Heliyon 10 (2024) e32507

Contents lists available at ScienceDirect

52 CelPress Heliyon

journal homepage: www.cell.com/heliyon

Research article
Energy and emissions: Comparing short and long fruit cold chains

Martin du Plessis® ", Joubert van Eeden?, Leila Louise Goedhals-Gerber "

2 Department of Industrial Engineering, Stellenbosch University, Private Bag X1, Matieland, 7602, South Africa
Y Department of Logistics, Stellenbosch University, South Africa, Private Bag X1, Matieland, 7602, South Africa

ARTICLE INFO ABSTRACT
Keywords: This paper evaluates GHG emissions and energy usage in “short” and “long” cold chains for or-
Cold chain anges, table grapes, and apples transported from South Africa to a retail store in Scotland. Novel
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formulae assess energy usage and emissions based on cold chain duration. “Short” chains show
carbon footprints between 0.87 and 1.28 kg COze/kg of saleable fruit, contrasting starkly with
extended cold chains. Extending storage durations increases emissions; a one-month extension
results in 24-27 % emissions for oranges and grapes and 16 % for apples. Six months of CA
storage of apples increases emissions by 96 % compared to “short” cold chains. Energy con-
sumption follows a similar trend as emissions. This research informs policymakers and con-
sumers, emphasising the need for sustainable and “short“ cold chains. This is also the first paper
that comprehensively assesses both the energy requirements and emissions outputs in a fruit
supply chain based on the combined transport and storage duration of the cold chain from tree to
retail markets.

1. Introduction

The global challenge of climate change has become increasingly urgent in recent years due to the undeniable threat of greenhouse
gas emissions [1]. In addition, society is also feeling the brunt of high energy prices and the effect of limited energy availability [2].
Fortunately, society is gradually making energy- and environmentally-conscious decisions and is aware of its role in mitigating and
reducing the environmental impact of consuming products [3,4]. Retailers, in particular, are stepping up to ensure a transition to
sourcing more environmentally sustainable products [5,6].

According to a recent study by Deloitte [4], one of the significant barriers consumers and retailers face in making informed de-
cisions regarding the environmental sustainability of products is access to helpful, accurate information. Surprisingly, almost half of
consumers feel they do not have enough information to make informed choices of products when purchasing them [4].

Consumers and retailers should know the energy usage and greenhouse gas (GHG) emissions associated with each product or
kilogram of produce they buy. This is particularly true for fresh products such as fruit and vegetables, which can be stored for several
months under refrigerated conditions to ensure a year-round supply [3]. Subsequently, the debate about consuming seasonal produce
remains a focal point [7,8]. Macdiarmid [9] mentions that several advocates often highlight the potential reduction in carbon footprint
as a compelling reason to embrace seasonal eating. Further, the contentious concept of food miles [10] has long promoted the prevailing
belief that only transportation distance impacts the carbon footprint of fresh fruit.

One element neglected in fresh fruit supply chain studies is how the cold chain length affects energy and emissions [11,12]. This is
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Table 1
Systematic literature review keywords and synonyms.

Synonyms for main keywords

Cold chain Energy Emissions Fruit Time
Search Scopus and “cold chain” OR “refrigeration” OR “energy” OR “fuel” OR “emissions” OR “GHG”  “fruit” OR “vegetable” OR “time” OR “duration” OR “length” OR “period”
engines  EBSCOhost “cooling” OR “temperature control” OR  “electricity” OR “diesel” OR OR “carbon footprint” “perishable goods” OR “food” OR “season” OR “hemisphere” OR “month” OR
“chilling” “petrol” OR “gas” “day”

Google Scholar “cold chain” OR “refrigeration” OR
“cooling” OR “temperature control” OR
“chilling”

“energy” OR “fuel” OR
“electricity” OR “diesel” OR “gas”

“emissions” “GHG”

“fruit” OR “vegetable” OR
“perishables”

“time” OR “duration”
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confirmed by several sources, such as [12-15], which iterates the energy and carbon-intensive nature of storing and transporting (i.e.
distributing) everyday goods. Temperature-sensitive products, such as fresh fruit, require even more energy to maintain the cold chain,
resulting in more emissions [16].

Accurately calculating the energy usage and carbon footprint of moving products in complex global supply chains is, at best,
challenging and time-consuming [13,15].

This is particularly difficult for perishable products such as fresh fruit due to the large number of pre-carriage activities undertaken
in the country of export, the variation in transport vehicles and equipment used in the country of export, the carbon intensity of energy
sources, the duration of refrigerated storage, the variation between different shipments, and the origin-destination pairing, among
other considerations. What is certain, however, is that fresh fruit cold chains are particularly energy- and emission-intensive [17].

This paper’s objective is to determine the i) emissions and ii) energy usage of “short” and “long” cold chains by examining three
fruit (oranges, table grapes, and apples) supply chains from South Africa to a retail supermarket in Edinburgh, Scotland. The primary
aim is to assess how the storage duration affects energy use and emissions in these “short” and “long” cold chains. “Short” cold chains
(i.e., less than 50 days from tree-to-retail-shelf) represent the current export systems shortest lead times, while “long” cold chains
(more than 50 days from tree-to-retail-shelf) are those fruit supply chains where fruit are stored longer than required to ensure a year-
round supply to the market. The rationale for the paper is to determine the energy and emissions impact of different cold chain storage
durations. The paper also suggests novel formulae for calculating energy usage and emissions based on the duration of the cold chain.
This is also the first paper that comprehensively assesses both the energy inputs and emissions outputs in a fruit supply chain based on
the duration of the cold chain from tree-to-retail markets, including longterm controlled atmosphere storage as a scenario.

