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Abstract: The increasing population pressure and demand for quality food, and the significant burden
of agriculture on the environment, impede the sustainable development of the food sector. Under-
standing the environmental performance of different agricultural technologies and food value chains
and identifying improvement opportunities play important roles in the sustainable development of
this sector. This article presents the results of an environmental impact assessment of organic dried
apples produced and supplied in Sweden, which was conducted using primary and literature-based
data. A “cradle-to-consumer gate” life cycle analysis (LCA) method with a functional unit (FU)
of 1 ton of fresh organic apples at the farm stage was used while considering conventional drying
and heat-pump (HP)-assisted apple-drying techniques. The main environmental impact categories
investigated were cumulative energy demand (CED), climate change impact (GWP), acidification
potential (AP), and eutrophication potential (EP). The results indicate that the total CED values were
7.29 GJ and 5.12 GJ per FU for the conventional drying and HP-assisted drying methods, respectively,
i.e., a reduction of about 30%. Similarly, the GWP values were 130 kg CO2 eq and 120 kg CO2 eq
per FU, respectively. These findings highlight the importance of improving energy use and process
efficiency to increase the sustainability of dried organic apple value chains.

Keywords: organic apple; apple drying; environmental impact; life cycle assessment; Sweden

1. Introduction
1.1. General Introduction

Agriculture covers about 40% of the global land area and contributes to 70% of global
water withdrawal and 30% of greenhouse gas emissions [1]. The demand for new agricul-
tural land is expected to increase due to the effects of population pressure, diet change,
and biofuel production [2]. Other challenges are food loss and waste (FLW) issues, which
exacerbate the environmental impacts of the food sector [3]. Reducing FLW, e.g., in the
food processing and food service sectors, can significantly reduce greenhouse gas (GHG)
emissions and energy use [4] and improve resource use efficiency [3]. Reducing FLW
should occur at all stages of the supply chain, e.g., by improving food processing and
increasing shelf life. Both agricultural and post-harvest processing should be improved to
reduce environmental impacts. This study focuses on organic apple-drying processes that
lead to a reduction in FLW while increasing the shelf life of organic apples.

Organic food production and societal interest in organic food are growing [5]. How-
ever, the low yield of organic food production is one of the factors that could reduce the
competitiveness of organic food products regarding environmental sustainability. For
instance, it promotes the efficient use of energy and improves soil and water quality and
biodiversity [6]. Organic food is also associated with consumers’ health, animal welfare,
biodiversity, and environmental benefits [5]. Considering the importance of organic food
production methods, the European Commission has provided general guidance for organic
food production (Regulation (EC) 834/2007), which includes the defined general rules for

Agriculture 2024, 14, 461. https://doi.org/10.3390/agriculture14030461 https://www.mdpi.com/journal/agriculture

https://doi.org/10.3390/agriculture14030461
https://doi.org/10.3390/agriculture14030461
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com
https://orcid.org/0000-0003-2258-3430
https://doi.org/10.3390/agriculture14030461
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com/article/10.3390/agriculture14030461?type=check_update&version=1


Agriculture 2024, 14, 461 2 of 15

the processing of organic food. In Sweden, quality requirements for organic farming are
mainly issued by KRAV, which is an incorporated association including farmers, processors,
consumers, and firms with environmental and animal welfare interests [7]. KRAV has
issued regulations regarding mechanical weed-controlling methods and the avoidance of
chemical pesticides.

Table 1 presents Sweden’s apple production (including conventional production) in
comparison with other EU countries. Sweden produces only about 0.2% of the total apple
production of the EU (12.7 million tons), while Poland, Italy, and Germany produce about
25%, 19.2%, and 7.7%, respectively (see Table 1). Although there is an increased demand for
organic apples in Sweden, the production levels in Sweden do not satisfy the demand [7].
Therefore, about 85% of apples for consumption are imported from other countries.

Table 1. Production of apples in some EU member states [8].

