
How green are my apples? The greenhouse gas emissions and blue water 
scarcity footprint of fresh apple supply chain

Tim Hess , Hannah Martin , Ewan Gage , Natalia Falagán *

Faculty of Engineering and Applied Sciences, Cranfield University, Bedford, UK

A R T I C L E  I N F O

Keywords:
Life Cycle Assessment
Import
Food supply chain
Food miles
Carbon footprint, United Kingdom

A B S T R A C T

The environmental impact of the UK fresh apple supply chain depends on the sourcing locations. This paper 
examines the contribution of production, storage, processing, and transport to evaluate the greenhouse gas 
emissions (GHGE) and blue water scarcity footprint of the main sources of apple supply to the UK (2016 – 2025). 
Domestic production accounted for 38 % of supply, with imports from the rest of Europe (e.g. France, Italy, 
Germany, Ireland, The Netherlands, Spain) representing for 37 % and most of the remainder from southern 
hemisphere countries, such as South Africa (12 %), New Zealand (7 %) and Chile (5 %). Our results revealed that 
GHGE at the orchard stage for UK, European, and Chilean apples are similar. During postharvest, cold storage is 
the main contributor for GHGE, which were 40 % lower in northern hemisphere countries compared to maritime 
shipping stages for the southern hemisphere areas. Transport emissions are affected by international travel 
distances. South Africa and Spain presented the highest blue water consumption (BWC) as well as blue water 
scarcity footprint. We found that blue water scarcity footprints are negligible where apple production is rainfed. 
The results suggest that in order to mitigate GHGE, energy mixes need to be improved as well as cold storage 
technologies. For water footprint, implementing infrastructural changes is paramount. These results can help as 
decision making tool to define new sourcing strategies that can minimise environmental impacts. This assessment 
also highlights limitations in methodology, including inconsistent approaches in GHGE assessment, and un
derscores the need for standardised methodologies, emphasises the role of externalities, and highlights the 
importance of considering economic and social factors in assessing environmental trade-offs in apple supply 
chains.

1. Introduction

Fresh fruit and vegetables are an essential part of a healthy diet; yet, 
global consumption remains well below the 400 g per day target of the 
World Health Organisation (WHO) and the 500 g per day set by EAT- 
Lancet (Willett et al., 2019) recommendations. In 2015, only an esti
mated 36 % of the global population had adequate access to available 
and affordable fresh products (Mason-D’Croz et al., 2019). Insufficient 
fruit and vegetable consumption contributes to high national rates of 
non-communicable diseases, including cardiovascular disease, cancer, 
diabetes, obesity and mental health issues, imposing substantial burdens 
on health services and contributing to mortality (WHO, 2012). With a 
global growing population and increasing extreme weather events, it is 
critical that the production of fresh produce is able to meet growing 
demand in a sustainable and resilient way.

Expanding fruit and vegetable supply to improve nutrition comes 

with environmental trade-offs (Mason-D’Croz et al., 2019). Production, 
processing, transport and storage of fresh produce can generate signif
icant greenhouse gas emissions (GHGE; Webb et al., 2013; Frankowska 
et al., 2019), impact biodiversity (Newbold et al., 2015), degrade soil, 
and contribute to water scarcity (Hess and Sutcliffe, 2018). While our 
analysis treats existing supply networks and observed sourcing patterns 
as the empirical basis for environmental accounting, it is important to 
stress that these networks are not immutable. Food supply chains are 
themselves the product of broader patterns of trade, policy and eco
nomic incentives, together with agroclimatic and consumer re
quirements. However, more localised sourcing strategies may alter the 
balance of environmental externalities. Hence, while this paper quan
tifies GHGE and blue water scarcity footprints associated with observed 
United Kingdom (UK) apple sourcing, we emphasise that sourcing de
cisions are endogenous and can be shaped by policy, trade rules and 
retailer strategies. This framing clarifies that the observed 
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environmental costs partly reflect structural features of globalised trade 
rather than innate properties of particular growing regions (Kummu 
et al., 2020; Frankowska et al., 2019).

The global fruit market is highly international: approximately 9 % of 
all fruit grown are traded across borders (van Rijswick et al., 2025) and 
long-distance transport significantly contributes to “food-miles” emis
sions (Li et al., 2022). Fruit is often grown under irrigation in climate 
vulnerable or water stressed regions (Scheelbeek et al., 2020; Hess and 
Sutcliffe, 2018), meaning that simply scaling up current production to 
meet rising demand risks exacerbating environmental impacts, partic
ularly GHGE and water scarcity (Stratton et al., 2021). In the UK, fruit 
consumption contributes ca. 3.2 Mt CO2e GHGE and 315 Mm3 eq. water 
use annually, with apples ranking as the third most impactful fruit after 
bananas and oranges (Frankowska et al., 2019). Unlike bananas and 
oranges, apples can be sourced from multiple regions, creating diverse 
environmental outcomes.

Within the UK, domestic production can supply around 60 % of 
overall food demand, including grains, meat, dairy, and eggs, but only 
16 % of the fruit consumed is produced locally (Department for Envi
ronment, Food and Rural Affairs [DEFRA], 2021). Apples (Malus 
domestica) are the second most supplied fruit in the UK after bananas, yet 
domestic production covers only about one third of fresh apples con
sumption, with the reminder sourced primarily from France and other 
western and southern European countries (DEFRA, 2020). To ensure 
year-round availability, European apples are stored, and supply is sup
plemented by imports from southern hemisphere countries, especially 
South Africa, New Zealand, and Chile (Hess and Sutcliffe, 2018), while 
the USA, once an important supplier until 2010, no longer plays a major 
role. This diversity in sourcing regions, production methods, trans
portation, and storage creates significant variation in environmental 
externalities.