2. Literature review

This section summarises a systematic literature review (SLR) of existing knowledge that assesses fruit cold chain energy usage and
emissions. The five-step process proposed by Tranfield and Denyer [18] was used to analyse the literature that reviews, assesses, or

Table 2
Relevant studies assessing the energy consumption and emissions of fruit cold chains.

Study  Commodities assessed Scope Geographical Energy GHG Assess Time

region consumption per emissions per logistics duration of
functional unit functional the cold chain
unit assessed
[21] Apples Distribution focussed Global Yes Yes Yes No
[22] Controlled atmosphere storage Germany Yes No No Yes
only
[23] Apples and pears Custom: production, packing, South Africa Yes Yes No No

controlled atmosphere storage
and cold store storage

[12] Avocados Custom: packhouse-door-to- South Africa No Yes Yes Yes
port-of-import

[24] Bananas Cradle-to-market Global Yes Yes Yes Yes

[11] Distribution focussed: exporter Global Yes Yes Yes Yes
DC to importer DC

[25] Blueberries Cradle-to-market USA, Chile Yes Yes Yes Yes

[26] Cherries, onions, plums, Cradle-to-grave USA No Yes Yes Yes

strawberries, avocados,
lemons, celery, oranges,
and tomatoes

[27] Fresh fruit Cold store facility only South Africa Yes Yes No Yes
[17] Custom: packhouse-door-to- South Africa Yes Yes Yes Yes
port-of-import
[28] Fruit and processed Cradle-to-grave Global Yes Yes Yes Yes
products
[29] Fruit and vegetables Cradle-to-grave China Yes Yes Yes No
[30] Cradle-to-market Canada Yes No No Yes
[31] Strawberries Cradle-to-grave Italy No Yes Yes No
[32] Custom: transport from farm to France Yes Yes Yes No

packhouse, storage at
packhouse, transport to DC,
storage at DC, transport to
retailer, retailer cold storage
[33] Strawberries, lemons, Cradle-to-market USA Yes Yes Yes No
celery, tomatoes,
oranges, and avocados

[14] Vegetables, fruit, meat, Cradle-to-grave China No Yes Yes Yes
and aquatic products

[34] Yoghurt, jeans, apples, Distribution focussed: farm- Global Yes Yes Yes No
tomatoes, furniture gate-to-consumer
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quantifies cold chain energy use and emissions. The steps of the SLR are listed and discussed in the remainder of this section.

Step 1. Formulate the SLR question: This literature review asked, “What literature assesses the energy use and emissions in fruit supply
chains based on the cold chain duration?*.

Step 2. Locating the studies: Using the keywords and synonyms listed in Table 1, two scientific search engines, EBSCOhost and
Scopus, as well as Google Scholar, were used to locate 909 unique studies. The large variation of synonyms for the keywords in Table 1
and the absence of search filters ensured that all relevant literature was found. Note that the synonyms for “fruit” initially included
“vegetables” to prevent studies assessing both fruit and vegetables from being omitted.

Step 3. Select and evaluate all studies: After exporting all 909 studies to a Microsoft Excel file, the titles and abstracts were
manually evaluated to determine their relevance to the SLR. Based on the title and abstract, 862 studies were subsequently eliminated
since they were irrelevant to the SLR question in Step 1. The full texts of 43 studies were obtained and assessed in the remainder of the
SLR. Four studies could not be obtained.

Step 4. Analyse and assess studies: Three of the 43 studies obtained were deemed inappropriate since they were only available in
Mandarin. The content of the remaining 40 English studies was then carefully analysed and assessed. This included identifying and
coding each study based on the type of commodities assessed, the scope of the study, the geographical region, whether energy consumption
and emissions were assessed on a functional unit level (a product level), if distribution or logistics activities were included in the
studies’ scope, and finally, if the time duration of the cold chain was assessed. This list is also used to report results in Step 5.

Step 5. Reporting of results: Nineteen (48 %) of the 40 resources identified in the SLR did not focus on a specific product or
commodity. These resources focused on refrigerated trailers, port cold store challenges, cold chain technology, holistic sustainable and
resilient cold chains, literature in the field, or other related cold chain or supply chain topics irrelevant to the SLR question.

Further, the studies of [7,19], and [20] were omitted since they focus only on vegetables such as lettuce, tomatoes, cucumbers,
onions, etc. — all of which have very different cold chain requirements than fruit.

The contents of the remaining 18 relevant studies that focus on fruit cold chain energy use and emissions are summarised in
Table 2.

Table 2 shows that the 18 studies assessed a diverse range of commodities. Apples and strawberries were evaluated three times,
followed by apples and bananas with two occurrences. Other studies [14,26,28-30,33,34] assess numerous commodity groups — ul-
timately leading to questionable accuracy of results due to the uniqueness of each commodity cold chain.

In terms of the scope of studies, Table 2 shows that five (28 %) of the 18 studies had a cradle-to-grave scope, while four (22 %)
encompassed a cradle-to-market scope. The remainder of the studies all had different scopes, ultimately limiting their value due to
comparability or benchmarking issues.

Regarding energy consumption, 14 (78 %) of the studies in Table 2 indicated energy consumption, such as electricity, diesel, or
other fuel in the cold chain on a functional unit level. This means that 78 % of studies assessed energy usage on a tangible level, such as
per kilogram of fruit. In terms of emissions, 16 (88 %) of the studies in Table 2 assessed GHG emissions of fruit on a functional level,
allowing for the calculation of the product’s carbon footprint per kilogram of fruit. However, only 12 (66 %) of the studies assessed
both energy and emissions.