Country
Yearly Apple Production

Harvested Production (in 1000 Tons) Share of EU Production (%)

EU 12,685.4 100%

Poland 3168.8 25

Germany 973.5 7.7

Italy 2441.6 19.2

Spain 593.6 4.7

Romania 459.6 3.6

Sweden 25.4 0.2

1.2. Literature Review on LCA of Apple Fruits

The life cycle assessment (LCA) approach can assist in identifying more sustainable
food production and supply options [9]. Some studies (see Table 2) were conducted to
understand the environmental performance of conventional and organic apple supply
chains [10,11]. Depending on the system boundaries, agricultural location and operation,
and the nature of fruit supply chains, the environmental impact values can vary (see Table 2).
A study by Zhang et al. [10] indicated that integrated soil–crop–market management could
increase the benefits of apple value chains from environmental and financial perspectives.
The use of organic fertilizers and reduced pesticides in apple cultivation can reduce some
of the negative impacts on the environment and improve soil and food quality [12].

At the agricultural production stage of apple fruit, diesel fuel, fertilizers, and pesticides
can contribute more to negative environmental impacts [13]. In some cases, irrigation and
field operations greatly contribute to environmental impacts [14]. In long supply chains of
apple fruit, transportation contributes to a significant portion of the carbon footprint. For
instance, Iriarte et al. [15] indicated that ocean freight contributed to 39.2% of the carbon
footprint of apple supply from Chile to the UK when considering the entire supply chain.
Longo et al. [16] indicated that the packaging stage contributes to a significant portion of
the energy impact at the post-harvest stage. Vinyes et al. [17] conducted a cradle-to-grave
LCA study of apple fruit and reported a carbon footprint of 0.302 kg CO2 eq per kg of fresh
apple, of which about 39%, 36%, and 23% were the contributions of the retailer, agricultural
production, and consumption stages (see Table 2). An LCA study conducted in Turkey by
Ekinci et al. [18] indicated that organic apple production performs better than conventional
systems in terms of both energy demand and carbon footprint.

FLW is one of the challenges in the fruit sector [19]. Jeswani et al. [20] reported
that at the primary production, distribution, and consumption stages of the fresh apple
value chain, losses were 20%, 9.6%, and 17.7%, respectively. Similarly, Loiseau et al. [21]
revealed that apple losses at primary production (e.g., during sorting and calibration),
storage, packaging, and retail storage were about 20%, 2%, 4%, and 5%, respectively.
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Svanes et al. [22] indicated that apple loss along the supply chain was about 12%. Therefore,
reducing FLW along the entire fruit supply chain is one of the pathways to sustainable
food systems [3,20]. Reducing FLW can not only increase access to food but also reduce
the environmental impacts and nutritional losses associated with FLW. For this, efficient
post-harvest processing is needed. Energy consumption during the drying process can
significantly contribute to environmental impacts such as carbon footprints [23,24]. In
the fruit and vegetable sector, product refrigeration is one of the activities that has a
high environmental impact [25]. In particular, overproduction increases the challenges of
preservation. In this regard, the drying process reduces the need for refrigeration.

HP drying of apples is an effective technology that can lead to less environmental
burden through efficient energy use during the drying process [23]. However, there is a
lack of LCA studies on apple drying, and more studies are required to explore the most en-
vironmentally friendly methods of drying apples. This research gap needs to be addressed,
as there is increasing interest among consumers in knowing more about the impacts of the
fruit they consume [26]. In this regard, the current study contributes to increasing the data
and knowledge base on the environmental performance of processed fruits.

Table 2. Some LCA studies of apple value chain.

Scope Functional Unit Country Yield
(t/ha) CED (GJ/FU GWP

(kg CO2 eq/FU) Ref.

Cradle-to-farm gate;
conventional apple
production

Ton of fresh apples Greece 32.4 1.21 89 [14]

Cradle-to-consumer gate Kg of exported fresh
apples

Chile
(production); UK
(consumption)

47.2 na 0.54 [15]

Cradle-to-consumer gate Fresh apples France 37.8 [21]

Cradle-to-consumer gate;
conventional Ton of fresh apples Italy 70 11.4 612 [16]

Cradle-to-consumer gate;
organic Ton of fresh apples Italy 50 11.2 588 [16]

Cradle-to-grave Kg of fresh apples Spain 48.81 na 0.302 [17]

Conventional production Ha of apple orchard Turkey 40.9 29.2 1464.07 [18]

Organic production Ha of apple orchard Turkey 38.7 25.94 1344.27 [18]

Cradle-to-farm gate Kg of fresh apples Italy 58.6 na 0.514 [25]

Cradle-to-farm gate Ton of fresh apples Portugal na na 76 [23]