However, there is very limited research that has quantified both 
GHGE and water footprints for UK apple imports using consistent met
rics. Using the UK as a case study, this paper evaluates two environ
mental indicators, the GHGE and water scarcity, associated with 
different apple sourcing options. By integrating life cycle inventory data, 
we quantify cradle to consumption impacts and explore how trade and 
storage technologies incluence environmental trade-offs. The findings 
aim to inform strategic procurement decisions and climate adaptation 
policies, highlighting actions to mitigate GHGE and water scarcity and 
supporting the sustainable sourcing of apples.

2. Methods

2.1. Scope of the study

We herein consider the externalities of 1 kg of fresh apples from 
cradle to delivery at a UK retailer’s regional distribution centre (RDC). 
Five stages can be identified with GHGE and water consumption 
potentially associated with each (Fig. 1). Apples destined to juices and 
cider were excluded from the study.

In order to carry out this study, the following assumptions were 

considered: 

1. The orchard stage is similar in locations of production with apples 
grown on trees. GHGE are particularly associated with mineral fer
tiliser, agrochemicals and energy/fuel use for machinery and irri
gation. Almost all water consumption occurs at the orchard stage 
where apple trees are irrigated.

2. Local processing includes harvesting, washing and packing of apples 
all of which consume energy and fuel. Water is used in product 
washing and disinfection.

3. Some domestic and European apples are transported directly to the 
RDC for retail in-season. GHGE are associated with fuel for 
transportation.

4. Others are stored under controlled conditions until ready for retail 
out of season. These apples are generally kept in cold-stores com
bined with controlled atmosphere (CA, including dynamic CA [DCA] 
and ultra-low oxygen [ULO] storage) or 1-methylcyclopropene (1- 
MCP), both of which enable apple storage life to be extended up to 10 
months after harvest (Boschiero et al., 2019; Watkins, 2008). 
Maintaining low temperatures has significant energy consumption 
and associated GHGE.

5. Apples from Europe are transported in refrigerated trucks, including 
a short sea/tunnel crossing of the English Channel or Irish Sea. Ap
ples from the southern hemisphere include international shipping, 
typically in a refrigerated container (Fitzgerald et al., 2011). Water 
consumption in storage and transport is trivial comparison to the 
orchard stage.

The later stages of the supply chain, including distribution, retail and 
consumption, were considered out of scope as the potential environ
mental impacts are independent of the place of origin of the produce.

2.2. UK apple supply

Domestic production of apples (DEFRA, 2020) and the mass of im
ports and exports of fresh apples from each country was obtained from 
the UK Trade Info database (HM Revenue and Customs, 2022) for the 
years 2016 – 2025. These statistics only showed the country and not the 
region from which apples exported to the UK were grown, which is 
important when considering water scarcity. Therefore, for each country 
and using a range of local sources, the region that accounted for over 
50 % of the country’s production was selected as representative for each 
country (Table S1). Where no single region dominated, several pro
duction regions were selected in order to reach the 50 % threshold. We 
assumed that re-exports (i.e. apples imported into a third country and 
re-exported to the UK) are not significant.

2.3. Greenhouse gas emissions

For GHGE, a review of literature was carried out. A scoping study of 
10 papers was used as an indicative dataset to identify key search terms. 
Scopus was searched on 26th May 2021 with the following terms: 

Fig. 1. Key stages of the fresh apple supply chain from orchard to a UK regional distribution centre.
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((TITLE-ABS-KEY (apple) OR TITLE-ABS-KEY (malus AND domestica)) 
AND (TITLE-ABS-KEY (lca) OR TITLE-ABS-KEY ("lifecycle assessment") 
OR TITLE-ABS-KEY ("CO2 emission*") OR TITLE-ABS-KEY ("carbon 
footprint*") OR TITLE-ABS-KEY ("greenhouse gas emission*") OR TITLE- 
ABS-KEY (peu) OR TITLE-ABS-KEY ("food miles"))).

In order to restrict results to countries that supply the UK market, the 
filter TITLE-ABS-KEY (country) was added. No time period restrictions 
were considered on the search. The list of papers was refined in three 
stages. Firstly, all titles were reviewed and papers unrelated to the topic 
were excluded (for example, papers about ‘apple’ computing and tech
nology, papers which included the colloquial term “apples to apples” in 
the title, and papers that were in a different geography). Following this 
first stage, 49 papers were remaining. The second stage reviewed all 
abstracts and excluded papers which were found to not be relevant to 
the topic or did not include GHGE estimates. Following this stage of 
refinement, 38 papers were retained for the final stage. In addition, we 
allowed for secondary references to be included which resulted in an 
additional two additional peer-reviewed papers and from four grey 
literature. The final stage was to extract quantitative information 
regarding GHGE at different stages of the apple supply chain under 
conventional production systems. An extra search was carried out on the 
25th Novemeber 2025, following the same methodology, in order to add 
any additional papers that might be of interest. A total of 46 articles 
were found, most of them focusing on apple processing. Only one was 
selected for this study. Data for organic agricultural production systems 
were excluded. Misquoted data points were corrected through refer
encing the original source of the data, and normalised data was 
excluded. The methodology used, key assumptions, and country of 
origin were also recorded. Following the extraction of values from the 
literature, the minimum, maximum and mean values for each stage of 
the GHGE were calculated. The distance for transporting apples from the 
UK port of entry to UK RDCs was assumed to be the same for all imported 
apples. Therefore, an average value was calculated across all non-UK 
sourcing studies, since this leg of the journey occurs within the UK 
and does not depend on the country of origin. Where no data were 
available for international transport for a particular country, estimates 
from other countries with similar transport types were adjusted pro
portional to the distance travelled.

