
Citation: Alzubi, E.; Kassem, A.;

Noche, B. A Comparative Life Cycle

Assessment: Polystyrene or

Polypropylene Packaging Crates to

Reduce Citrus Loss and Waste in

Transportation? Sustainability 2022,

14, 12644. https://doi.org/10.3390/

su141912644

Academic Editor: Sebastiano Vasi

Received: 1 September 2022

Accepted: 30 September 2022

Published: 5 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

A Comparative Life Cycle Assessment: Polystyrene or
Polypropylene Packaging Crates to Reduce Citrus Loss and
Waste in Transportation?
Emad Alzubi 1,* , Ahmed Kassem 1,2 and Bernd Noche 1

1 Transport Systems and Logistics Department, Faculty of Engineering, University of Duisburg-Essen,
Keetmanstr. 3-9, 47058 Duisburg, Germany

2 Logistics and Supply Chain Management Department, College of International Transport and Logistics,
Arab Academy for Science, Technology and Maritime Transport, Campus Abu-Qir, Alexandria 21625, Egypt

* Correspondence: emad.alzubi@stud.uni-due.de

Abstract: Packaging plays a key role in preserving food products during transportation. Therefore,
selecting proper packaging crates to transport fruits from farms to the market can dramatically
reduce loss and waste. This study aims to evaluate the environmental impact of two packaging
alternatives when transporting citrus products in Jordan using the loss ratio, as an indicator to
select the best packaging, based on the traveled distances. The research team tracked transportation
trucks from several farms to the market. In addition, data were collected from the department of
statistics in Jordan to build the model using OpenLCA Software with defined system boundaries.
However, the results revealed that polypropylene crates performed better than polystyrene crates.
Citrus loss during transportation was cut by at least 60% when using polypropylene crates. The
use of polypropylene crates reduced product damages by handling better the vibration and load
stress, especially with increased transport distances to the “Central Market of fruits and vegetables”.
Different impact categories were evaluated. We selected 3 categories based on the hotspot analysis
performed: climate change, resource depletion, and water resource depletion. Farm waste has the
highest impact with ranges of 58–69%, 77–85%, and 77–81%, respectively. Other impactful waste
is waste from packaging and inedible parts; they influence the impact categories up to 23%, 11%,
and 17%, in the same order. In terms of environmental impact, the polypropylene crates have fewer
impacts since they are reusable and recyclable at the end of the product life cycle. Therefore, we
recommend adopting polypropylene crates when transporting citrus products to the market. As a
future research direction, the study suggests performing a similar analysis to evaluate the effect of
packaging crates on other agricultural products in Jordan.

Keywords: citrus loss and waste; life cycle assessment; packaging; transportation; Jordan

1. Introduction

Food production is an essential activity for all societies around the globe. However,
countries are trying to improve the sustainability of their Food Supply Chains (FSC), which
rely on reducing food loss and waste (FLW) since it might hinder the sustainable develop-
ment goals (SDGs) set by the United Nations (UN), such as poverty, hunger, and responsible
consumption [1]. The global FLW reported by the Food and Agricultural Organization
(FAO) has reached about 1.3 billion tons annually [2,3], which has had an impact on sus-
tainable performance measures, since this amount of FLW consumes many resources and
generates greenhouse gases (GHG) without any economic benefits. However, 45–55% of
fruits and vegetables produced worldwide are considered FLW [4]. Transportation alone
constitutes about 10% of the FLW generated through fruit and vegetable supply chains
(SC) [3].
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Usually, several factors affect the performance of SCs, such as delivery time, resource
utilization, and the utilization of logistics operations [5], but when it comes to FSCs, other
factors must be considered, perishability and delivery time [6], since food must be delivered
before it deteriorates. However, citrus production is increasing worldwide [7], leading
to an increase in the total citrus loss and waste (CLW) generated through its SC [8]. The
average global CLW is estimated at 20% [9].

The loss and waste generated from fruits and vegetables are higher than other agri-
cultural products since they are sensitive products and can be damaged easily. However,
several studies have analyzed the vibration and stress effects while transporting different
fruits and vegetables, such as peaches [10], tomatoes [11], apples [12,13], kiwifruit [14],
bananas [15], papayas [16], watermelons [17], oranges [18], and strawberries [19], and they
shared similar a conclusion, which is that the packaging used to transport those products
play an important role in decreasing FLW resulting from the vibrations and stress.