Cradle-to-farm gate
(conventional production
system)

Ton of fresh apples at
farm gate Belgium

43.1 na 67.7

[11]Cradle-to-farm gate
(integrated production
system)

53.5 na 65.9

Cradle-to-farm gate
(organic production) 48.6 na 154

Cradle-to-grave Kg of fresh apples UK 0.019 1.4 [24]

The environmental impacts of food production vary from country to country and
even from region to region [11]. Therefore, more scientific data and more LCA studies
focusing on different geographical areas are required. The increasing consumption, and
hence production, of fruit could lead to a greater impact on the environment [27]. However,
few data are available to evaluate the environmental impacts and mitigation potential and
economic benefits of fruit value chains in Sweden. Specifically, there are limited studies on
dried organic apple value chains, and to the author’s knowledge, there is no LCA study
of dried apple value chains in Sweden. This study aims to address this gap. In addition,
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product environmental footprint is becoming an important indicator of sustainability.
Therefore, quantifying the impact per product is important. An environmental impact
assessment that considers the entire value chain of fruits would allow researchers to provide
more comprehensive information to the public and policy makers. In addition to attempts
to make primary fruit production more sustainable, it is important to make the post-harvest
process and the rest of the value chain more resource-efficient with a lower environmental
footprint [17,21,25].

The objective of this study was to conduct an environmental impact assessment of
dried organic apple value chains by using the LCA approach while considering conven-
tional and HP-assisted drying techniques. More detailed objectives and the scope of this
study are provided in the next section. The rest of this article is organized as follows:
Section 2 describes the materials and methods used; Section 3 presents the main results;
Section 4 discusses the results; and Section 5 provides the conclusions.

2. Materials and Methods

Organic apples produced and supplied in Sweden were used in this study. A “cradle-
to-consumer gate” LCA was conducted by using the LCA approach. The standardized
procedures of LCA (ISO 14040:2006 [28] and ISO 14044:2006 [29]) were followed during
modeling. In this study, two options for apple drying, one with a conventional dryer and the
other with an HP-assisted dryer, were modeled with SimaPro LCA software, v8.5.2. Energy
demand (primary energy consumption) analysis was conducted by using Cumulative
Energy Demand, CED V1.10 [30,31]. For the assessment of different environmental impact
categories, ReCiPe 2016 Midpoint (H) V1.02 was used.

2.1. Goal and Scope Definition

The objective of this LCA study was to investigate the influence of drying processes
on the environmental impacts of organic apple value chains. Conventional drying and
HP-assisted drying methods were applied. The following stages were included: agricul-
tural production, drying process, and post-harvest handling at the processing facility and
retailer, and transport. The system boundary excluded the consumption level and waste
management. A functional unit (FU) of 1 t (metric ton) of fresh apples at the farm stage,
excluding the packaging weight, was considered. Since many LCA studies of apple have
been reported for fresh products, the current FU enables easy interpretation of the results
and comparison of the impacts of dried apple with those of fresh apple value chains, taking
into consideration the effect of the system boundary of each study. Using an appropriate
FU is essential in LCA studies, especially when assessing the environmental impacts of
food value chains [16,32].

2.2. System Boundary and Product Value Chain Description

In this LCA study, major processes from the farm stage to delivery to consumer gate
were included (see Figure 1). The organic apple product was considered to be locally
produced and supplied in Sweden. In the current LCA study, the dried organic apple value
chain was investigated by focusing on different drying techniques. Figure 1 presents a
simplified flowchart of the system boundary.

2.2.1. Agricultural Production of Organic Apples

Once established, an apple plant can produce fruit for many years. On average, the
apple plant has a productive life span of 15 years, and the full production starts in the
5th year. Organic apple farms produce lower yield than conventional farms [16]. Based on
primary data acquired from 4 organic apple orchards in Sweden, the average annual yield
of 12.5 t/ha was used in this LCA study. Studies indicate that the annual yield of apples
varies between 10 t/ha and 40 t/ha [7,33,34].
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Figure 1. Simplified flowchart illustrating different stages of the value chain.

Fertilizer and irrigation water supply and harvesting activities at the farm stage in
terms of farm operations such as ploughing and planting of apple trees were included.
Energy sources considered for such operations include diesel and electric energy sources.
Pruning activities include the crushing/mulching of pruned leaves and branches. Manual
harvesting activity was considered but was assisted by two tractors and a light vehicle
for farm activities. The diesel quantities estimated for tillage, pruning, and harvesting
operations were 0.21 kg, 3.34 kg, and 9.83 kg, respectively, per FU.