Despite the large proportion of the cold chain occurring during the logistical process, only 10 (56 %) of the 18 studies evaluate
energy, emissions and logistics. Other studies [23,27] assess the energy and emissions of one or more parts of the cold chain, such as
storage in cold stores and controlled atmosphere storage.

Finally, of the ten studies identified above that evaluate fruit cold chains’ energy consumption, emissions, and the logistics or
distribution process, only 5 (50 %) of the ten studies incorporate the duration of the cold chain or time duration of refrigerated storage
as a variable. This leads to a significant error in energy and emissions calculations since the latter depends on the cold chain’s duration.
The remainder of the section will only discuss the five studies that incorporate the duration of the cold chain and energy consumption
and emissions.

Svanes [24] assessed the banana supply chain from South America to Norway. This study confirmed the carbon intensity of
transport and refrigerated storage, representing nearly 55-70 % of a banana’s carbon footprint of 0.78-1.37 kg CO2e/kg. Svanes’s [24]
study shows that road transport to the port of export consumed 4.8 ¢/ton of bananas, while the maritime port operations use 0.59 ¢
diesel/ton and 19.8 kWh/ton. Maritime transport uses 0.36-1.2 ¢ of heavy fuel oil per kilogram of bananas transported.

Fan et al. [11] developed an agent-oriented simulation framework to trade off cost, emission, and quality and applied this to the
global banana cold chain - proving the cold chain’s significant energy use and emissions. Chapa et al. [25] compared fresh and frozen
blueberries using a simulation approach. The study by Chapa et al. [25] showed that fresh and frozen blueberries’ carbon footprint and
energy consumption were highly sensitive to the length of storage. However, the study by Chapa et al. [25] assumed frozen and fresh
blueberry cold chains were limited to two weeks in length. Frankowska et al. [28] assessed the environmental impact of fruits and
vegetables consumed in the United Kingdom (UK). They also confirmed that the storage duration can contribute considerably to the
impacts of fruits, particularly apples, which can be stored over a long period [28].

Du Plessis [17] developed a methodology to calculate the carbon footprint of fresh fruit distribution. This methodology is similar to
the Global Logistics Emissions Council (GLEC) framework developed by the Smart Freight Centre [16]. Although Du Plessis [17] states
that the carbon footprint of fresh fruit distribution varies between 0.31 and 0.84 kg CO2e/kg of fruit, neither the energy consumption
nor impact of the cold chain duration is reported adequately.

Except for Svanes [24], no other studies found in the SLR adequately assess the energy use and emissions in fruit supply chains
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based on the cold chain duration. This confirms the need for further research to establish the nexus between cold chain duration,
energy usage and emissions.

3. Methodology

Due to the unique nature of this paper, a custom mixed-methods research methodology was used. The methodology is, however,
overall aligned with PAS 2050:2011 (Publicly Available Specification) [35]. PAS 2050 provides a consistent method to quantify a
product’s life cycle GHG emissions and is built on the principles of relevance, completeness, consistency, accuracy, and transparency.
Using the guidance of PAS 2050, the systematic research process and various quantitative and qualitative data summarised in Fig. 1
were used. This ultimately allows for the self-verification of inputs and validation of results. The various steps in the methodology are
discussed in the remainder of the section.

3.1. Scoping of project

The first step of the methodology, as shown in Fig. 1, is to define the scope of the assessment. This paper assesses the cold chain of
the three fruits, as indicated by the blue-dotted lines in Fig. 2. Fig. 2 also indicates the various transport and storage (i.e. distribution)
activities in these fruit supply chains between South Africa and Scotland. The orange and table grape scenarios include all activities
after fruit packing in South Africa until the retail store in Scotland. As for apples, Fig. 2 shows that the long-term controlled atmosphere
(CA) storage of the apples before packing is also assessed. This scope encompasses the entire cold chains of the various fruits, apart
from household storage after purchase.

Household refrigeration is excluded due to its negligible contribution [28] towards the total cold chain energy consumption and
emissions and also due to data variability. All GHG emissions are calculated on a well-to-wheel (WTW) or total fuel life cycle basis.
Note that refrigerant leakage is excluded from the scope of the assessment. The packaging process and packing material and the
building and maintenance of infrastructure and assets are not part of the scope.

3.2. Supply chain scenario for each fruit

Three fruit supply chains originating from South Africa were explicitly chosen since the country is the largest exporter of fresh fruit
by volume in the southern hemisphere [36]. The country is, therefore, a well-established global source of fresh produce. South Africa
was also the first southern hemisphere country to supply fresh fruit to the United Kingdom (UK) in 1892 [37]. Following these first
successful shipments, the UK has become one of the major export markets for South African fresh produce.

The UK remains one of the top three markets for nearly all fruit types exported from South Africa [36]. Subsequently, three fruit
types — oranges, table grapes, and apples — were chosen since they are popular and present in nearly every household pantry. These
three fruit types represent more than 46 % of the UK fruit consumption, according to Frankowska et al. [28].

Although various potential origin-destination pairs exist, a specific UK retail chain store in Edinburgh was chosen to allow for a
comparison of the different fruit types’ emissions and energy usage. Subsequently, the three fruit supply chains use specific distribution
channels and facilities, such as the DC in Doncaster and the Port of Felixstowe. Therefore, the transport distances and storage durations
of the three fruit supply chains have specific values.

Several inputs, such as interviews with subject matter experts (SME), industry data collected from fruit exporters and AgriHub'
data, observations at logistical facilities, and scenario planning, were used to explore and create different plausible supply chain
scenarios. These supply chain scenarios and their variables, such as transport distances and typical storage durations at cold storage
facilities, are indicated in Fig. 3.