The main function of packaging lies in protecting, handling, and storing packaged
products [20–22]. It is also used to protect fruits and vegetables from vibration and stress
effects from transport within the SCs [10–20,23]. Selecting proper packaging material and
packaging is a key factor in reducing FLW, which would improve the SC’s competitive
advantage [24]. Consequently, improving competitiveness enhances overall sustainability
performance [25]. The environmental impacts of packaging materials are a major issue for
practitioners and researchers due to the high energy required in the production processes
and the consumption of natural resources. On the other side, transporting citrus without
packaging crates will increase the losses due to the stress formed on the bottom layers.
Although there are high environmental impacts, reasonable packaging should be used for
the purpose of transporting fruits and vegetables from one stage to another within the
SC [26].

Globally, around 158 million tons of citrus were produced in 2020 [27,28]. The Mediter-
ranean region constitutes about 80–85% of the fresh citrus trade and about 20% of citrus
production [29]. In addition, the Mediterranean region is the homeland of three citrus prod-
ucts: oranges, mandarins, and lemons [30]. Several causes of citrus losses were discussed
in [1] on farms, while Defraeye et al. [31] elaborated on causes in the postharvest stages,
including citrus transportation. Different research discussed the vibration and stress effects
while transporting citrus. For instance, Zheng et al. [18] designed a new packaging format
with a divider to eliminate the vibration effect during transportation on citrus fruits such
as oranges. Moreover, Defraeye et al. [31] examined the performance of packaged citrus
in cold transportation; they tested two different packaging materials staked on a pallet
during transportation. In addition, Berry et al. [32] tested how suitable packaging material
of citrus can reduce CLW at the pre-shipping stage.

However, citrus produced in Jordan is mainly for domestic consumption since it covers
about 85% of the local demand, while around 20–30% of citrus produced in Jordan is lost at
the farm stage [1]. Around 16% of citrus produced is considered a loss in transportation to
the central market of fruits and vegetables (CMFV) [30].

Life cycle assessment (LCA) was coined due to the public’s response to awareness.
Several life cycle terms have been defined: cradle-to-grave, cradle-to-gate, life cycle anal-
ysis, and many others. Initially, it was created as a tool to assess environmental impact.
According to ISO 14040 [21], an LCA study has four stages: goal and scope, inventory
analysis, impact assessment, and interpretation. The first stage discusses system bound-
aries, defining the aim, functional unit, and reasons for conducting the study. The system’s
material, process, and energy flows are defined in the second stage. Next, the observations
made in the LCA inventory are analyzed for impact assessment. Finally, all results are
discussed in the interpretation phase [22]. However, extensive literature has been pub-
lished stating the importance, evolution, and use of LCAs keeping in mind the inclusion of
sustainability [3–36].

Most LCA studies on food packaging do not use real data on FLW [37]. However, some
research used an estimated percentage of FLW [34], or results based on questionnaires [19],
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which might lead to misleading results on the relationship between FLW and environmental
impacts of transportation processes when considering packaging material. Although Zheng
et al. [18] studied the relationship between packaging design and orange loss and waste
(OLW) during transportation. This paper used real experimental data to evaluate OLW
during transportation, taking into consideration the associated environmental impact when
using two different packaging materials. Therefore, this study compares two different
packaging crates used to transport citrus from farms to the CMFV in Amman and then to
retailers scattered around Jordan. The study employed the LCA to evaluate the associated
environmental impact of the transporting processes with the aim of using proper packaging
crates to reduce citrus losses. Nevertheless, to the best of the authors’ knowledge, this
study is one of the few to study the environmental impact of packaging materials used to
transport citrus to tradeoffs between CLW and the associated environmental impact.