2.4. Blue water scarcity footprint

When considering the impacts of a supply chain on water resources, 
we considered ‘green’ water as rainfall used at the point at which it falls; 
and ‘blue’ water referring to water drawn from sources (such as 
groundwater resources), which could have otherwise been used for 
alternative purposes, and therefore has a greater opportunity cost 
(Aldaya et al., 2010). Water consumption is defined here as “water 
removed from, but not returned to, the same drainage basin” (ISO, 
2014), as this has a higher impact on local water resources. Not all blue 
water that is used in the fruit supply chain is ‘consumed’. For example, 
water used for washing the produce and then later returned to the local 
environment, has been used but not consumed and, subject to water 
quality, can be directed to alternative uses. Estimates of blue water 
consumption (BWC) in the orchard stage were taken from Mekonnen 
and Hoekstra (2011) for the key apple production regions. Small 
amounts of water (1 – 4 L/kg) are used in washing produce and disin
fection (Trajer, Winiczenko and Dróżdż, 2021) although this is largely 
non-consumptive and virtual (embedded) water associated with the 
production of energy, fuel and packaging is trivial in comparison to the 
water used in the orchard stage. The water consumed post farm-gate is 
negligible (Hess et al., 2015) and is unlikely to vary significantly ac
cording to sourcing location and was, therefore, not included. Blue 
water consumed in fruit production therefore competes with other local 
human and ecosystem uses, but blue water consumed in a region with 
abundant water resources has a lesser impact than the equivalent 
quantity consumed in a region of high water-scarcity. Therefore, the 

volume of blue water consumed can be weighted by an index of local 
water scarcity to obtain a blue water scarcity footprint (BWSF; Pfister, 
ISO, 2014) that better allows us to understand the potential impacts of 
water consumption on other water users and uses. A wide range of water 
scarcity indexes have been used to characterise water consumption 
based on, for example, environmental impacts (Damiani et al., 2021), 
planetary boundaries (Bjørn et al., 2020) or freshwater scarcity (Ridoutt 
and Pfister, 2010). In this study we have used the regionally applicable 
values of Available Water Remaining (AWARE; Boulay and Lenoir, 
2020) as a method that has received consensus among the life cycle 
assessment (LCA) community. The BWSF of apples produced in the re
gion, i, was calculated from, 

BWSFi = BWCiAWAREi 

Whilst the units of the BWSF (L H2Oeq/kg) have no physical mean
ing, it provides a useful metric for comparing the potential impact on 
water scarcity from production in different regions as it considers both 
the volume of water consumed and the local water scarcity.

As it is not possible to know which regions apples exported to the UK 
come from, for those countries where multiple producing regions were 
included, the BWSF for each major region was estimated and weighted 
according to the relative production in each region (Table S2). In sum
mary, the BWSF was calculated using the AWARE methodology, which 
applies a characterisation factor (CF) to the BWC at the sub-basin level. 
The BWC represents the volume of surface and groundwater consumed. 
AWARE CFs are geographically and temporally specific, calculated 
based on the ratio of water availability to human demand, using 
monthly data for the study period (2016–2025).

3. Results

3.1. UK apple supply

Average (2016–25) supply (domestic production + imports) was 
~600,000 t/year (Table S1). Domestic production accounted for 38 % 
(Fig. 2) with a further 37 % imported from the rest of Europe (especially 
France, Italy, Germany, Irish Republic, Netherlands and Spain). South
ern hemisphere countries, especially South Africa (12 %), New Zealand 
(7 %) and Chile (5 %) are important for supply between April and 
September. About 3 % of the UK fresh apply supply was exported to the 
European Union, which we assume is all domestically grown.

3.2. Greenhouse gas emissions

A total of 19 sources were found that contained GHGE estimates for 
one or more stages in the supply chain of apples in the main producing 
countries for the UK market (Table S3), which were aggregated in our 
analysis. Most covered production in the UK and France. Only one paper 
included data for each of South Africa and Chile and there were none 
covering The Netherlands or the Republic of Ireland. In all, there were 
65 values of GHGE for individual stages in apple production and the 
supply chain, but few studies contained all supply chain stages. There 
were 23 estimates of GHGE for the orchard stage and 15 for processing 
or storage, but transport and port operations were rarely included. The 
values were aggregated according to four stages of production by region 
(Table 1). The transport to processing site, processing and storage stages 
were aggregated, given few studies separated these stages. For UK 
production, domestic transport to processing site was taken as the 
average of other reported values (0.004 kg CO2e/kg) as this was not 
considered in any of the studies. For southern hemisphere supplies, 
transport to the port, national port operations, international transport 
and UK port operations were aggregated. In summary, the total GHGE to 
the RDC in the UK are similar for UK, European and Chilean apples 
~0.44 kg CO2e/kg. Emissions at the orchard stage were not significantly 
different between UK, Europe or southern hemisphere production.

Audsley et al. (2010) only presented a total value for the supply chain 
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which was not included in the comparisons shown in Table 1. Their 
values of for the UK (0.32 kgCO2e/kg), France (0.43 kgCO2e/kg) and 
New Zealand (0.88 kgCO2e/kg) were broadly in line with findings.

3.3. Blue water scarcity footprint

South Africa and Spain showed the highest BWC compared to the rest 
of producing countries as well as the highest blue water scarcity foot
print due to the higher AWARE index values (Table 2). Apple production 
in UK, Germany, Italy, Netherlands, New Zealand and Ireland have 
similar and negligible blue WSFs as the majority of apple production is 
rainfed and in regions of low water scarcity. France has a larger WSF 
(464 L H2Oeq/kg); however South Africa and Spain have WSFs 
> 10,000 L H2Oeq/kg. Apples from the western Cape (South Africa) 
have the largest WSF due to the combination of a large BWC (large 
irrigation volume) and high AWARE index (water scarcity). Although 
the Maule region (Chile) is the most water scarce of regions exporting to 
the UK and has the highest AWARE index, the BWC per kg is lower than 
in Western Cape and the overall WSF is therefore lower.