2.2.2. Apple Drying and Post-Harvest Handling

The main activities at the post-harvest stage include apple drying (see Figure 2),
packaging, storage, and retailing. In order to improve the product quality, apple sorting
and washing processes were considered. For this, about 5.33 MJ of electric energy and
2.9 t of water per FU were estimated and included in data inventory. For storage cooling,
34.4 MJ per FU was considered where only 20 days of storage duration was considered,
although fresh apple fruits can be stored for up to 12 months [34].
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Figure 2. Example of dried apple products [35].

A conventional dryer and a HP-assisted dryer were considered in this case. The
conventional dryer has a life span of 20 years and 600 kg mass. Its model was HT8, sourced
from Innotech in Germany. For the HP-assisted dryer, a 500 kg HP with R744 model
was considered. In order to understand the influence of the HP-assisted technique on
environmental impact, the dried apple from the conventional dryer and that from the
HP-assisted dryer were analyzed separately (see Figure 3).
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Figure 3. Simplified illustration of apple-drying options.

The energy consumption for dehydrating the fresh apple was estimated based on
1.2 kg water per 1 kwh and 2.2 kg water per 1 kwh for the conventional dryer and HP-
assisted dryer, respectively. The moisture content (MC) of fresh apple is about 82%, which
can be reduced to about 11% by the drying process. The MC of dried apple is 8–12%. From
100 kg of fresh apple input to the dryer, up to 12 kg of dried apple can be obtained. In
the current study, about 110 kg dried apple per FU was considered, after allowing for
losses along the value chain from the farm to the drying process. Packaging materials and
processing were considered in this study. Packaging plastic (polyethylene) and cardboard
were used. About 0.3 kg plastic and 12 kg cardboard per FU were used. The energy
requirement for apple cooling in retail was quantified based on the study by Stadig [34]
and considering 20 days’ duration at the retailer. Accordingly, 34.4 MJ and 5 MJ of electric
energy were considered per FU of fresh apple and dried apple, respectively.

2.2.3. Transport Segments

The transport stage includes three segments of transporting the product (see Figure 4):
transport of fresh apples from the farm to the processing facility where apple drying is
assumed to be carried out (80 km); transport of dried apples from the processing facility to
the retailer (50 km); and transport of dried apples from the retailer to the consumer’s gate
(5 km). The indicated value in each transport segment is for a single trip’s distance. Except
for the last segment, a truck with a 7.5–16 ton capacity was considered with its background
data in the ecoinvent database, while a passenger car was considered for the last segment.
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2.3. Life Cycle Inventory

Considering the main life cycle stages, namely, agricultural production, post-harvest
handling and processing, and transport (see Table 3) and consulting both primary and
literature-based data sources, a life cycle inventory (LCI) was conducted. At the agricultural
production stage, the average values were estimated considering the entire life span of
the apple plant, which is about 15 years. Data regarding the drying process using the
conventional method and the HP-assisted drying method were included at the post-harvest
handling and processing stage. The data were quantified per FU of this LCA study, which
is 1 ton of fresh apples at the farm stage, i.e., the amount to be dried and supplied to
consumers as dried organic apple. The data regarding the conventional dryer and heat
pump were estimated based on a life span of 20 years and working time of 25 days per
month. Electricity production in Sweden with medium voltage was assumed and applied
from the ecoinvent database. As part of improving data quality, priority was given to
primary and secondary data related to product location or region. Regional (Europe) or
global data were considered only when there was a lack of localized data.

Table 3. LCI data at different stages of organic apple value chains per FU.