2. Materials and Methods
2.1. Farm

The methodological approach adopted here is based on a recent research paper by
Alzubi and Noche [1], which observed the citrus cultivation process during the 2021/2022
season. The agricultural inputs were discussed, such as fertilizers, irrigation, and pesticides
needed per tree. The simulation model they introduced can predict the citrus yield and
CLW generated at the farm level [1]. For instance, they found that citrus trees require, on
average, about 0.45 kg of (N, P) fertilizer, and irrigation water varies between 90 L/week
and 180 L/week depending on the temperature, weather conditions, and soil fertility.

In addition, citrus packaging on farms was observed by the authors. The observed
data related to the type of packaging materials, packaging capacity, dimensions, and how
many layers were filled in the crates. The pre-loading stage was also observed to collect
data such as injured and damaged citrus before they were loaded into the truck. However,
farmers used to fill more than the capacity when they used polystyrene crates, which led to
increased CLW.

2.2. Transportation

In addition to the provided data, we tracked several trucks loaded with citrus from
different farms (different distances) in this paper. Since around 90% of citrus farms are in
the Jordan Valley, and the yield is transported to the CMFV in Amman, the distance from
farms to the CMFV was considered in order to analyze the effect on citrus losses during
transportation.

For all transportation activities from the farms to the CMFV and then to retailers,
information about the vehicle used to transport citrus was also gathered: truck type, load,
cargo box dimensions, and how many crates can be uploaded. Moreover, vehicle velocity
during the transportation process was also recorded.

2.3. CMFV and Retailers

The CMFV is an open area where farmers offer their transported produce to retailers.
The main issues here are the handling process and crate stacking, which forms stress on
layers stacked on the bottom. Nevertheless, information related to the retailer, such as their
waste percentages, the truck type, and distance to the CMFV were collected at the CMFV
according to interviews with several retailers.

Since we followed the LCA approaches, the detailed analysis is described in Section 3
based on the LCA approach structure, along with the results.

3. LCA and Results
3.1. Goal and Scope Definition Phase

Selecting the proper packaging is key to reducing CLW. The goal of this study is to
provide an environmental assessment of two packaging crates used to transport citrus
throughout the SC. The study will present a comparative analysis of the environmental
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impact of using polypropylene (PP) crates instead of polystyrene (PS) crates when trans-
porting citrus products and compare these two packaging crates in terms of CLW. For this
purpose, the study provides a comparative LCA to compare both materials in terms of envi-
ronmental impact and the amount of CLW when using any of them in transportation. The
study also evaluates replacing PS crates, used to transport citrus from farms, with reusable
packaging crates, which might influence farmers’ profits and the associated environmental
impact.

Considering the citrus losses generated through the SC, from the farms to the retailers,
the functional unit is defined as 1 kg of citrus sold to consumers at the retailer stage. To
allow consumers to buy 1 kg of undamaged citrus at retailers, more than 1 kg of citrus
should be transported from the farms to compensate for the losses.

3.2. System Boundaries

The system covered in this study is cradle-to-grave. The citrus supply chain (CSC)
stages covered in this study are presented in Figure 1. However, the study assumed that
the citrus losses occurred only at farms, the CMFV, retailers, and transportation. Two types
of packaging crates were analyzed in scenarios, which are (iI) scenario 1 (S1): representing
the currently used PS crates, and (ii) scenario 2 (S2): representing the reusable PP crates.

Sustainability 2022, 14, x FOR PEER REVIEW 4 of 13 
 

3. LCA and Results 

3.1. Goal and Scope Definition Phase 

Selecting the proper packaging is key to reducing CLW. The goal of this study is to 

provide an environmental assessment of two packaging crates used to transport citrus 

throughout the SC. The study will present a comparative analysis of the environmental 

impact of using polypropylene (PP) crates instead of polystyrene (PS) crates when trans-

porting citrus products and compare these two packaging crates in terms of CLW. For this 

purpose, the study provides a comparative LCA to compare both materials in terms of 

environmental impact and the amount of CLW when using any of them in transportation. 

The study also evaluates replacing PS crates, used to transport citrus from farms, with 

reusable packaging crates, which might influence farmers’ profits and the associated en-

vironmental impact. 

Considering the citrus losses generated through the SC, from the farms to the retail-

ers, the functional unit is defined as 1 kg of citrus sold to consumers at the retailer stage. 