4. Discussion

4.1. Cold storage: a key contributor to greenhouse gas emissions

Cold storage contributed 36 % and 41 % to the mean UK and France 
GHGE values respectively. UK apples were typically stored at 0.5 – 2◦C, 
although some varieties (e.g. cv. “Bramley”) may be stored up to 5◦C, or 
under ambient temperatures for short-term storage. Historically only 20 
– 30 % of fruit would be stored beyond January – March, but increasing 
proportions of fruit are now stored for up to 12 months to target peak 
pricing periods, increasing the contribution from storage. Storage at a 
low temperature, generally combined with CA (including DCA and ULO 
storage) and 1-MCP, both of which enable apple storage life to be 

Fig. 2. Source of apples by weight supplied to the United Kingdom (UK) market (2016 – 2025).

Table 1 
Average greenhouse gas emission (GHGE; kg CO2e/kg) by reported stage for 
apple production and the supply chain by region of production considering 
United Kingdom (UK), Europe, New Zealand (NZ), South Africa (SA) and Chile. 
Maxima and minima ranges are given in brackets where available.

Stage UK Europe NZ SA Chile

Orchard 0.179 
(0.150 – 
0.200)

0.100 
(0.032 – 
0.207)

0.067 
(0.04 – 
0.100)

0.275 
(0.270 – 
0.280)

0.064 
(-)

Processing and 
storage

0.229 
(0.090 – 
0.200)

0.213 
(0.165 – 
0.262)

0.084 
(0.063 – 
0.100)

0.771 
(0.749 – 
0.790)

0.090 
(-)

International 
transport

N/A 0.097 
(-)

0.505 
(0.125 – 
0.881)

0.246 
(-)

0.249 
(-)

UK transport to 
RDC

0.037 
(0.003 – 
0.098)

0.037 
(-)

0.037 
(0.003 – 
0.081)

0.037 
(-)

0.037 
(-)

Total 0.445 0.447 0.693 1.328 0.440

Table 2 
Blue water consumption (m³/t), water stress index and blue water scarcity 
footprint (L H2Oeq/kg) for the key apple production regions in the UK supply 
chain.

Country Regions Blue water 
consumption 
(m³/t)

AWARE 
Index

Blue water 
scarcity 
footprint(L 
H2Oeq/kg)

Chile Maule 75 88.2 6615
France Provence-Alpes- 

Côte d′Azur, 
Midi-Pyrénées, 
Pays de le Loire

49 11.08 464

Germany Altes Land, 
Bodensee

1 1.72 2

Italy Trentino Alto 
Adige

0 0.90 0

Netherlands Central 2 1.46 3
New 

Zealand
Hawkes Bay 0 1.0 0

Republic of 
Ireland

Dublin, 
Kilkenny, 
Tipperary, 
Waterford

0 1.47 0

South Africa Western Cape 153 73.3 11,215
Spain Catalonia 127 84.50 10,732
UK South-East 5 3.48 17
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extended up to 10 months after harvest (Boschiero et al., 2019; Watkins, 
2008). CA use is commonplace, but is generally reserved for crops 
destined for long-term storage, although DCA has not yet become in
dustry standard due to cost/infrastructure limitations. Accurate quan
tification of postharvest storage is generally absent from existing 
literature, with estimates ranging from 0.036 to 0.450 kg CO2e/kg (de 
Kock et al., 2019; Iriarte et al., 2021). These results were in line with the 
previous finding, which highlighted that cold storage and packaging of 
apples were the main contributors to GHGE and energy demand 
(Boschiero et al., 2019). Postharvest storage impacts are unlikely to vary 
significantly between origins, but instead will reflect systemic and 
methodological differences during quantification and this should be 
addressed in further analysis. However, the mean GHGE attributed to 
cold storage for northern hemisphere countries was at least 40 % lower 
than that attributed to the maritime shipping stages for the southern 
hemisphere countries. Values for New Zealand and South Africa are 
higher due to international travel (although there was a wide range of 
values provided for the maritime shipping stage of New Zealand pro
duce, with the maximum value of 0.881 kg CO2e/kg (Rizet et al., 2012) 
seven times larger than the minimum value of 0.125 kg CO2e/kg 
(Saunders and Barber, 2017; Mason et al., 2002). Transport from Chile 
was less than 50 % of the average GHGE from New Zealand (Iriarte 
et al., 2021) corresponding with a 25–50 % shorter transport distance. 
Differences in the GHGE of the agricultural and processing stages be
tween sourcing locations can be partly attributed to a country’s energy 
mix, as higher proportions of fossil fuels result in higher GHGE attrib
uted to energy usage (Ray and De, 2020). South Africa has the highest 
proportion of fossil fuels in its energy mix and this may partly account 
for the high GHGE. Differences in the GHGE of the agricultural and 
processing stages can also be partly attributed to yield. UK customer 
demand has increased for newer varieties such as cvs. “Jazz” and “Pink 
Lady”, which are less suited to the UK climate compared with older 
varieties leading to yield reductions, although improvements have been 
made through improved clonal selection in recent years. Substantial 
differences are reported for GHGE during orchard production between 
UK/EU and South Africa, and New Zealand/Chile. Reported yields for 
New Zealand and Chile were double that of UK orchards (Saunders and 
Barber, 2017; Iriarte et al., 2021), contributing to the sizable difference 

in GHGE per kg between regions. This finding was of particular impor
tance in the UK and South Africa, the two countries found to have the 
highest impacts at agricultural stage and the two countries with the 
lowest typical yields. Total GHGE emissions per ha were are comparable 
between the UK and New Zealand once the influence of the yield 
discrepancy (Saunders and Barber, 2017), indicating that the primary 
driver of the discrepancy in reported GHGE emissions between regions is 
due to comparatively low yields in UK/EU against a background of 
relatively standardised production methods. Increasing orchard pro
ductivity may reduce total GHGE per kg due to distribution of impacts 
across a wider quantity of produce. However, intervention strategies 
which increase yield outputs may introduce additional environmental 
impacts which must be reconciled against yield benefits. For example, 
the use of netting to aid pest management can enhance yields but is 
liable to substantially increase total GHGE through increased plastic and 
metal use (Boschiero et al., 2018) Fig. 3.

