
energies

Article

Are Short Food Supply Chains More Environmentally
Sustainable than Long Chains? A Life Cycle
Assessment (LCA) of the Eco-Efficiency of Food
Chains in Selected EU Countries

Edward Majewski 1, Anna Komerska 2 , Jerzy Kwiatkowski 2 , Agata Malak-Rawlikowska 1,* ,
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Abstract: Improving the eco-efficiency of food systems is one of the major global challenges faced by
the modern world. Short food supply chains (SFSCs) are commonly regarded to be less harmful to the
environment, among various reasons, due to their organizational distribution and thus the shortened
physical distance between primary producers and final consumers. In this paper, we empirically
test this hypothesis, by assessing and comparing the environmental impacts of short and long food
supply chains. Based on the Life Cycle Assessment (LCA) approach, we calculate eco-efficiency
indicators for nine types of food distribution chains. The analysis is performed on a sample of
428 short and long food supply chains from six European countries. Our results indicate that,
on average, long food supply chains may generate less negative environmental impacts than short
chains (in terms of fossil fuel energy consumption, pollution, and GHG emissions) per kg of a given
product. The values of eco-efficiency indicators display a large variability across analyzed chains,
and especially across different types of SFSCs. The analysis shows that the environmental impacts of
the food distribution process are not only determined by the geographical distance between producer
and consumer, but depend on numerous factors, including the supply chain infrastructure.

Keywords: eco-efficiency; environmental impact; GHG emissions; energy consumption; food chain;
short food supply chains (SFSCs); Life Cycle Assessment (LCA)
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1. Introduction

The environmental impacts of food distribution systems are primarily related to the transportation
of goods. Improving the eco-efficiency in transport, currently estimated at around 15% of global
greenhouse gas (GHG) emissions [1], represents one of the major challenges of the modern World [2–4],
becoming one of the goals of the EU climate and energy policy [5].

The shortening of supply chains, which is usually associated with shortening the distance over
which agri-food products “travel”, is often treated as a strategy to reduce energy consumption in
transport and improve environmental performance of distribution processes in general. This is quite
commonly considered a factor in reducing transportation-related negative externalities [6–8], but this
stereotypical view is being more and more frequently questioned [9–12].

In this context, the promotion of short food supply chains (SFSCs) to support environmental
sustainability is an increasingly debated topic [7,8,13–15]. The European Rural Development Regulation
(1305/2013) defines a short supply chain as one that “has a limited number of economic operators,
committed to co-operation, local economic development, and close geographical and social relations
between producers, processors and consumers” [16]. The specific feature of SFSCs, referring to this
definition, is the existence of a limited number (usually maximum one) of intermediaries between
the farmer (primary producer) and the final consumer. The concept of short food supply chains has
been particularly promoted in the EU in recent years, constituting an important element of the Rural
Development Policy [16]. This is because of envisioned advantages of short food distribution models,
which include, among others, economic value added for food producers and social benefits, such as the
identification of a food’s place of origin and direct contact with the producer, which are valued highly by
many consumers [17]. It is also believed that short food supply chains generate environmental benefits
by shortening the distance travelled by food (agricultural products). This is, however, an assumption
that requires challenging and which will be empirically discussed in this paper.

Some researchers note that due to the small share of transport in total GHG emissions generated
in food production, distribution and consumption, the issue of food supply chain length is of little
importance for environmental sustainability [11,18,19]. However, the 9.7% share of logistics processes
in the estimated total energy consumption of production and distribution [20] cannot be considered
unimportant and, thus, the environmental impacts of distribution models, including transport, must not
be neglected [20–24].

Food supply chain management is a complex process, largely because of specific requirements
related to functional characteristics of food and fresh food in particular [25–27]. It requires, among others,
maintaining the continuity of supply that is the basis of food security [28–31], which induces systematic
and continuous transport activities. The logistics infrastructure (the assets of the wholesalers and
retailers, including cooling equipment) plays an important role in the food distribution process, which
is necessary to ensure proper conditions for food storage and delivery to the final consumer.

To date, most of the environmental impact assessments of supply chains presented in the literature
are qualitative and limited to Food Miles calculation and/or the transportation-related emissions of
greenhouse gases, expressed in CO2 equivalent. However, there is a lack of comprehensive analysis of
environmental impacts of food supply chains of different organizational structures and lengths, which
would cover a whole complexity of distribution chains, while taking into account the life cycle of all
assets employed.