To allow consumers to buy 1 kg of undamaged citrus at retailers, more than 1 kg of citrus 

should be transported from the farms to compensate for the losses. 

3.2. System Boundaries 

The system covered in this study is cradle-to-grave. The citrus supply chain (CSC) 

stages covered in this study are presented in Figure 1. However, the study assumed that 

the citrus losses occurred only at farms, the CMFV, retailers, and transportation. Two 

types of packaging crates were analyzed in scenarios, which are (iI) scenario 1 (S1): repre-

senting the currently used PS crates, and (ii) scenario 2 (S2): representing the reusable PP 

crates. 

 

Figure 1. System boundaries of CSC adopted to implement LCA on packaging crates. 

PS crates are widely use by farmers in Jordan to transport fruits and vegetables (Fig-

ure 2a). Citrus are transported in such crates and filled in three layers and wrapped in a 

stretch foil as illustrated in (Figure 2b), where the total weight on average is 5 kg, while 

Figure 1. System boundaries of CSC adopted to implement LCA on packaging crates.

PS crates are widely use by farmers in Jordan to transport fruits and vegetables
(Figure 2a). Citrus are transported in such crates and filled in three layers and wrapped in a
stretch foil as illustrated in (Figure 2b), where the total weight on average is 5 kg, while the
weight of the empty crate is 0.25 kg. Crate dimensions are 60 cm × 40 cm × 15 cm. There
are also PP crates, which some farmers use to transport more citrus in one trip (Figure 2c).
The crate capacity is up to 20 kg, while the weight of the empty crate is 3.2 kg. Crate
dimensions are 60 cm × 40 cm × 34 cm.
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Figure 2. (a) Empty polystyrene crate (drawn by the authors), (b) stacked filled with citrus PS crates
(taken by the authors), (c) stacked filled with citrus PP crate (taken by the authors).

3.3. Effect of Vibration and Stress While Transporting Citrus

Several trucks loaded with citrus crates were tracked to record the loss ratios according
to the distance traveled from Jordan Valley to Amman’s CMFV. However, four farms with
different distances were selected to track their loaded trucks twice, one load with PS crates
and the second with PP.

It was found that road defects and longer distances increase the vibration effect while
filling citrus more than the maximum crate capacity, as in Figure 2b, increases the stress
effects on the citrus fruits.

3.4. Inventory Analysis

Nevertheless, the type of crate material significantly increases the loss ratios since
the same vehicle of 5.8 tons was used to transport citrus for both scenarios. Framers
use an open truck (Figure 3) for transporting their produce with rear part dimensions of
5.7 m × 2.07 m × 1.80 m. The results revealed that the losses for S1 lie between 11.7–15.9%,
while for S2 lie between 3.9–5.1%. Table 1 summarizes all results and related data for both
scenarios.
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Table 1. Loss% of citrus transported to the CMFV with reference to the distance traveled.

Scenario Loaded
Crates

Total Crate
Weigh

Layers of Crates
Loaded in the Truck

Loss% with Reference to
Distance Traveled (km)

0 40 70 100 140

S1: PS 400 5 kg 8 2.13% 11.71% 12.33% 13.62% 15.92%
S2: PP 250 20 kg 5 0.00% 3.90% 4.54% 4.75% 5.11%

The loss percentages were calculated from the farm to the CMFV only; therefore,
an assumption made for the analysis is that similar percentages will be generated when
transporting citrus from the CMFV to the retailers.

Furthermore, the effect of the stress was found at a distance of 0 km for S1 because
farmers tend to fill the PS crates more than their maximum capacity and stack the filled
citrus crates in a preparation step before loading the truck. The average truck speed
recorded was 60 km/h. In addition to filling crates more than capacity, the high loss
rates are because of (i) stress formed on the first loaded layers, (ii) vibration due to road
roughness, road defects, traffic jams, etc., and (iii) weather conditions. However, after
separating and weighing the damaged citrus, loss percentage was calculated based on
formula (1). It was noticed that the first layer loaded in the truck is the most affected one
due to the stress formed by the top layers.