Few studies in the systematic review included values for the road 
transportation and cold storage, leading to a higher level of uncertainty 
for these stages of the supply chain. There were also few values provided 
for the South African and Chilean GHGE, as each of these countries of 
origin had only one paper included in the literature review. This leads to 
a high level of uncertainty and greater influence of methodological 
differences, particularly when comparing with countries of origin with a 
more substantial body of research, therefore additional studies of apple 
production in these two geographies would be of great value. This is also 
reflected in the considerable discrepancy in GHGE estimates for cold 
storage and processing, and is predominately due to paucity of data 
surrounding energy consumption during storage. de Kock et al. (2019)
estimates of electricity consumption during cold storage were 4 – 12x 
that of values utilised by Saunders and Barber (2017). More accurate 
assessment of postharvest energy demand and GHGE is necessary to 
reduce the impact of such methodological differences.

Reducing the prevalence of fossil fuels in all five of the country’s 
energy mixes would reduce the GHGE in the agricultural and processing 
phases of the apple supply chain. Transitioning to an energy mix with a 
lower proportion of fossil fuels would support existing treaties as the 
Kyoto Protocol (United Nations, 2021a) and the Montreal Protocol 
(United Nations, 2021b) as well as supporting the United Nations 

Fig. 3. Greenhouse gas emissions (GHGE), expressed a kg of carbon dioxide equivalents per kg of apples (kg CO2e/kg), and water scarcity footprint, expressed as 
litres of water equivalents per kg of apples (L H2Oeq/kg), sourced from different locations for the United Kingdom (UK) market (South Africa, Chile, Spain, New 
Zealand and Other European Union [EU]). Bubble size is proportional to the mass supplied.

T. Hess et al.                                                                                                                                                                                                                                     Agricultural Water Management 323 (2026) 110070 

5 



Sustainable Development Goals numbers 7, 12 and 13 (United Nations, 
2015). Improving the energy mix, particularly in the UK, would offer an 
opportunity to reduce the emissions associated with cold storage. The 
choice of CA technology can also impact the GHGE. Boschiero et al. 
(2019) found that the use of DCA storage was shown to have 36 % 
higher GHGE than ULO storage because of its higher electricity demand. 
100-fold variation in GHGE emissions were given for cold storage 
(Longo et al., 2017; de Kock et al., 2019), demonstrating the need for 
standardisation in low-emission refrigeration. Lastly, there are de
velopments in postharvest treatment that could help reduce the GHGE of 
the cold storage stage. The use of 1-MCP, as an alternative post-harvest 
storage method to CA, has been shown in several studies to delay apple 
fruit softening by inhibiting ethylene perception (Watkins, Nock and 
Whitaker, 2000; Watkins, 2008; Win et al., 2021). The use of 1-MCP 
could reduce GHGE of postharvest storage as it removes the require
ment for facilities to regulate and monitor O2/CO2 levels, although its 
use in combination with DCA may enable storage at warmer tempera
tures to reduce GHGE from refrigeration (Köpcke, 2015). Although the 
use of 1-MCP is not approved for commercial use in all countries, it is 
approved in all five of the countries in the scope of this study (Watkins, 
2008).

Potential GHGE reductions from improved energy or cold storage 
practices are an important area for future mitigation, but they were not 
quantified in this study because doing so robustly requires region- and 
technology-specific data that are outside the scope of our dataset. 
Credible scenario quantification would demand i) baseline refrigeration 
and postharvest energy use by exporting region and storage pathway (e. 
g. bulk cold storage, CA storage, refrigerated transport), ii) representa
tive storage durations and throughput, and iii) accurate electricity grid 
carbon intensities and likely technology adoption rates for each origin. 
These inputs are highly variable across supplier countries and years; in 
their absence any numeric scenario would depend on extensive, 
location-specific assumptions and could therefore be misleading. We 
herein provide a qualitative assessment: energy and cold-chain im
provements (more efficient refrigeration equipment, reduced losses, and 
lower carbon electricity) would be expected to lower per-kg GHGE from 
post-harvest stages, but the magnitude of reduction will depend strongly 
on origin-specific practices and electricity decarbonisation.

4.2. Addressing blue water scarcity footprint

WSF estimates are highly polarised between areas of negligible WSF 
(Italy, New Zealand, Ireland) and substantial (Chile, Spain, South Af
rica), corresponding with past findings that the water footprint increases 
with imported produce compared to home-grown fruit (Frankowska 
et al., 2019). Per kg, the water footprint of apple is comparatively small 
when compared with other fruit types – it is only 3.9 % of avocado 
(Frankowska et al., 2019), but given the large market volume the 
resultant WSF impact of apple will be substantial in import sourcing 
countries.

Yield enhancement through irrigation will negatively impact sus
tainability (Rosa, 2022), but management practices which enhance 
water use efficiency may mitigate this. Irrigation demand may vary 
between agronomic need (e.g. overhead spraying for spring frost pro
tection or to sustain growth during drought), and will have a significant 
impact on fruit quality and nutrient management practice (Musacchi 
and Serra, 2018). Firstly, increasing yields provides an opportunity to 
decrease the water scarcity footprint per 1 kg of apples retailed, as the 
impacts at farm level are shared across a larger quantity of produce. 
Although some additional water may be required to achieve higher 
yields, the benefit of increased yields typically outweighs the increase in 
water consumption, therefore closing the yield gap in South Africa, Chile 
and France would improve the water scarcity footprint per 1 kg of fresh 
apples. Management practices which enhance water use efficiency such 
as deficit irrigation or rootstock selection may reduce crop irrigation 
demand (Musacchi and Serra, 2018). Reduction of evapotranspiration 

