-04 2,31E-04 1,90E-04 2,67E-04

Ionizing radia�on HH kBq U235 eq 1,22E-01 3,52E-02 4,58E-02 2,34E-01

Ionizing radia�on E 

(interim)
CTUe 3,28E-07 1,58E-07 1,77E-07 6,44E-07

Photochemical ozone 

forma�on
kg NMVOC eq 1,39E-03 1,13E-03 9,94E-04 1,48E-03

Acidifica�on molc H+ eq 2,84E-03 2,01E-03 1,80E-03 3,08E-03

Terrestrial eutrophica�on molc N eq 8,70E-03 5,27E-03 4,86E-03 9,09E-03

Freshwater eutrophica�on kg P eq 1,34E-04 1,43E-04 1,16E-04 2,12E-04

Marine eutrophica�on kg N eq 8,57E-04 5,47E-04 5,05E-04 8,74E-04

Freshwater ecotoxicity CTUe 5,28E+00 3,74E+00 2,66E+00 9,76E+00

Land use kg C deficit 1,20E+00 -1,06E+00 -1,12E+00 1,12E+00

Water resource deple�on m3 water eq -4,62E-03 -9,48E-03 -6,06E-03 -5,76E-03

Mineral, fossil & ren 

resource deple�on
kg Sb eq 5,22E-05 4,69E-05 4,36E-05 5,18E-05

Data availability

All data used was provided for in the paper or has been duly refer
enced to.
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