Loss% =

(
weight o f damaged transported citrus

total weight o f transported citrus

)
× 100% (1)

The amount of citrus transported for each distance is listed in Table 2. The total trans-
ported citrus was calculated based on the citrus loss%, multiplied by two to cover the citrus
loss generated from the CMFV to the retailers. A clear relationship was found between CLW
and the distance traveled. For instance, CLW increases as the total transported distance
increases because citrus is kept under stress and vibration for a longer time. Therefore, the
losses must be compensated by increasing the amount of citrus at the cultivation stage to
cover all losses. An example of calculating the total weight needed to be transported from
a farm 70 km away from the CMFV is 1.45 kg for S1 and 1.29 for S2 (including the losses
from the farm to the CMFV and from the CMFV to the retailers).

Table 2. Material and energy inputs based on the functional unit in both scenarios are based on
distance traveled, including transportation from the CMFV to retailers.

0 km 40 km 70 km 100 km 14 km

S1 S2 S1 S2 S1 S2 S1 S2 S1 S2

Farm
Citrus (kg) 1.24 1.20 1.43 1.28 1.45 1.29 1.47 1.30 1.52 1.30

Crate Production (kg) 0.05 0.21 0.05 0.21 0.05 0.21 0.05 0.21 0.05 0.21
Transportation from the farm to the CMFV

≤7.5 tons truck (kg) 1.29 1.41 1.48 1.49 1.50 1.50 1.52 1.51 1.57 1.51

3.5. Assumptions

Since PS crates are not reusable, they will not be returned to the farmer; therefore, the
assumption was made that: (i) this type of waste goes directly to the landfill. However,
according to an interview with a farmer, PP crates could be exchanged at the CMFV;
therefore, the assumption was considered that: (ii) PP crates will be transported to the
CMFV, where retailers and farmers could exchange empty crates for filled ones. Based on
the assumptions mentioned in the previous sections, Table 3 lists the amount of waste at
each stage, including the waste generated from the farm to the end-of-use stages based on
the functional unit.
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Table 3. The amount of waste and reusable crates transported from CM to retailers is based on the
functional unit.

0 km 40 km 70 km 100 km 140 km

S1 S2 S1 S2 S1 S2 S1 S2 S1 S2

Waste due to loss (kg) (Landfill)
in CM 0.02 0.00 0.12 0.04 0.12 0.05 0.14 0.05 0.16 0.05

Transportation from CM to retailers
Citrus (kg) 1.27 1.41 1.37 1.45 1.37 1.46 1.39 1.46 1.41 1.46

Waste due to loss (kg) (Landfill) 0.02 0.00 0.12 0.04 0.12 0.05 0.13 0.05 0.16 0.05
Waste inedible (kg) (landfill) 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30

Crate material
Waste (kg) (Landfill) 0.05 0.00 0.05 0.00 0.05 0.00 0.05 0.00 0.05 0.00

Reusable crates to farm (kg) - 0.21 - 0.21 - 0.21 - 0.21 - 0.21

3.6. Inventory Analysis

The data was analyzed using OpenLCA software, the ELCD database 3.2 and the LCIA
method package OpenLCA LCIA methods v2.0.4. However, the data collected is observational
since we tracked the transportation process, while data at the harvest stage were taken from [1].

Several impact categories were extracted from the analysis, which are Acidification
(molc H+ eq), Climate change (kg CO2 eq), Freshwater ecotoxicity (CTUe), Freshwater eu-
trophication (kg P eq), Land use (kg C deficit), Ozone depletion (kg CFC-11 eq), Particulate
matter (kg PM2.5 eq), Water resource depletion (m3 water eq), and Resource depletion
(kg Sb eq). All extracted results are summarized in Table 4.

Table 4. Impact assessment results for both scenarios with reference to the distance traveled and
functional unit.