may also reduce irrigation demand, such as the use of protective netting. 
Although primarily used for protection against hail and sunburn dam
age, protective netting has a plethora of other impacts, including 
reduced water consumption (Mupambi et al., 2018; Szabó, Tamás and 
Nagy, 2021). Protective netting usage changes the microclimate around 
the orchard system, allowing less solar radiation to reach the trees and 
lower wind speeds, with the total potential evapotranspiration being 
reduced by approximately 30 % under netting (McCaskill et al., 2016). 
This results in lower water requirements in the orchard system. When 
experiencing periods of moderate water stress, López et al., (2018)
found that trees under netting had yields 4–8 kg higher than those 
without nets, demonstrating that the use of nets during periods of 
moderate water stress can help maintain yields. Under severe water 
stress conditions however, the installation of netting was not effective. 
Overall, the installation of nets when moderate water stress is expected 
could be beneficial to both water consumption and maintaining yields, 
alongside other benefits such as hail and sunburn damage. This is of 
particular relevance to Chile and South Africa, where periods are 
moderate water stress can frequently occur and adaptations will be 
required for increased water stress in the future (Olabanji et al., 2020; 
Valdés-Pineda et al., 2014). Lastly, water scarcity footprints could be 
decreased through large infrastructural changes. For example, the 
Berg-Breede Basin, the key water source in the Western Cape region of 
South Africa, is projected to have a water deficit of 834 million m³ /year 
due to trebled urban and domestic demand as well as increased indus
trial use. Some organisations hypothesise that agriculture will be 
required to transfer some of its water resource allocation to other users, 
and this expectation has resulted in the pursuit of investment in an 
irrigation system using the Olifants/Doring River system as an alterna
tive (Vink and Tregurtha, 2005). If these infrastructural changes were to 
incorporate methods to improve the seasonality of water withdrawal, for 
example the use of a dam which is filled during times of water abun
dance which can then be drawn upon for irrigation during the seasons 
when water is scarce, the overall water scarcity index for the region 
would be reduced, and therefore the resulting water scarcity footprint.

Reducing GHGE and WSF in apple supply chains can involve trade- 
offs. For example, energy intensive storage technologies like CA or 
DCA can extend shelf life and reduce food loss, lowering GHGE per kg of 
fruit delivered, but they increase electricity demand, which may raise 
emissions in regions reliant on fossil fuels. Conversely, irrigation and 
protective measures such as netting can reduce WSF by increasing yields 
or lowering evapotranspiration, yet irrigation powered by fossil-fuel 
pumps can increase GHGE. These examples highlight that in
terventions to mitigate one environmental impact may inadvertently 
exacerbate another, emphasising the need for integrated strategies that 
balance carbon and water impacts across production, storage, and 
transport.

4.3. Sourcing strategies

Alongside actions that reduce the blue water scarcity footprint and 
GHGE within the supply chain, the UK’s choice of sourcing strategy can 
also reduce these environmental impacts. At national level, UK fresh 
apple supply is reliant on domestic production and imports from six key 
trading partners. Although Germany and Italy have not been evaluated 
in this study, if the water scarcity footprint and GHGE values for France 
are used as proxy, and all imports from Europe are combined, we can 
consider the impacts at a national level. Although South Africa repre
sents less than 15 % of supply, it accounts for over 70 % of the blue 
water scarcity impacts of UK fresh apple supply. Similarly, Chilean 
produce accounts for a higher proportion of blue water scarcity than its 
proportion of supply, by a factor of approximately three. The northern 
hemisphere countries supply over 70 % of UK apple demand, however 
they only account for 8 % of the blue water scarcity footprint and 57 % 
of the GHGE of the UK consumption. Consequently, adjusting the mix of 
countries from which the UK sources fresh apples is an approach which 
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can be used to reduce the environmental impacts at a national level 
Fig. 4.

The impacts of alternative sourcing strategies can be estimated. For 
example, South Africa is the southern hemisphere country from which 
the UK imports the largest quantity of apples. If produce currently 
sourced from South Africa was to be sourced from Chile instead, the total 
blue water scarcity footprint for UK supply would decrease by 30 %, and 
the GHGE would decrease by 13 %. However, sourcing from a single or 
narrow range of countries can result in increased exposure to risk and 
vulnerability to shocks in the food system (Kummu et al., 2020). Typical 
calculations of a country’s GHGE use a production approach, rather than 
evaluating the emissions of a country’s consumption, which can result in 
the “off-shoring” of a country’s environmental impacts (Motaal, 2011). 
When apple supply is assessed using UK domestic production only, the 
environmental impacts are severely underestimated because imports are 
excluded. Compared with the footprint of all apples consumed in the UK 
(domestic + imported), the calculated impacts are 99.6 % lower for blue 
water scarcity footprint and 63.8 % lower for greenhouse gas emissions.

4.4. Apple beverages: important product to consider

Although this study focuses on fresh apples, apple beverages repre
sent a major component of global apple use and therefore contribute to 
the overall environmental footprint of the sector. Approximately21.5 % 
of global apple production is processed into beverages such as juice and 
cider, with juice being the dominant processed product (Ampese et al., 
2023). Juice production involves milling and pressing apples, gener
ating pomace as a by-product, and the energy required for these stages is 
a principal contributor to GHGE (Lyu et al., 2020).

Processing can significantly increase emissions relative to fresh fruit. 
For dried apple, 73 % of total GHGE (4.72 kg CO2e/kg) results from the 
energy demands of processing, although impacts can be reduced 
through multi-stage freeze-drying rather than conventional heated 
drying (De Marco et al., 2015). Processing emissions for juice are lower 
per kilogram of product (0.17 kg CO2e/kg for fresh and 0.44 kg CO2e/kg 
for concentrate), but overall impacts rise when considering packaging 
and cold chain requirements, contributing a further 1.3 kg CO2e/kg 
(Frankowska et al., 2019).

In the UK, juicing represents a minority route due to comparatively 
low value, yet around one third of the domestic apple production is used 
for cider (DEFRA, 2020), making this the predominant processing 
pathway for UK grown apples. Cider production incurs additional im
pacts from fermentation and bottling in glass, resulting in GHGE around 
50 % higher than juice alone (Smith and Lal, 2022). Importing processed 
products can further elevate impacts due to transport, with juice from 
concentrate generating 1.71 kg CO2e/kg between production and retail 

compared with 1.26 kg CO2e/kg for UK produced juice (Frankowska 
et al., 2019).