In our paper, we attempt to fill in this existing gap. The main goal of the article is to empirically
assess the environmental impacts of short and long food supply chains through the estimation of
selected eco-efficiency indicators. Referring to the views commonly presented in the literature on the
environmental benefits of short food supply chains (SFSCs) we attempt to verify the main hypothesis
stating that short food supply chains are less harmful to the environment than conventional, long
supply chains.

The methodology applied in our study is based on the Life Cycle Assessment (LCA) approach
and the eco-efficiency concept.
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The paper is structured as follows: the introductory section defines the research problem and
presents the objective of the study. Section 2 provides a discussion of the main literature on short
and long food supply chains and associated environmental impacts and introduces the conceptual
framework. This is followed by Section 3, which explains the research methodology. Section 4 provides
a discussion of the main research findings and Section 5 summarizes the key conclusions from the study.

2. Literature Review

2.1. Short vs. Long Food Supply Chains and Their Environmental Impact

Historically, there were two basic food supply models for food market-direct deliveries to
consumers and sales on farmer’s markets. Their importance was systematically diminished mainly due
to the growth of the food processing sector. As a result, as well as due to processes of industrialization,
urbanization, and the development of long-distance transportation [32], the supply chains were
extended to include intermediaries and expand transportation functions. In the course of these
changes, the market became dominated by logistically complex mass distribution systems; although,
compared to many highly globalized supply chains, the food market is less concentrated. Nowadays,
a renaissance of traditional forms of food sales can be observed, but other, innovative types of short
supply chains are also emerging [12,33].

The distinguishing feature of short supply chains is a specific type of relation between key actors
of the food chain—primary producers (basically farmers)—and consumers [34,35] that includes “face
to face” contact (purchases directly from producers), “spatial proximity” (production and distribution
locally) and “spatial extension” (consumers have information about the place and production process).

Referring to this type of relation, an approach to defining short supply chains was proposed by
Malak-Rawlikowska et al. [12] based on the three “proximity” dimensions:

• “geographical proximity”, which expresses the physical distance of transportation, measured
with Food Miles, travelled by the product from the location of production to the living place of
the final consumer;

• “social proximity”, which refers to the close ‘relationship’ between the producer and consumer of
the food, resulting in the direct transfer of information and mutual trust;

• “organizational proximity”, which is related to the number of intermediaries in the food
supply chain.

It is believed that shortening the distance that food products travel before reaching the consumer,
which is one of the fundamental characteristics in the concept of short food supply chains [7,8,13–15,36],
should reduce the negative environmental externalities related to transport (energy consumption,
GHGs and other emissions) [11,15,18,19,37]. However, Kneafsey et al. [15] (p. 32) underline that several
publications characterized SFSCs as “beneficial for the environment”, however without providing “any
further qualitative or quantitative evidence to substantiate claims made”. Moreover, Galli et al. [10]
(p. 9) emphasize that “SFSCs are not by definition more environmentally friendly than conventional,
longer supply chains”. However, it is proven that SFSCs can bring economic benefits to farmers and
the local economy, as well as to increase consumer confidence in the products they buy and their
producers [6,8,10,14,15,19,38].

Economic and social benefits (close co-operation, geographical and social relations between
producers, processors and consumers) that may be attributed to short food supply chains appear to be
indisputable. There is growing evidence that short distribution chains indeed provide added value for
producers [8,10,12,15,19,38,39] and generate social benefits [15,17,40–42].

Commonly shared opinions on the environmental benefits of using short food supply chains
are based on mainly qualitative assessments, shaped by the simple association of geographical
proximity and short transportation distances with low energy expenditure and relatively less harmful
environmental impacts. This opinion, however, is hardly defendable in light of the most recent studies.
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Gonçalves and Zeroual [43] and Mancini et al. [44] emphasize that the need for frequent, multiple
deliveries of small quantities of products may have negative impacts on environmental sustainability;
however, according to Bloemhof and Soysal [45], there are negative impacts, but they are “not
so important”. The results of quantitative assessments of sustainability of short food supply chains
from the study conducted within the Strength2Food (The European Union’s Horizon 2020 research and
innovation project “Strengthening European Food Chain Sustainability by Quality and Procurement
Policy” (grant agreement no. 678024)) project, although limited to transportation activities, prove that
doubts concerning environmental benefits of SFSCs are fully justifiable [12].