As stated in Section 1, the following definitions regarding cold chain durations will be used in the remainder of the paper. “Short”
cold chains are those fruits that take less than 50 days from the tree-to-retail shelf. Summing the respective durations in Fig. 3 gives a
“short” cold chain duration of 41, 51 and 47 days for apples, oranges and table grapes, respectively. These values were then rounded to
less than 50 days for fruit not stored long-term for simplicity in the paper. These “short” scenarios represent the minimum lead time
without excessive storage in the cold chain. “Long” cold chains (more than 50 days from tree-to-retail-shelf) are those where excessive
storage occurs, increasing the duration of the cold chain. “Long” cold chains for table grapes and oranges are up to 80 days or more,
while for apples, this can be 180 days or more from the tree-to-retail shelf.

It is important to note that table grapes and oranges are stored under conventional refrigerated conditions in a cold store for one
month after being packed - this represents their “long” cold chain. However, apples’ storage is distinctly different since they are stored
in controlled-atmospheric (CA) conditions for extended periods (6 months in this paper) before packing at a pack house. These storage
durations are common or standard practice in the South African fruit export industry and the global fruit supply chain.

Refer to Appendix A for a detailed description of each fruit type’s supply chain. Each supply chain described in Appendix A contains
important information required for the assessment. It also exhibits the complexity of the distribution process and the detail level
assessed in this paper.

1 AgriHub is an independent legal entity in the South African fruit export sector which collects, stores and provides industry data and statistics.
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Fig. 1. The research methodology used in this paper.
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Fig. 2. The scope of the assessment — indicated by the dotted blue lines. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

3.3. Determine fuel and emission intensity factors

Determining and using valid and accurate fuel emission factors” and emission intensity factors® are critical in the assessment.
Regarding fuel emission factors, a grid emission factor of 0.97 kg CO2e/kWh [38] and 0.19 kg CO2e/kWh [39] was used for South
African and UK electricity, respectively. Regarding the WTW emission factors for liquid fuels, a factor of 3.24 kg CO.e/# was used for
diesel, while 3.31 kg COze/¢ was used for heavy fuel oil. No country-specific values are available to the authors. These fuel emission
factors were used to convert emissions (kg COoe/kg fruit) to energy consumption (¢ fuel/kg fruit or kWh/kg fruit).

The emission intensity factors and units of analysis used to quantify emissions are stated in Table 3. The emission intensity factors
from left to right in Table 3 indicate the supply chain activities in chronological order as they occur, according to Fig. 3. According to
the authors’ knowledge, these emission intensity factors are the most relevant and accurate representation of the real-world emissions
associated with the proposed supply chain scenarios.

3.4. Calculate emission and fuel consumption

Regarding the methodology used in Step 4, this paper builds on the guidance of Du Plessis’s [17] doctoral thesis, which focused on
assessing the emissions of the South African fruit export industry logistics. The peer-reviewed work of Du Plessis [17] developed a
comprehensive carbon mapping framework and emission intensity factors for the fruit industry to determine the total emissions of a
shipment (t COze) and the carbon footprint (kg COe/kg fruit) due to the distribution of fruit. In addition to Du Plessis [17], the Global
Logistics Emissions Council (GLEC) Framework [16] was also used to inform methodology and emissions factors.

This paper calculates each activity’s carbon footprint (kg COze/kg fruit) according to Du Plessis [17]. To calculate the carbon
footprint of all activities in the supply chain, Equation (1) was used:

Emission Intensity Factor; xLogistical Data;
Nett Weight of Fruit; (1)
(1 — Losses — Wastage )

Carbon Footprintry, =

2 A fuel emission factor is a numerical value that represents the amount of greenhouse gas emissions (COe) released into the atmosphere per unit
of fuel consumed.

3 In this paper, an emission intensity factor is a numerical value which indicates the average amount of greenhouse gas emission (COe) emitted
when performing a supply chain activity.
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Apples Oranges Table grapes

Harvest in Elgin region Harvest in Tzaneen region Harvest in Orange River region

Long-term controlled atmosphere
storage (0 days OR 6 months)
+ v v
Packing of fruit Packing of fruit Packing of fruit

Storage at pack house cold store
(3 days)

4
Transportation via road transport Transportation via road transport Transportation via road transport
(270 km and 1 day) (x855 km and 1 day) (+10 km and 0 days)

Storage at cold store near port Storage at cold store (10 days OR
(9 days OR 39 days) 40 days)

Transportation via road transport Transportation via road transport
(25 km) (+860 km and 1 day)

Port of Cape Town (3 days) Port of Durban (4 days) Port of Cape Town (2 days)

International shipping (+13 080 km and International shipping (+14 820 km and International shipping (+13 080 km and

28 days) 31 days) 28 days)

Port of Felixstowe (1 day)

Transportation via road transport
(390 km and 1 day)

Retailer's DC in Doncaster (1 day)

Transportation via road transport
(760 km and 1 day)

Display in retail store in Edinburgh
(2 days)

Fig. 3. The supply chain scenario of each fruit type, with the cold chain indicated by the blue sections. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)

Where: Carbon Footprintry is the amount of CO,e emissions (kg) emitted per kilogram (kg) of sold fruit, Emission Intensity Factor; is the
emission intensity factor from Table 3 for activity i, Logistical Data; are variables specific to activity i such as weight, distance, storage
duration, the load factor of vehicle, percentage empty running, and the repositioning of a container. Nett Weight of Fruit; is the nett
weight of fruit (kg) involved in activity i, Losses are the percentage (%) of fruit spoilt during the distribution process up to retail shelf,
and Wastage is the percentage (%) of fruit fit for human consumption not sold. This paper uses 4 % and 5 % loss and wastage per-
centages, according to the FAO [42].