Description Unit Quantity Data Source *

Agricultural production

Diesel for ploughing, harrowing, and
planting kg 0.21 [34]

Organic fertilizer kg 12 [16]

Fertilizer transport distance km 50

Water for irrigation kg 54,000

Estimated based on the literature [34]
Electricity for irrigation MJ 64.42

Energy for pruning (including
crushing/mulching) kg 3.34

Energy (diesel) for harvesting activities kg 9.83

Post-harvest process

Energy for storing (cooling) MJ 34.4 Estimated considering 20 days before
drying process

Water (washing etc.) kg 2900 [16]

Energy for sorting MJ 5.33 [34]

Electricity for apple slicing kwh 1.3 Estimated considering a commercial
machine of 1.5 t/2 kwh capacity

Apple drying

Fresh apple at farm (FU) t 1

Fresh apple at drying processing facility t 0.74 Reducing 26% cumulative loss [36]

Dried apple t 0.1 It is 12% of the fresh apple weight just
before drying process [35]

Conventional dryer

Dryer weight (stainless steel) kg/FU 0.37 Estimated based on dryer mass of 600 kg
and life span of 20 years [35]

Electricity for drying 0.74 t (i.e., per FU) kwh 543 Estimated based on data from [35]

Heat pump (HP) drying

Dryer weight (stainless steel) kg/FU 0.37 Estimated based on dryer mass of 600 kg
and life span of 20 years [35]



Agriculture 2024, 14, 461 8 of 15

Table 3. Cont.

Description Unit Quantity Data Source *

Weight of HP dryer (steel) kg/FU 0.31
Based on HP weight of 500 kg and life span
of 20 years; it is a customized HP (i.e., heat

pump + same conventional drier) [35]

Electric energy for drying 0.74 t fresh apple
(i.e., per FU) kwh 296 Estimated based on 2.2 kg water/kwh (and

12 kg dried apple per 100 kg fresh apple)

Energy for dried apple packaging process MJ 0.72 Estimated based on the literature [34]

Dried apple weight (per FU) ton 0.1 Estimated based on data from [35]

Packaging plastic for dried apple
(polyethylene) kg 0.3

Packaging carton for dried apple kg 12 Estimated based on the literature [16]

Retailer

Electricity for cooling at retailer for fresh
apple MJ 17.2 Estimated based on the literature [34]

Transport

Transport from farm to processing facility km 80 Assumed based on information from
primary data survey

Transport from processing facility
to retailer km 50 [37]

Transport from retailer to consumer km 5 Assumption

* Values are recalculated and provided per functional unit based on information in the indicated references.

2.4. Life Cycle Impact Assessment
2.4.1. Impact Categories

The main environmental impact categories considered in this study were cumulative
energy demand (CED), global warming potential (GWP), acidification potential (AP), and
eutrophication potential (EP), with more focus on CED and GWP. Energy demand is an
input-related indicator, while GWP, AP, and EP are output-related indicators [32,38].

2.4.2. Allocation Principle

Allocation problems in the current study are related to the by-products and wastes
of fresh apples. The losses along the supply chain (i.e., up to the drying process) were
considered. Only the quantity left after reducing the losses at the upstream stages of the
supply chain was considered in the drying process. This enables one to avoid unnecessary
extra environmental burden results. However, the environmental burden from the agri-
cultural production of the lost product was allocated to the quantity dried and consumed
(i.e., assigned to a FU of 1 ton of fresh product at the farm stage) because, in this study, no
alternative use of lost food was considered. In some cases, part of the food waste can be
used for animal feed or other purposes. In such cases of vegetables and fruits, allocation
problems can be considered [39]. In the case of purchasing food, there could also be an
allocation problem because, usually, different food types can be purchased together. The
specific food under consideration (i.e., apple) can constitute only a portion of the total
purchase, and environmental burden was assigned accordingly by using mass allocation.

2.4.3. Sensitivity Analysis

In the organic apple-drying process, the energy consumption of the drying process was
based on data from experimental activities. At the commercial scale, it can vary. Therefore,
sensitivity analyses were conducted by varying drying energy by (−/+) 30% and assuming
that other data remained the same, i.e., by reducing or increasing the energy consumption
of the basic scenarios. In the basic scenario of this study, the energy consumption values
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for apple drying were 543 kwh (conventional dryer) and 290 kwh (HP-assisted dryer) per
FU. This sensitivity analysis enables one to gain insight into how improving the efficiency
of energy use and the two drying methods could influence the environmental impacts of
dried organic apple value chains.