The burden on the environment with the negative consequences of food distribution processes is
determined not only by the geographical distance between the farmer (producer) and the consumer.
There are several factors to be taken into account, such as the infrastructure along the supply chain,
the type (capacity) of vehicles used, as well as the conditions in which food is transported [21,46],
stored (e.g., refrigerators, freezers, etc.) and displayed in retail outlets.

The need for economical management of natural resources and the minimization of negative
externalities in line with the Sustainable Development paradigm is of particular importance in the
context of accelerating climate change. This increases the pressure to search for solutions that reduce
energy consumption and GHG emissions not only in the sphere of food production, but also in general
in distribution processes [21,47–51].

2.2. Eco-Efficiency Concept and Life Cycle Assessment to Measure Environmental Impacts

The concept of eco-efficiency, which appeared in the literature in the early 1990s, was disseminated
widely by the World Business Council for Sustainable Development (WBCSD) as an approach to
strengthen the competitiveness and environmental responsibility of enterprises [52–54]. Nowadays,
the concept of eco-efficiency is perceived as a quantitative tool for the simultaneous assessment of
economic and environmental aspects of economic systems [55], being considered one of the most
important instruments used in sustainability assessments [56–58]. The practical implementation of
the eco-efficiency approach leads to the delivery of “competitively priced goods and services that
satisfy human needs and bring quality of life while progressively reducing environmental impacts of
goods and resource intensity throughout the entire life cycle to a level at least in line with the Earth’s
estimated carrying capacity” [59]. Maxime et al. [60] consider the eco-efficiency approach an effective
way to evaluate Sustainable Development parameters aimed at reducing the consumption of natural
resources and mitigation of negative environmental impacts of manufacturing processes.

Eco-efficiency can be defined as the relation of an effect, most often expressed as the value of
products at the firm, sector or even the entire economy level, and inputs constituting a measure of
environmental pressure generated by this firm, sector or the economy [61]. Gómez-Limón et al. [53]
emphasize that eco-efficiency reflects the possibility of achieving specific economic results with the
minimal use of natural resources, causing the least possible damage to the environment.

In the most general approach, the measurement of eco-efficiency is based on partial or composite
indicators reflecting the relationship between specific environmental categories, which express the
impacts of the production system on selected elements of the natural environment, and economic
effects that reflect the production and economic performance of this system. In our study, for the
eco-efficiency measurement, several eco-efficiency indicators were used, as derived from the general
equation [62]:

ECO− EFFICIENCY =
ENVIRONMENTAL COSTS (INPUTS)

ECONOMIC EFFECTS (BENEFITS)

The Life Cycle Assessment methodology offers the most comprehensive, but also the most complex,
approach to the environmental impact analysis, thus providing the possibility of estimating a variety
of specific eco-efficiency indicators [63].

The origin of the use of LCA for eco-efficiency measurements is related to the methodology
proposed in 1996 by BASF [64]. The originally proposed methodology was aimed at supporting
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business projects by enabling the assessment of various production solutions while taking into account
their long-term environmental impacts and their economic significance.

Concepts of eco-efficiency measurement and Life Cycle Assessment have been primarily applied
in analyses related to industrial products and processes, also covering transportation. In recent years,
there have been a growing number of applications related to the agri-food sector that focus on farm-level
assessments of production systems [55,65–68].

LCA-based eco-efficiency assessments of entire food supply chains are limited so far and are related
mainly to single products. Usually, these analyses do not focus on the distribution chains themselves,
but on the entire life cycle of agricultural and food products, covering agricultural production and the
processing phase [11,18,19,69,70].

To the best of our knowledge, however, the concept of the LCA methodology to assess eco-efficiency
of various types of food distribution chains, defined according to the proximity dimensions, has not
yet been applied.

In presenting the results of our study, we intend to suggest a methodological approach that may
be best suited to this type of analysis.

A comprehensive assessment of the environmental impacts of various supply chains requires
considering all effects generated throughout the product or system’s life cycle [71], including energy
consumption as well as the use of capital assets involved. Due to its holistic nature, Life Cycle
Assessment is a universal approach to quantitative environmental analyses. Despite some criticism
and limitations [72,73], the LCA methodology is a commonly applied and recognized method for
environmental assessments brought into elementary level, referring to a single material and product.
The environmental performance of a product is generally shown in an Environmental Product
Declaration (EPD) where environmental indicators are defined and standardized according to a
set of standards on LCA (ISO 14040, ISO 14044, ISO 14025 and EN15804) or in the Environmental
Certificate provided by the manufacturer. In recent years, the EPD database has grown substantially
and it now covers a wide range of categories, including services, materials, vehicles, packages, food,
machinery, chemical products and many other. More information on the environmental impacts of
various products or materials can also be found in the literature. Regarding transportation, the share
of transport in global greenhouse gases (GHG) in typical modes of transport [74–77] as well as
electric vehicles [76,78,79] was analyzed in a search for ways of reducing emissions and global energy
consumption [1]. Despite a considerable amount of literature studies concerning the environmental
impact of different transportation modes [76,80–82], most of the studies are focused only on the level
of greenhouse gas emissions expressed in the Global Warming Potential (GWP) index.