To calculate the energy consumption (7 fuel/kg fruit or kWh/kg fruit) of the supply chains, the carbon footprint results from
Equation (1) are grouped according to the type of fuel used in the logistical activity (i.e. electricity for logistical facilities, diesel for
road transport and other mobile equipment, and heavy fuel oil for the maritime section) and divided by the fuel emission factors
mentioned in Section 3.3. Energy consumption is, therefore, derived from emissions.

Refer to the Microsoft Excel file titled Energy and Emissions Calculations to view detailed data and calculations for each of the three
fruits. The results of the three scenarios are reported next.



Table 3

Emission intensity factors used to quantify emissions.

Pre-carriage Main carriage Post-carriage Retail
Controlled- Road Cold store Road Maritime container Container Maritime container Road Storage and Road Retail

atmosphere transport (g (kg COze transport (g terminal (kg COze/ vessel (g terminal (kg COze/ transport (g transhipment in transport (g display (kg

storage (kg COze COze/t-km) pallet- CO,e/t-km) container, kg COqe CO,e/TEU- container, kg COze COze/t-km) DC (kg COqe/t) CO,e/t-km) CO,e/m?
t-day 1) day™) day 1) km) day 1) year)
Oranges - 67 7.52 112 60.2, 276.2 60.2, 34.8 111.2 12.3 253.8 193.4
Table grapes - 107 7.52 115 175
Apples 2.97 115 7.52 -

Source: [17,39-41]
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4. Results and discussion

The results are discussed across four sections. Section 4.1 assesses the carbon footprint of each fruit for the current export system’s
“short” cold chain duration. Section 4.1 also evaluates the emissions contribution of activities in each fruit supply chain to identify hot
spots in the distribution process. Section 4.2 investigates the impact of increases in the storage duration in each fruit supply chain to
establish the emissions impact of a “longer” cold chain. Section 4.3 discusses the energy consumption of the three fruit supply chains.
Finally, Section 4.4 provides novel formulae to calculate the expected emissions and energy usage of each cold chain based on the
duration of storage.

4.1. Carbon footprint of short fruit supply chains

The carbon footprint (kg COze/kg of fruit) of the orange, table grape, and apple supply chains is shown in Fig. 4. The emission
results in Fig. 4 reflect each fruit’s typical “shortest” cold chain duration — meaning no excessive fruit storage occurred in the supply
chain. The carbon footprint values, therefore, represent the typical average emissions of fruit when it lands on the retail shelf. Ac-
cording to Fig. 4, the carbon footprint for oranges is 0.87 kg CO2e/kg of fruit, 1.28 kg CO2e/kg of table grapes, and 0.88 kg CO2e/kg of
apples.

Fig. 4 shows that maritime transport contributes 41-53 % of these “short” cold chain’s emissions while road transport contributes
30%-37 %. This confirms the extent of the emissions contribution and the need to decarbonise these two activities in fruit distribution.

Although not very significant, the contribution of other activities is still notable. Cold stores and the DC, maritime ports, and retail
store in Edinburg collectively contribute approximately 12 % to the total carbon footprint of the “short” cold chains. Further, the
impact of food losses during distribution and retail wastage is evident in Fig. 4, which increases the carbon footprint of saleable fruit by

1,25
9%

0,75

0,5

Carbon footprint (kg CO,e/kg of fruit)

0,25

Oranges Table grapes Apples

¥ Transport via road transport u Maritime ports
m Maritime transport (South Africa to Felixstowe)  m Retail store in Edinburgh

m Losses during distribution process and wastage = Cold stores and DC

Fig. 4. The carbon footprint comparison of the three fruit supply chains.
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a further 9 %.

Fig. 4 also shows a noticeable difference between the carbon footprints of oranges/apples and table grapes — even though all three
fruits have a “short” cold chain. This difference between oranges/apples and table grapes is primarily due to the grapes being a
“lightweight” fruit commodity. One high-cube pallet of table grapes weighs 30.6 % less than a similar pallet of oranges or apples. This
results in each kilogram of grapes being responsible for “more” emissions.

A detailed overview of each emission-generating activity between the packhouse and the retail shelf is also required to identify the
proportional contribution of pre-, main-, and post-carriage activities. Fig. 5 indicates the proportional contribution to the total carbon
footprint of the table grapes.

Fig. 5 shows that pre- and post-carriage activities, losses, and wastage in the specific table grape supply chain contributed 54 % to
the total carbon footprint. The maritime leg, however, remains the single most significant emissions contributor (46 % of total
emissions) to the carbon footprint of the grapes. As for road transport, the last-mile road transport between the retailer’s DC and retail
store in the UK is responsible for 19 % of the total product carbon footprint, while the pre-carriage road transport in South Africa
contributed 10 % to the emissions. Further, the contribution of the retail phase is negligible compared to other cold chain activities
since it represents 0.35 % of the total emissions in Fig. 5.

Further, there is also a remarkable similarity between all three fruits’ supply chains regarding cold chain emissions and transport-
related emissions. In all three fruit supply chains, the proportional contribution of refrigeration is between 28 and 30 % of emissions,
while the remaining 70-72 % is due to the physical transport of the fruit.

4.2. The impact of extending the cold chain duration

Before assessing the emissions impact of storing fruit for extended periods, it is important to note that apples are stored differently
than oranges and table grapes. As discussed in Section 3.2, table grapes and oranges are stored under conventional refrigerated
conditions in a cold store for one month after being packed. However, apples’ storage is distinctly different since they are stored in
controlled-atmospheric (CA) conditions for extended periods (6 months in this paper) before packing at a pack house.