0 km 40 km 70 km 100 km 140 km

S1 S2 S1 S2 S1 S2 S1 S2 S1 S2

Acidification molc H+ eq ×10−4 4.3 2.6 5.4 1.5 8.3 1.5 8.5 1.5 8.5 1.5
Climate change kg CO2 eq ×10−1 1.7 1.4 2.0 1.0 3.3 1.0 3.8 6.3 4.5 6.3

Freshwater ecotoxicity CTUe ×10−2 2.0 5.6 2.0 2.1 2.3 2.1 2.3 1.2 2.3 1.2
Freshwater eutrophication kg P eq ×10−4 5.8 5.4 5.8 7.9 6.6 8.7 5.9 8.8 6.8 8.9

Land use kg C deficit ×10−4 5.2 5.2 5.8 2.4 6.1 1.3 6.2 1.4 6.2 1.2
Ozone depletion kg CFC-11 eq ×10−9 1.6 1.5 1.6 2.2 1.6 2.2 1.6 2.2 1.6 2.2

Particulate matter kg PM2.5 eq ×10−5 3.3 5.8 3.3 3.3 5.8 3.3 3.3 5.8 3.3 5.8
Water resource depletion m3 water eq ×10−3 1.0 1.7 1.0 3.7 1.0 3.7 1.0 3.7 1.0 3.7

Resource depletion kg Sb eq ×10−7 5.4 2.1 4.4 −2.7 4.2 −2.7 3.2 −2.7 2.3 −2.7

For more insights, the percentage differences in the results of both scenarios are illustrated
in Table 5, which shows how the environmental impacts of both packaging crates vary. The
negative reduction percentages show that the environmental impacts in S2 are lower than in S1.

We followed Sasaki et al. [10] and conducted a hotspot analysis to identify the most
relevant impact categories. They considered the definition of a hotspot set by the European
Commission in 2018 [38] that identifies the most contributing impact by the cumulative
contribution, which is at least 50%.

However, the results showed that Climate change, Resource depletion, and Water
resource depletion have a cumulative contribution of 77%; therefore, we consider them the
most relevant categories in this paper.

The relative results of these impact categories showed that citrus cultivation on the
farm contributes most to all impact categories, as seen in Figure 4A–E. The results in
Figure 4A–E represent the relative contribution of CSC stages based on the functional unit
(1 kg of citrus sold to consumers at the retailer stage); however, A, B, C, D, and E represent
the traveled distances of 0km, 40 km, 70 km, 100 km, and 140 km.
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Table 5. Reduction percentages in the impact categories of both scenarios.

0 km 40 km 70 km 100 km 140 km

Acidification −38.6% 71.7% 81.6% 81.9% 82.5%
Climate change −16.5% 47.7% 68.2% 83.3% 85.9%

Freshwater ecotoxicity −7.6% 6.1% 7.6% 6.2% 6.2%
Freshwater eutrophication −7.2% 35.8% 31.9% 48.1% 29.9%

Land use 0.0% 59.3% 78.4% 77.6% 81.0%
Ozone depletion −5.1% 43.2 % 85.6% 85.6% 85.6%

Particulate matter 76.9% 76.8% 82.3% 82.3% 82.3%
Water resource depletion 70.6% 63.4% 63.2% 63.2% 63.2%

Resource depletion −60.2% 160.7% 163.4% 183.7% 216.8%
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3.7. Relationship to CLW

The results showed a great reduction in CLW through the SC when using PP crates
(S2) instead of PS crates (S1). Although the effect of vibration on citrus loss has not been
eliminated, the stress effect has been removed to some extent while transporting the yield
to the CMFV in Amman.

PP crates helped in reducing the amount of citrus required to be transported to deliver
the functional unit (1 kg of citrus sold to consumers at the retailer stage). When comparing
the results of both scenarios, the PP crate reduced the citrus required by at least 60%.

In addition, since PP crates are reusable for at least 5 years, the total amount of waste
(including packaging materials) is also reduced. Another waste also considered here is the
inedible parts of citrus fruits, such as peels and seeds, which make up around 33% of the
net weight, the consumer will buy at the retailing stage [1]. Figure 5 illustrates the total
CLW generated through the SC, including packaging material at the end of life, and the
inedible parts (Peels and seeds), based on the functional unit and the distance traveled for
both scenarios.
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3.8. Discussion

The results revealed that selecting the proper packaging materials can dramatically
decrease the amount of FLW. The study compared two different packaging crates and their
effect on the safety level of citrus products. Suitable packaging crates can protect fruits from
being damaged by vibration and stress. However, depending on the distance of travel; the
analyzed environmental impact showed that the farm stage is the greatest contributor to
all categories analyzed; climate change, resource depletion, and water resource depletion;
58–69%, 77–85%, and 77–81%, respectively as illustrated in Figure 4. Similar results were
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found by Sasaki et al. [10] on peach production, where the cultivation stage was the greatest
contributor to environmental impact in their study. Moreover, waste from packaging
and the inedible parts is the second contributor to the environmental impact; of climate
change, resource depletion, and water resource depletion; by almost 23%, 11%, and 17%,
respectively.