While processing increases environmental burdens, it can also 
reduce losses by utilising lower grade fruit and extending shelf life. 
Pomace (25–30 % of original fruit mass), may also be valorised through 
animal feed or other uses, creaing opportunities to offset impacts within 
the supply chain (Lyu et al., 2020).

Even though the paper does not focus on beverages, literature review 
highlighted that besides fresh apple, significant GHGE result from pro
cessing, which is dominated by beverage production such as juice and 
cider, or dehydrated apple for reconstitution in food such as infant feed 
(Soler et al., 2009; Soto-Silva et al., 2017). Additional energy needs 
during processing can significantly increase GHGE, with 73 % of GHGE 
for UK dried apple (4.72 kg CO2e/kg) incurred during processing 
(Frankowska et al., 2019). Impacts from drying can be reduced by using 
multi-stage freeze drying rather than conventional heated drying, 
although costs can be prohibitive (De Marco et al., 2015). Juicing gen
erates smaller GHGE impacts during processing, contributing 0.17 kg 
CO2e/kg for fresh and 0.44 kg CO2e/kg for concentrated juice products, 
although more significant contributions will be made through re
quirements for packaging (0.6 kg CO2e/kg) and refrigeration during 
transport and retail (0.7 kg CO2e/kg) that is not require for dried 
products (Frankowska et al., 2017). Juicing of UK apples is a minority 
route due to low market value, but one third of UK apple production is 
used for cider (DEFRA, 2020) making this the predominant processing 
route for UK grown apples. Cider production from juice will incur 
additional impacts through fermentation and bottling in glass, with 
GHGE 50 % greater than that of juice alone (Smith and Lal, 2022). 
Processing impacts vary significantly between country of production, 
with imported juice from concentrate incurring GHGE of 1.71 kg 
CO2e/kg between production and retail compared with 1.26 kg CO2e/kg 
for UK juice (Frankowska et al., 2019) due to differences during pro
duction and transport. While UK production for juice and dehydrated 
apple is minimal due to low market value, c. 33 % of UK apple pro
duction is used for cider (DEFRA, 2020). Cider production will incur 
significant GHGE due to additional processing (fermentation) and 
packaging (glass bottles) requirements, giving GHGE of 3.7 kg CO2e/kg, 
or 150 % that of juice. The reliance on imported dried apple and apple 
juice will increase GHGE due to transport, and while emissions from 
processing are unlikely to vary between country of origin significant 
variation in estimates for the impact of processing may hinder analysis 
of the effect of processing supply (Frankowska et al., 2019; de Kock et al. 
(2019).

While processing increases the environmental impacts of apple 
production, this may be partially offset by reducing the impact of apple 
loss/waste through utilisation of lower quality fruit and shelf life 
extension. While processing may also generate additional waste streams 
(e.g. pomace from juicing, constituting 25–30 % of the original fruit’s 
weight) this may have alternative uses within the supply chain to further 
reduce environmental impacts (Lyu et al., 2020).

4.5. Limitations in the methodology

A wide range of methods and assumptions were used but most 
studies followed life cycle assessment procedures following ISO 14044 
and 14040 (2006). A few used other approaches or did not explicitly 
state the method. The literature review resulted in studies employing 
range of methods, including PAS 2050 (British Standards Institution, 
2008), Greenhouse Gas Protocol (Greenhouse Gas Protocol, 2021) and 
LCAs using a range of ecoinvent databases and ISO standards 
(Ecoinvent, 2021; ISO, 2016). These studies each had different scopes, 
system boundaries and inventories, hindering direct comparisons be
tween separate studies (Clune et al., 2017). However, despite the diffi
culties in making direct comparisons, a systematic literature review 
remains a valid approach when evaluating the current state of research 
and when aiming to evaluate a range of values. The use of a systematic 
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Fig. 4. Proportion of supply, blue water scarcity footprint and greenhouse gas 
emissions for UK apple fresh apples, for produce with country of origin in the 
United Kingdom (UK), Europe, South Africa, New Zealand and Chile.
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review approach has allowed us to draw initial findings when comparing 
countries, as well as highlighting the limited amount of research for 
Chile and South Africa, with only one paper each, written in 2021 and 
2019 respectively.

Within the agricultural stage, the GHGE of orchard systems can be 
evaluated using a variety of approaches, with inconsistencies as to the 
inclusion of the nursery phase, carbon sequestration and the number of 
harvest seasons (Table S4). Alaphilippe (2016) found that when un
productive phases were included, they represented 15 % of the GHGE of 
an orchard system, therefore the impact to the results of including 
different stages is sizeable. These inconsistencies could be overcome 
through the use of a universally agreed standard in orchard systems, for 
example PAS 2050, described as “milestone in carbon footprinting in 
horticulture” (Blanke, 2014).

The maritime shipping stage can also be evaluated using a variety of 
methods, sometimes resulting in contradictory values. The seven values 
obtained for the GHGE of shipping from New Zealand to the UK are wide 
ranging, with the maximum value over seven times larger than the 
minimum value, resulting in a high level of uncertainty when drawing 
conclusions for the total GHGE for New Zealand produce. Firstly, this is 
driven by the overall approach used and the associated scope, for 
example Fitzgerald (2011) obtain values using a desktop exercise of key 
emissions, whereas McLaren et al. (2009) use a full LCA methodology 
and include smaller emissions contributors in their calculations, such as 
the backhaul of empty shipping containers. Secondly, the shipping 
emissions differ due to factors such as the assumed distance travelled, 
with Saunders and Barber (2017) assuming a direct path to the UK of 17, 
840 km, whilst Fitzgerald et al. (2011) assume a mean annual value of 
23,800 km, allowing for other ports to be visited during transit. The 
latter approach is likely to be more accurate given that only 13 % of 
apples exported from New Zealand are shipped directly to their final 
destination (Fitzgerald et al., 2011). A number of other inconsistent 
assumptions also arise, for example the emissions from fuel used (2.68 
kgCO2/L diesel assumed in Saunders and Barber 2017 compared to 3.55 
kgCO2/L heavy fuel oil assumed in Rizet et al., 2012). Overall, given the 
size of the contribution to total GHGE (47–70 % of the New Zealand 
total value) a universally agreed method would be beneficial not only for 
reducing the uncertainties within findings of this study, but for the 
estimated 31 % of the world’s food supply chain which requires refrig
erated transport (Jolly et al., 2000).