The impact of extending the fruits’ cold chain length or duration of refrigerated storage is shown in Fig. 6. Storing oranges in a
commercial South African cold store for one month (30 days) longer increases the emissions of the fruit by nearly 24 % (206 g CO2e/kg
of oranges), resulting in a carbon footprint of 1.07 kg COze/kg of saleable oranges. Similarly, storing table grapes for one month longer
results in a 27 % (344 g COqe/kg of fruit) increase in emissions to 1.63 kg COze/kg of grapes. Fig. 6 shows that extending these fruits’
cold chain by one additional day increases the carbon footprint of the fruit by nearly 1 %.

As for apples, Fig. 6 shows that extending the duration of controlled atmosphere storage by one month leads to a 16 % (144 g COqe/
kg of fruit) increase in the carbon footprint to 1.03 kg COze/kg of apples. It is evident from Fig. 6 that a 30-day elongation in the cold
chain length of apples is not as carbon-intensive as is the case with oranges or table grapes. This is due to the difference in the fruit’s
cooling methods and the typical source of electricity used.

However, when extending the duration of storage for apples to six months (180 days), it is evident that the emissions increase
substantially. Fig. 6 shows that increasing the cold chain by six months leads to an emissions increase of 96 % (850 g CO.e/kg of
apples) to 1.73 kg COqe/kg of fruit. Although a storage period of six months in a controlled atmosphere may seem excessive, it is
common practice in the pome fruit industry to ensure a year-round supply of apples on the global market. A six-month storage period is
the theoretical upper limit for Southern Hemisphere fruit to the UK since Northern Hemisphere fruit would be available beyond that.
However, longer periods of CA storage are common. This iterates the potential impact that long-term cold storage activities can have
on the emission intensity of perishable products.

This section shows that storing fruit such as oranges, table grapes and apples for extended periods, maintaining the cold chain, and
transporting the fruit between a packing facility in South Africa and a retail store in Edinburgh emits close to or more GHG emissions
than the weight of the fruit distributed. This iterates the emissions impact of storing fruit for long durations compared to other dis-
tribution activities.

4.3. Energy consumption of short- and long-fruit supply chains

Results show that apart from electricity usage, there is a remarkable similarity between diesel and heavy fuel oil consumption in
“short” and “long” cold chains. This is because “long” cold chains use stationary facilities in the supply chain (cold stores and controlled
atmosphere storage at packhouses) to extend the cold chain duration instead of mobile transport equipment, which uses diesel or
heavy fuel oil as an energy source. According to Table 4, diesel and heavy fuel oil usage in all fruit cold chains varies between 0.08 and
0.13 ¢ of diesel/kg fruit and 0.11-0.18 ¢ of heavy fuel oil/kg fruit, respectively.

However, the difference between “short” and “long” cold chains (additional 30 days of storage) increases electricity usage in the
cold chain by 126-146 %. Increasing the storage duration of apples by six months (180 days) in controlled atmospheric conditions in
South Africa leads to an electricity consumption increase of 727 % compared to the “short” apple cold chains in Section 4.1. This
iterates the energy-intensive nature of maintaining the cold chain requirements — especially for extended periods.

Apart from the difference between “short” and “long” cold chains, there is also a significant difference between the energy

4 Note that the emissions due to losses and wastage increase proportionally, although they remain 9 % of the overall emissions.
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Fig. 5. Overview of the carbon footprint of table grapes from a packhouse in South Africa to a retail shelf in Edinburgh.

consumption of each fruit type. The differences between fruits with the same cold chain length in Table 4 are due to fruit charac-
teristics such as weight, volume, and energy-intensive nature of storage.

4.4. Formulas to calculate emissions and energy usage

This section provides novel formulae to determine fruit supply chains’ emissions and energy usage based on the cold chain
duration. Equation (2) and the corresponding coefficients in Table 5 can be used to determine the fruit’s carbon footprint based on the
storage duration.

Carbon Footprintg,;; =A x Days + B 2)

Where: Carbon Footprintg.,;; is the amount of COze emissions (kg) emitted per kilogram (kg) of sold fruit in a retail store, A is the
coefficient representing the emissions emitted (kg CO.e/kg-day) when storing the fruit for one additional day, Days are the number of
additional days the fruit is stored, and B is the coefficient indicating the minimum carbon footprint (kg COze/kg fruit) of the cold chain
scenario.

As for energy consumption, Equation (3) and the recommended coefficients in Table 6 can be used to determine the electricity
consumption in each fruit cold chain. The diesel and heavy fuel oil consumption values are found in Table 4 in Section 4.3 and,
therefore, are not repeated.

Electricitypn; = C x Days + E 3)

where: Electricitypy; is the amount of electricity (kWh) consumed per kilogram (kg) of sold fruit in a retail store, C is the coefficient
representing the electricity consumption (kWh/kg-day) when storing the fruit for one additional day, Days are the number of addi-
tional days the fruit is stored, and E is the coefficient indicating the minimum electricity consumption (kWh/kg fruit) of the cold chain
scenario. Note that the Days duration for fruit exported from the Southern Hemisphere to the Northern Hemisphere is typically not
more than 180 days. In contrast, for local produce sold in the Southern Hemisphere, 300 days is typical.
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Fig. 6. The emissions impact of increasing the cold chain length.