3. Results
3.1. Cumulative Energy Demand of Apple Value Chain

The CED values at the agricultural stage and transport stage were the same for the
conventional and HP-assisted drying options. The CED value at the agricultural stage was
estimated to be 1.33 GJ, while it was about 0.84 GJ at the transport stage (see Figure 5). At
the post-harvest stage, there was a reduction from 5.11 GJ (conventional dryer) to 2.95 GJ
(HP-assisted dryer), i.e., a reduction of about 42%. The total CED values were 7.29 GJ and
5.12 GJ for the conventional drying and HP-assisted drying methods, respectively, i.e., a
reduction of about 30%. This indicates that introducing HP-assisted drying techniques
has great potential for improving the fruit-drying process. Figure 5 also indicates that
the post-harvest stage is a hot-spot for energy consumption, followed by the agricultural
stage. Therefore, efforts at further improvement should focus on these stages. Unlike in
the supply and consumption of fresh apples, the dried apple value chain consumes more
energy at the processing stage. On the other hand, the drying process reduces the volume
and weight of apples and their packaging, reducing the fuel required for transport.
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For apple drying, the electric energy mix of Sweden was used. Figure 6 indicates that,
due to the electric energy consumption of the drying process, the share of non-renewable
energy sources such as fossil and nuclear energy is high. In the case of conventional drying,
the share of nuclear and fossil energy were 45% and 32%, respectively, while the values
were 37% and 44% in the case of HP-assisted drying. This highlights the fact that the use of
renewable energy sources should be increased where possible to reduce the non-renewable
energy use and improve the sustainability of dried organic apple value chains.
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3.2. Global Warming Potential of Organic Apple Value Chain

The total GWP values were estimated to be 130 kg CO2 eq and 120 kg CO2 eq per
FU for the conventional and HP-assisted drying methods, respectively. Figure 7 shows
that GWP values at the agricultural production, post-harvest, and transport stages were
found to be 35 kg CO2 eq, 39 kg CO2 eq, and 57 kg CO2 eq per FU, respectively, for the
conventional drying method. Similarly, for the HP-assisted drying method, the values
were found to be 35 kg CO2 eq, 29 kg CO2 eq, and 57 kg CO2 eq per FU, respectively,
for the life cycle stages mentioned above. In both drying options, the transport stage
contributed more emissions due to the fossil-based fuel considered for transport activities.
Due to the improvement in energy consumption for apple drying, the emission value
was reduced at the post-harvest stage for the HP-assisted drying option, i.e., emissions
related to energy production and supply decreased as energy consumption was reduced
(see Figures 7 and 8). As shown in Figure 8, the contribution of the agricultural production,
post-harvest, and transport stages to the total GWP were 27%, 30%, and 43%, respectively,
for the conventional drying option. Similarly, for the HP-assisted drying option, the values
were 29%, 24%, and 47%, respectively, for the indicated life cycle stages.
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3.3. Acidification and Eutrophication Impact of Organic Apple Value Chain

Table 4 presents the quantified acidification and eutrophication impact values. Ter-
restrial acidification is higher in the agricultural production stage, while eutrophication
is higher in the post-harvest stage. The total quantified values per FU for terrestrial acid-
ification, freshwater eutrophication, and marine eutrophication were 0.3781 kg SO2 eq,
0.0368 kg P eq, and 0.0079 kg N eq, respectively, for the dried apple when using the con-
ventional drying method. For the HP-assisted drying method, these values were 0.3482 kg
SO2 eq, 0.0318 kg P eq, and 0.0063 kg N eq, respectively. Irrigation activities were the major
sources of acidification and eutrophication impacts at the agricultural production stage.
The results indicated that the improvement in the drying process due to the HP-assisted
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drying method could reduce the acidification and eutrophication impacts. For instance,
the terrestrial acidification and freshwater eutrophication at the post-harvest stage were
reduced by about 26% and 28% respectively, in the HP-assisted drying method when
compared with the conventional drying method. At both the post-harvest and transport
stages, the energy required for apple drying, production, and supply of packaging material
mainly contributed to the acidification and eutrophication impacts. The results indicate
that improvement at the agricultural production stage, such as an irrigation system and
efficient energy use at post-harvest handling and processing, could lead to a sustainable
organic apple production and supply system.

Table 4. Acidification and eutrophication impacts of dried organic apple value chain. The values are
provided per FU.