The method adopted in this study resulted in few GHG values for the 
road transportation stage. This is due to the nature of the search terms, 
where inclusion of the terms “apple” or “Malus domestica” were 
compulsory, and therefore papers about generic road transportation 
were excluded from the review. However, given the small overall 
contribution of road transportation to the GHGE of the total apple 
supply chain, the uncertainty around these values is of less concern for 
the purposes of this study.

Postharvest treatment in particular shows significant variation be
tween studies, such as storage temperatures, longevity and handling 
practice (e.g. CA/DCA, chemical use) or inclusion of refrigerant type and 
leakage on GHGE calculations. When considering the contribution of 
cold storage to the GHGE, it should be noted that the values obtained in 
the literature review assumed 5–7 months in storage (Frankowska, 
Jeswani and Azapagic, 2019; Saunders and Barber, 2017; Webb et al., 
2013). We can estimate the impact of 10 months storage by extrapo
lating the mean monthly value from the three studies, resulting in 0.25 
kgCO2e/kg for the storage stage. This value is comparable to the mean 
maritime shipping stages of South Africa of 0.26 and 0.24 kgCO2e/kg 
respectively. However, greater understanding of the environmental 
impacts of postharvest handling strategies will be necessary to ensure 
accurate comparisons between alternative supply chains.

A limitation of this approach is the lack of accounting for waste, as 
storing apples for greater than four months results in gradually higher 
levels of loss, reaching an estimated 15–40 % after 10 months (Milà I 
Canals et al., 2007). This quantity of wastage would impact both the 

GHGE and blue water scarcity footprint per 1 kg of apples at RDC, as a 
higher quantity of harvested apples would be required to result in 1 kg 
viable for retail. Milà I Canals et al. (2007) give a thorough evaluation of 
four different apple sourcing scenarios across different times of the year 
(October, January, April, August), accounting for waste levels, and 
evaluates the primary energy usage for each scenario. The approach of 
evaluating four different times of year is beneficial as it is effective in 
demonstrating how sourcing impacts differ during the annual cycle, 
rather than considering only one point in time as is typical in the broader 
literature, including the papers within this systematic review. A similar 
study for GHGE would be a valuable next step.

The stages of transportation from farm to port, and the stage of port 
operations, were rarely included in studies, and when they were 
included they were found to be a minor contributor to the total supply 
chain (for example Chilean port operations emitted 1.2 % of total GHGs 
evaluated in the study by Iriarte et al. 2021).

Overall, comparing studies of GHGE is difficult due to different 
methodologies used. A consistent approach applied across all five 
countries would be more conclusive and draw fair comparisons. The 
development of a consensus for a universal method would be of 
particular interest and importance to those retailers who wish to publish 
carbon footprints on product packaging (Rondoni and Grasso, 2021).

In practice there is a wide range of environmental externalities of 
apple supply chains which would add further trade-offs to those 
considered above. For example, LCA studies typically consider the 
impact categories of climate change, photochemical oxidants formation, 
acidification, nutrification, human toxicity and ecological toxicity (Milà 
I Canals, Burnip and Cowell, 2006). In addition, apple supply chains 
have both social and economic externalities. Growing high-value hor
ticulture crops generates substantive socio-economic benefits in low 
income countries. It can enhance the welfare of small-scale farming 
communities ( Maertens and Swinnen, 2012), provide secure employ
ment, lead to higher, and more stable, incomes (Maertens and Swinnen, 
2012) for large numbers of people and empower women in rural com
munities (Krumbiegel et al., 2020). Economic and social externalities of 
fruit and vegetable supply chains are of critical importance and requires 
further research. However, some recent developments have been made 
in this area. For example Gao et al. (2021) propose a conceptual 
framework for the consideration of environmental and economic 
trade-offs of orchards in Chinese drylands).

5. Conclusions

The environmental impacts of UK apple supply vary widely by 
country of origin, with southern hemisphere imports, particularly from 
South Africa and Chile, contributing high BWS due to irrigation de
mands, while northern hemisphere imports generally have lower water 
impacts but moderate GHGE from storage and energy use. Cold storage 
is a key driver of GHGE, and strategies to reduce water use, such as 
irrigation efficiency or protective netting, can sometimes increase 
emissions, highlighting trade-offs between carbon and water impacts. 
Processing and transport add additional emissions but can reduce losses 
and valorise by-products, further demonstrating the need for integrated 
supply chain strategies. Mitigation opportunities exist at multiple stages, 
including improved yields, storage efficiency, sourcing strategies, and 
infrastructure to manage water availability. Adjusting the mix of 
sourcing countries can also reduce impacts, though over-reliance on a 
narrow set of origins may increase supply chain vulnerability. This study 
has highlighted limitations in data available, including inconsistent life 
cycle assessment methods, incomplete data for some countries, and 
partial accounting for postharvest losses and processing impacts. Future 
work should generate region- and technology-specific data, quantify 
trade-offs between GHGE and water use, and incorporate social and 
economic factors to support more sustainable supply chains.

Overall, considering multiple environmental indicators provides a 
clearer understanding of apple supply chain impacts, enabling 
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policymakers, retailers, and consumers to make more informed de
cisions to promote a resilient and sustainable apple supply for the UK.
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