Table 4
The energy consumption of the different fruit.
Diesel (¢/kg fruit) Heavy fuel oil (¢/kg fruit) Electricity (kWh/kg fruit)

Short cold chains
Oranges 0.10 0.11 0.15
Table grapes 0.13 0.18 0.22
Apples 0.08 0.14 0.11
Long cold chains
Oranges (+1 Month) 0.10 0.11 0.34
Table grapes (+1 Month) 0.13 0.18 0.54
Apples (+1 Month CA) 0.08 0.14 0.25
Apples (+6 Months CA) 0.08 0.14 0.91

5. Conclusion

This paper assessed the i) GHG emissions per kilogram of fruit and ii) energy usage of “short” and “long” cold chains by examining
three fruit (oranges, table grapes, and apples) supply chains from South Africa to a retail supermarket in Edinburgh, Scotland. The
primary aim was to assess how the storage duration influences energy use and emissions in these fruit cold chains. In addition, the
paper also developed novel formulae for calculating energy usage and emissions based on the duration of the cold chain. From the
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Table 5

Coefficients A, B, and Days interval used in Equation 2.

Heliyon 10 (2024) e32507

A (kg COqe/kg-day)

B (kg COze/kg fruit)

Days (min to max)

Oranges 0.0069 0.865 0-90
Table grapes 0.0115 1.282 0-90
Apples 0.0046 0.889 0-300
Table 6
Coefficients C, E, and Days interval used in Equation 3.
C (kWh/kg-day) E (kWh/kg fruit) Days (min to max)
Oranges 0.0063 0.15 0-90
Table grapes 0.0107 0.22 0-90
Apples 0.0044 0.11 0-300

literature section, it is clear that this is the first comprehensive paper that assesses both the energy and emissions in a fruit supply chain
based on the duration of the cold chain from tree to retail markets.

The results highlight the significant variation in different fruit supply chains’ energy use and GHG emissions due to different cold
chain durations, transport distances, product characteristics and other distribution-related circumstances.

The carbon footprint of “short” cold chains (fruit such as oranges, table grapes, or apples not refrigerated for extended periods, i.e.
less than 50 days from tree-to-retail-shelf) varies between 0.87 and 1.28 kg COqe/kg of saleable fruit. Extending the cold chain length
or duration of refrigerated storage to “long” substantially impacts emissions. Increasing the cold chain duration by one month increases
orange and table grape emissions by approximately 24 % and 27 %, respectively, while a similar extension for apples in controlled
atmosphere (CA) storage results in a 16 % emissions increase. This fundamental difference is where and how storage occurs, ultimately
resulting in different carbon intensities of the fruit. However, apples stored for six months see a 96 % emissions surge, reaching 1.73 kg
CO2e/kg of apples. This underscores the considerable impact of extending the duration of refrigerated storage on emissions, partic-
ularly in ensuring year-round fruit supply and emphasising the need for more sustainable cold chain practices.

Similarly to the emissions, the energy consumption (diesel, heavy fuel oil, and electricity) varies considerably for the different fruit
types. The energy consumption for “short” cold chains varies between 0.08 and 0.13 ¢ of diesel/kg fruit, 0.11-0.18 £ of heavy fuel oil/
kg fruit, and 0.11-0.22 kWh of electricity/kg of fruit. Although “long” cold chains use a similar amount of diesel and heavy fuel oil due
to similar distribution conditions, they use significantly more electricity. Increasing the cold chain by 30 days results in a 126-146 %
increase in electricity usage. As for apples, increasing the CA storage duration by six months increases electricity consumption by 727
% compared to the “short” apple cold chain.

The study also identified the emission-intensiveness of distribution activities in the supply chain. Mobility activities are the most
difficult to decarbonise or abate due to their dependence on fossil fuels [13]. Maritime transport contributes 41-53 % of the emissions,
while road transport represents 30%-37 % of the total distributional emissions. The remainder of distribution activities, such as the
cold stores, the DC, maritime ports, and the retail store in Edinburg, collectively contribute 12 % to the total carbon footprint of the
“short” cold chains. These stationary activities are easier to decarbonise due to the possibility of installing and using renewable energy
sources such as rooftop photovoltaic (PV) solar as a source of energy. However, the net impact of decarbonising stationary activities is
limited. Significant effort is required to decarbonise maritime and road transport to reduce the total carbon footprint of these products.

This study contributes to the body of knowledge on sustainable food systems. It provides important information for policymakers,
researchers, and consumers to make informed decisions about the environmental impact of their food choices. Overall, this research
underscores the importance of reducing energy consumption and emissions associated with fruit supply chains to achieve a more
sustainable food system.
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Appendix A
This appendix describes the supply chain scenario of the three fruits assessed in the paper.
Oranges

The scenario for oranges pertains to Valencia oranges being exported via the Port of Durban in South Africa to a retailer in
Edinburgh, with the Port of Felixstowe as a discharge point. The distribution process utilises refrigerated and ambient road transport
and refrigerated deep-sea ocean transport by reefer container.

Oranges are harvested in the Letsitele region in the Limpopo province in South Africa and packed into 15 kg (nett weight) telescopic
cartons. High-cube pallets with a gross weight of 1308 kg are built by packing 80 boxes of oranges onto a pallet. Since citrus is
harvested during the colder winter months and oranges are not prone to quick spoilage, the fruit is transported by interlink tautliner
(curtain side) truck under ambient conditions. The truck is loaded with twenty-six pallets, resulting in a payload of 34 008 tonnes. The
truck then travels 855 km via the R36, N11 and N3 routes to a cold store located in the Port of Durban. The pallets are offloaded from
the truck and, after being inspected, stored at a temperature of 2 °C. In addition, a minimum ventilation of 15 cubic meters per hour
and relative humidity of 95 % is maintained.

From this point onwards, the refrigeration requirements must be maintained throughout the cold chain. The fruit is stored for nine
OR 39 days in the cold store, where 20 of the high-cube pallets are loaded into an integral reefer container. Since the cold store is only
25 km from the port of export, a genset to power the reefer is not required. A tri-axle truck tractor with a semi-trailer then transports the
container from the cold store to the reefer stack in the port. Once offloaded, the reefer is stored in the reefer terminals reefer stack for
four days, whereafter it is loaded into a container vessel. The vessel then travels 8001 nautical miles (14 819 km) via several ports to
the point of discharge in the Port of Felixstowe. This deep-sea voyage will take approximately 28 days from the Port of Durban to the
Port of Felixstowe.