Regarding the construction industry, LCA is used mainly to assess the environmental performance
of buildings through their life stages, including emissions from building materials, the construction
process, the use of energy and demolition [83–86]. Therefore, it is often applied to building certification
systems and building benchmarking [87–90] or used as a tool in decision processes towards sustainable
building or neighborhood design [91–93]. Many studies show that, in conventional buildings, the
majority of the energy and GHG emissions, accounting for 80–90% of the total carbon footprint, are
related to the operational stage [94,95].

There are examples of using the LCA approach in the evaluation of supply chain configurations [96,97].
The LCA methodology is also applied to agricultural production and food products. Taking this
perspective may lead to conclusions about a relatively small share of transport and distribution in the
total loads generated in the life cycle of agri-food products, resulting possibly in recommendations
to search for ways to reduce emissions other than via distribution links in the food supply and
consumption system [11,18,19]. Similarly, in other industries, the inclusion of all life cycle phases in the
LCA assessment makes the production phase the dominant factor. On the other hand, narrowing the
scope of the analysis to the distribution segment may suggest that the distance over which products
are transported plays a more important role [77]. The case is not clear-cut, however, as it can also
be pointed out that in some cases the transportation link is responsible for even 50–70% of the total
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carbon footprint, e.g., when fresh vegetables or fruits are transported by energy-intensive means of
transport over considerable distances [18]. The assessment of the environmental impacts generated
beyond farm gate should not, however, be limited only to food transportation related to emissions
from fuel combustion. It should include the whole complexity of food distribution chains such as the
necessary infrastructure of all kinds of stores, the energy needed for keeping stores running, cooling
energy for food preservation and emissions from the production of transportation vehicles. The LCA
is well suited to make such complex assessments.

3. Materials and Methods

3.1. Primary Data Collection

The eco-efficiency LCA assessment was performed on a sample of 191 food producers (169 farmers
and 22 fishmongers) participating in short and long food supply chains in six European countries:
France, Hungary, Italy, Norway, Poland and the United Kingdom (Table 1). Fishmongers were
integrated in the United Kingdom and Norway samples due to the importance of the fish industry
in the agri-food sector in these countries. It should be emphasized here that fishmongers’ activities
are not agricultural or land based (as in the case of fish farms), but have been investigated as types of
market channels used by farmers. In order to simplify the analysis in the paper, we will be referring to
‘farms’ from now on.

Table 1. Number of farms and chains in the research sample.

Country France Hungary Italy Norway Poland United Kingdom Total

Number of farms 22 39 22 16 57 35 191
of which:

Farms 22 39 22 14 57 15 169
Fishmongers - - - 2 - 20 22

Number of chains 65 79 63 32 120 69 428
of which:

short chains 52 61 53 24 54 56 300
long chains 13 18 10 8 66 13 128

Source: own elaboration.

The total number of chains detected in the sample noticeably exceeds the number of farms, because
individual farmers use several distribution paths to sell the same product [12] (see Section 3.2). Sales to
processors are not covered by the present study, because the analysis of the distribution channels
downstream of food processing is beyond the scope of our research.

The selection of farms included in the sample meets the following two criteria: (1) farms
participating in at least one type of SFSC; (2) farms operating in one of the product categories defined
in Table 2. According to these criteria, selected farms were interviewed in relation to the food products
belonging to the specified product categories, so that the analysis of the farms’ distribution channels
related only to these products.

Table 2. Number of chains used by producers for distribution of products in the sample.

Category of Product Total Number of Chains Short Chains Long Chains

Fruits 96 46 50
Vegetables 89 77 12

Fish and Seafood 46 36 10
Cheese 93 66 27
Meat 45 39 6

Honey 32 23 9
Eggs 6 5 1

Total 428 300 128

Source: own elaboration.
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The sample is not representative of the whole population of food distribution chains and farms
across countries. A representative sample would require random sampling, which is not feasible,
since databases with information on the structure of distribution channels is not available. Nevertheless,
this large sample allows for a detailed comparison of short and long food supply chains and for
drawing conclusions on the regularities observed in food distribution.