Impact Category Unit Agricultural
Production Post-Harvest Transport Total

Dried apple (conventional drying)

Terrestrial acidification kg SO2 eq 0.1511 0.1169 0.1101 0.3781

Freshwater eutrophication kg P eq 0.0126 0.0181 0.0061 0.0368

Marine eutrophication kg N eq 0.0010 0.0064 0.0005 0.0079

Dried apple (HP-assisted drying)

Terrestrial acidification kg SO2 eq 0.1511 0.0870 0.1101 0.3482

Freshwater eutrophication kg P eq 0.0126 0.0130 0.0061 0.0318

Marine eutrophication kg N eq 0.0010 0.0048 0.0005 0.0063

3.4. Sensitivity Analysis

Table 5 presents the results of the sensitivity analysis. A drying energy of 543 kwh
(conventional drying) and 290 kwh (HP-assisted dryer) per FU was used in the LCA
analysis. Reducing the drying energy from 543 kwh to 380 kwh, the total CED and GWP
values for the conventional drying option decreased by about 19.2% (from 7.29 GJ to 5.89 GJ)
and 5.3% (from 130 kg CO2 eq to 123 kg CO2 eq), respectively (see Table 5). On the other
hand, increasing the drying energy by 30% increased the CED and GWP by about 19.1% and
5.47%, respectively (see Table 5). Similarly, for the HP-assisted drying method, increasing
the drying energy (290 kwh) by 30% increased the CED and GWP by about 14.65% and
3.3%, respectively. This indicates that increasing energy use efficiency could improve the
sustainability of dried organic apple products.

Table 5. Sensitivity analysis results considering dried apple value chain. The values are provided as
GJ/FU, kg CO2 eq/FU, and as % of basic scenario.

Change in Drying Energy Dried Apple (Conventional Dryer) Dried Apple (HP-Assisted Dryer)

CED % GWP % CED GWP %

(−30%) reduction 5.89 19.20 123.00 5.30 4.37 14.65 116.00 3.30

(−15%) reduction 6.59 9.60 127.00 2.20 4.75 7.20 118.00 1.67

Basic scenario 7.29 0.00 129.89 0.00 5.12 0.00 120.00 0.00

(+15%) increase 7.98 9.47 133.00 2,39 5.50 7.40 122.00 1.67

(+30) increase 8.68 19.10 137.00 5.47 5.87 14.65 124.00 3.30
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4. Discussion

The environmental impacts of agri-food activities are significant and many investi-
gations have been conducted that use the LCA approach. The LCA study results of food
value chains could help supply chain actors identify hot-spot stages along the chain for
environmental improvements and allow consumers to make environmentally responsi-
ble choices when purchasing and consuming food [40]. The use of pesticides, fertilizers,
diesel, and electricity contributes most to the environmental impacts of agricultural apple
production [41–43].

Regarding the energy demand, the total CED values were 7.29 GJ and 5.12 GJ per FU
for the conventional drying and HP-assisted drying methods, respectively. The purpose
of identifying an efficient process for the drying of fruits such as organic apples is to
reduce food loss and increase product shelf life and food security while improving the
environmental and economic performance of the product. For instance, when improving
the drying efficiency with the HP-assisted method, the reduction in CED value could be
up to 30% when compared to the conventional drying technique. The total GWP value
was reduced from 130 kg CO2 eq to 120 kg CO2 eq per FU when conventional drying was
replaced with HP-assisted drying.

In this study, when quantifying the GWP and CED impacts without considering
the drying process, the values were found to be 265 kg CO2 eq and 6.11 GJ per FU, i.e.,
1 ton of fresh apples at the farm gate. This is within the range of reported values in the
literature (see Table 2). The LCA study by Notarnicola et al. [32] indicated that fruits have
lower environmental impact than other foods. However, the introduction of fruit-drying
techniques could have an additional environmental burden. For instance, the findings
of the current study indicate that the post-harvest processing and handling stage was
found to be an environmental hot-spot (see Figures 4 and 6). The main contributor to
the high impact at the post-harvest stage was the drying process followed by packaging
activity. Gonçalves and Neto [23] suggested that energy consumption contributes most
to the environmental impact of apple dehydration and snack production. According to a
study in New Zealand [38], the production of pesticides and the use of machines in apple
production contribute significantly to the energy consumption of apple production.