Upon arrival in the Port of Felixstowe, the reefer container is offloaded from the container vessel and stored in the reefer stack in the
container terminal for one day. The integral reefer container is loaded onto an articulated truck and connected to the trailer’s genset to
maintain the cold chain. The truck combination then travels 390 km to the food retailer’s DC in Doncaster, where the fruit is stored for
one day. In this DC, several different products are combined to create a single shipment for a retail shop in Edinburgh. A rigid
refrigerated truck then transports one pallet of oranges and other food products 760 km to the retail store in Edinburgh. Upon arrival,
the oranges are offloaded and packed on a retail shelf in the shop. On average, the fruit is sold after two days of display in the retail
shop.

For this specific scenario, it is deemed that the reefer container is repositioned empty back to South Africa while the interlink
tautliner truck loads a return load in the Port of Durban before returning to the vicinity of Letsitele, resulting in an average empty
running of 10 %. The rigid refrigerated truck and container truck involved in the post-carriage in the UK also returned empty to the DC
and Port of Felixstowe, respectively.

Table Grapes

Red seedless table grapes are produced in the Orange River region in South Africa and exported to a retailer in Edinburgh via the
Port of Felixstowe by road and deep-sea transport.

Once ripe, the grapes are harvested and packed into 4.5 kg cartons (nett weight of fruit) at a packing facility. High-cube pallets
weighing 908 kg (gross weight) are built by packing 160 boxes of grapes on a pallet. The pallets are then transported to a cold store
located 10 km away from the packing facility in Kakamas. Since the cold store is nearby, a double-axle rigid flatbed truck is used to
transport eight pallets at a time. The load is covered with tarpaulins (sails) to protect the fruit during the short trip. Once the truck
arrives at the cold store, the fruit is offloaded from the truck and moved into the cold store. The grapes are stored at an optimal
temperature of minus 0.5 °C and 90-95 % relative humidity throughout the cold chain process. No controlled atmosphere is required
since grapes do not ripen further after harvest (non-climatic). The empty truck returns to the packing facility to collect and deliver
three loads per day. All grapes are stored in the facility for ten OR 40 days until further shipping commences.

Twenty pallets of fruit are loaded into a 40-foot-high-cube integral reefer container carried by an articulated truck with a skeletal
trailer. The trailer is equipped with a genset to power the reefer during transport. The reefer-container-truck combination then travels
860 km in 12 h to the Port of Cape Town via the N14 and N7 routes, where the container is offloaded and stored in the reefer terminal’s
reefer stack for two days. The reefer is then drawn from the reefer container stack and loaded onto a container vessel. The vessel then
travels 13 080 km to the Port of Felixstowe in 16 days.

Upon arrival in the Port of Felixstowe, the reefer container is offloaded from the container vessel and stored in the reefer stack in the
container terminal for one day. The integral reefer container is loaded onto an articulated truck and connected to the trailer’s genset to
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maintain the cold chain. The truck combination then travels 390 km to the food retailer’s DC in Doncaster, where the fruit is stored for
one day. In this DC, several different products are combined to create a single shipment for a retail shop in Edinburgh. A rigid
refrigerated truck then transports one pallet of oranges and other food products 760 km to the retail store in Edinburgh. Upon arrival,
the oranges are offloaded and packed on a retail shelf in the shop. On average, the fruit is sold after two days of display in the retail
shop.

The reefer container and all trucks were repositioned empty to the point of loading through the same distribution activities as was
the case in the forward distribution chain.

Apples

In the Elgin region in the Western Cape, Royal Gala apples are harvested and stored for one month OR six months in large bins in a
controlled atmosphere (CA) environment until packing begins. Alternatively, the fruit is packed immediately. The apples are destined
for a retailer in Edinburgh.

Bins of apples are removed from the controlled atmosphere storage rooms and packed into 18.25 kg cartons (nett weight). Fifty-six
cartons are then packed onto a pallet to create a high-cube pallet weighing 1106 kg (gross weight). A 40-foot-high-cube integral reefer
container, transported by an articulated truck, is loaded with twenty pallets. The truck’s trailer has an underslug genset to power the
reefer container during the 2-h road journey between the packing facility in Grabouw and the Port of Cape Town. After the 70 km
journey, the reefer container is offloaded and stored for three days in the container terminal’s reefer stack, where the reefer unit is
plugged in. The container is then drawn and loaded onto a container vessel (Post-Panamax vessel) and travels 7061 nautical miles in 18
days to the Port of Felixstowe, United Kingdom (UK).

The vessel makes several port calls en route to the UK. An optimal temperature of minus 0.5 °C and relative humidity of 95 % is
maintained throughout the distribution process. After arrival at the Port of Felixstowe, the reefer container is offloaded and distributed
to retailers. The integral reefer container is loaded onto an articulated truck and connected to the trailer’s genset to maintain the cold
chain. The truck combination then travels 390 km to the food retailer’s DC in Doncaster, where the fruit is stored for one day. In this
DC, several different products are combined to create a single shipment for a retail shop in Edinburgh. A rigid refrigerated truck then
transports one pallet of oranges and other food products 760 km to the retail store in Edinburgh. Upon arrival, the oranges are off-
loaded and packed on a retail shelf in the shop. The fruit is sold on average after two days of display in the retail shop. The reefer
container and all trucks were repositioned empty to the point of loading through the same distribution activities as was the case in the
forward distribution chain.

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2024.e32507.
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