The vibration and stress effects on fruits and vegetables are becoming increasingly
discussed in the literature because they increase FLW during transportation, which affects
sustainable performance in general. Therefore, using suitable packaging material is im-
portant to reduce the CLW, which was reduced by at least 35% during transportation only.
Similar conclusions were found in other studies that analyzed other types of fruits and
vegetables, such as peaches [10], tomatoes [11], apples [12,13], kiwifruit [14], bananas [15],
papayas [16], watermelons [17], oranges [18], and strawberries [19].

The amount of citrus loss increases as the distances from farms to the CMFV increase,
due to several factors such as vibration while transporting the yield and the stress generated
from the top layers. Around 89% of citrus farms in Jordan are in the Jordan valley [1], where
the distance from those farms to the CMFV varies between 35–150 km. Farmers oversee
cultivation, collection in crates, and transportation of their yield to the CMFV. Similar
conclusions about peach transportation and packaging were found by Sasaki et al. [10].

Retailers are scattered around the country, ranging from less than 5 km to 300 km.
In an interview with one of the retailers in Amman, he explained how he determines the
demand per a specific time (usually a week) based on his historical records by adding
an allowance of about 20%, which led to an increase in the losses at the retailing stage
since this 20% might not be sold within the same period, especially when it comes to
consumer preferences.

The main factors that might increase the loss at the CMFV are stress formed when
stacking crates and temperatures since the CMFV is an open area where farmers and
retailers can exchange fruit and vegetable merchandise. Polypropylene crates revealed
better performance than PS crates since PP crates have stronger edges that help end the
stress effects.

Nevertheless, the capacity of the PP crates is up to 20 kg because of their height, which
is 34 cm. Therefore, using PP crates illustrated in Figure 2c improves the safety level of
citrus in logistics operations, like the effect of vibration during transportation and stress
when stacking and transporting crates. Farmers should keep spaces between stacked crates
to eliminate the stress effect formed by other layers when loading the truck to reach the
desired level.

4. Conclusions

Major waste could be retraced to packaging methods. Using PP instead of PS crates
decreased the CLW during transportation from farms to CMFV. PP crates are shown to be
more resilient to vibration and stress loads. The LCA approach was implemented using
OpenLCA software to evaluate the environmental impacts of PP and PS crates.

The relevant environmental impact categories were identified by applying a hotspot
analysis, which indicated that climate change, resource depletion, and water resource
depletion have a cumulative contribution of more than 50%. It has been found that waste at
farms was the greatest contributing factor to the hotspot categories, with results of 58–69%,
77–85%, and 77–81%, respectively.

Due to packaging methods selected by farmers, transportation waste and packaging
waste contributes to these impact categories. Although PP might be cost-effective in the
long-term run since it is reusable and recyclable, farmers tend to use PS crates. However,
filling the PS crates more than their capacity increases the citrus damage while transporting
it because top layer stress caused 11–16% of CLW. Eight loaded trucks with citrus were
observed, from farm to CMFV, to measure the CLW during transportation. It was found
that PP crates reduced CLW by at least 60% compared to PS crates, which also can influence
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the farmers’ profitability since it improved the trip utilization by transporting more citrus
per trip.

Limitations of this study are (i) the data collected from retailers were based on the
retailers’ approximation, and it excluded the consumer stage from the analysis. (ii) Con-
ducting more experiments related to crates filling up to the maximum capacity, in the
case of PS crates, was not possible because of the limited season time and acceptance of
the idea by farmers. Therefore, future research might be directed to observe the retailer
stage and include the consumer in further analysis. Moreover, finding and optimizing
solutions to implement the circular and closed-loop SC concepts enhances SC’s innovation
and improves the benefits to all stakeholders.
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