The agricultural sector contributes about 30% of global greenhouse gas (GHG) emis-
sions [1]. In the 27 EU countries, greenhouse gas emissions from agriculture have decreased
from about 497 Mt CO2 eq in 1990 to 394 Mt CO2 eq in 2018. If only emissions from Sweden
are considered, they decreased from 7.64 Mt CO2 eq to 6.79 Mt CO2 eq. The reduction
could be due to improved agricultural activities and efficient use of resources. Organic
farming systems enrich soil fertility, avoid industrial fertilizers and pesticides, and increase
food quality [44]. In some cases, the low production yield and long transportation (when
sourced from long distances) can increase its environmental burden [44]. The environ-
mental impact of food production and consumption is significant and the quantification
and communication of these impacts are important activities. Appropriate labeling of
food products, communication with consumers, and information-based decisions in the
food supply chain management could lead to the improved sustainability of the food
sector [45,46]. In this regard, the results from the current LCA study of organic dried apples
represent a useful contribution.

According to the findings of the current study, improving apple-drying energy pro-
vides a reduction in the environmental burden of the dried apple value chain. Such an
improvement could be applicable in the processing of both conventional and organic
products. In the current study, the improved energy efficiency in drying apples could
reduce the acidification and eutrophication impacts, as the release of the nutrients (causing
acidification and eutrophication) during the production of energy could be reduced. In the
dried apple value chain, the agricultural stage contributed more to acidification, while the
post-harvest processing (including drying) contributed to eutrophication. Eutrophication
and acidification impacts are among many environmental impact categories that could be
caused by the agri-food sector [16,32]. Excessive levels of nitrogen and phosphorus in soil
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or water can enter the environment via atmospheric emissions (from road traffic, shipping,
power stations, etc.), run-off from agriculture, and discharges from sewage treatment plants
and factories, causing eutrophication [47]. Further studies are required to compare the
environmental impacts of apple value chains in terms of not only the drying process but
also agricultural production methods, e.g., comparing organic and conventional apple
production and processing as well as geographical locations. In long supply chains, e.g., im-
ported fruits, transport contributes significantly to GWP, energy demand, and acidification
and eutrophication impacts [24].

This study represents an original LCA study that increases our understanding of the
influence of the drying process on the environmental footprint in apple value chains. This
enables us to improve the energy use efficiency of the drying process. The drying process of
fruits such as apples can increase shelf life and reduce FLW along the supply chain. This in
turn reduces the environmental burden and nutritional losses associated with FLW. Future
LCA studies may extend the investigation to other fruits and/or other study areas.

5. Conclusions

The main objective of this study was to assess the environmental impacts of dried
organic apple by using a life cycle analysis (LCA) approach. Two options were considered
for drying apples: conventional and HP-assisted drying techniques. The main focus
was to investigate how the introduction of HP-assisted apple drying could influence the
environmental impacts of the organic apple food value chain. In this study, organic apples
produced and supplied in Sweden were considered. The LCA was based on a functional
unit (FU) of 1 ton of fresh organic apples at the farm stage. The main environmental
impact categories investigated in this study were cumulative energy demand (CED), global
warming potential (GWP), acidification potential (AP), and eutrophication potential (EP),
while the main focus was on CED and GWP. A cradle-to-consumer gate LCA was conducted.
Agricultural production, post-harvest activities (such as storing, packaging, and processing),
and transport activities were the main life cycle stages used for generating the life cycle
impact assessment results.

The findings indicate that the post-harvest processing and handling stage was an
environmental hot-spot. In this dried apple value chain, the drying process and packaging
contributed more to the environmental impact at the post-harvest stage. Considering
the two options for drying organic apple, the total CED value was reduced from 7.29 GJ
(conventional drying) to 5.12 GJ (HP-assisted drying method) per FU, i.e., a reduction of
about 30%. Similarly, the GWP value was reduced from 130 kg CO2 eq to 120 kg CO2 eq
per FU.

HP-assisted drying was also able to reduce the acidification and eutrophication effects
of dried apple value chains. The results of the current study enable the generation of
new data and knowledge on the environmental impacts of organic apple value chains.
In particular, the findings of this study indicate the importance of improving the energy
and process efficiency at the post-harvest stage to increase the sustainability of dried
organic apple value chains. Therefore, these results could be useful in future studies. In
countries like Sweden, which imports about 85% of its apple demand, more LCA studies
that compare the local and imported fruit value chains are needed that explore the efficient
post-harvest processing and preservation of fruits. The results could also be useful for the
decision-making of policy makers and for consumers when making purchasing decisions.
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