Data were collected through surveys conducted between November 2017 and November
2018 with the use of a dedicated questionnaire. All the questions were tested in pilot surveys
conducted in Poland and in France. The questionnaire covered the following areas: farm description
(labor, production structure, means of transportation, turnover); sales (quantities sold to different
distribution chains, prices, locations and distances to final destinations); specific distribution related
data (amounts transported in single deliveries, labor inputs, costs of packaging, other distribution costs);
self-assessment of bargaining power and chain evaluation by producers.

3.2. Typology of Food Supply Chains

There are several types of food supply chains that may be distinguished in relation to different
parameters such as the product’s destination, the number and roles of intermediaries involved, and
the type of product [15,34,35,98–100]. In accordance with the study by Malak-Rawlikowska et al. [12],
nine ‘short’ and ‘long’ distribution chains were selected for our study (Table 3). All chains with none
or a single intermediary between consumer and producer were categorized as ‘short’, whereas supply
chains with more than one intermediary were considered ‘long’.

Table 3. Participation of producers, intermediaries and consumers in transportation activities in
selected food supply chains.

Chain Producer Gate Pink = Consumer Travel (R2C); Blue = Product Travel (P2R)
Short chains

a. Pick-your-own Producer Consumer

b. On-farm sales to consumers Producer Consumer

c. Internet sales—courier
deliveries

Producer/Courier Consumer

d. Direct deliveries to
consumer

Producer Consumer

e. Sales on farmers’ markets Producer Farmers’ Market Consumer

f. Direct deliveries to retail Producer Retail Shop ** Consumer
Long chains

g. On-farm sales to
intermediaries

Producer Agent Wholesaler *** Retail Shop ** Consumer

h. Sales on wholesale market Producer Wholesaler Retail Shop ** Consumer

i. Sales to hypermarket chains Producer Producers’ Group ** Logistics
Centre

Hypermarket
Store Consumer

* The pink color in the table indicates a part of the physical distance in the distribution channel in which food is
transported from the purchase (sales) by the consumer. Blue color indicates that the product travels from the farm
gate to sales point being transported by producers or intermediaries. ** Retail outlets including food stores, hotels
and restaurants. *** Alternatively. Source: Malak-Rawlikowska et al. 2019 [12].

Our assessments were limited to the main stages of the distribution chain, which we broadly
define as a system of moving products from the farm (producer) gate to the end consumer. Production
(farming) systems were not a subject for the analyses, assuming the same technologies of production
were used, irrespective of the future decisions on the choice of distribution channel.

In the eco-efficiency assessments, two types of transportation activities within the distribution
chain were taken into account, namely:

• transporting products from the primary producer (farm gate) to a retail outlet (P2R)—performed
by producer or intermediary (e.g., agent, wholesaler, producers’ group, logistic center of the
hypermarket chain),

• transporting food by consumer from retail outlet to consumers’ place of living (R2C).
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The participation of specific actors in the distribution process is illustrated in a graphic form in
Table 3.

Transportation activities in short channels (a–f ) are split between suppliers and consumers in
different proportions:

• In f. Direct deliveries to retail (the only short food supply chain containing an intermediary (‘Retail
Shop’) between producer and food consumer), primary producers and different intermediaries
deliver goods to retail outlets, from where the food is transported by consumers;

• Transportation in chains a. Pick-your-own and b. On-farm sales to consumers is done entirely
by consumers.

• In channels c. Internet sales—courier deliveries and d. Direct deliveries to consumer producers
deliver products to consumers, by themselves (d) or by out-sourcing transportation to courier
companies (c). Couriers are not treated as intermediaries, but as providers of transportation
services only.

• In chains e. Sales on farmers’ markets and f. Direct deliveries to retail producers transport products to
retailing places (Farmers’ Market or Retail Shop), from where the food is transported by consumers.

Each of the long chains contains at least two intermediaries:

h. Sales on wholesale market: an agent purchasing products for re-sale, possibly also a wholesaler, for
sale by a retailer;
g. On-farm sales to intermediaries: wholesaler and retailer;
i. Sales to hypermarket chains: logistic center, possibly a producers’ group, hypermarket.

All of the above types of chains were represented in the sample. An individual producer in the
sample used two and four chains on average, within the range from two (minimum) to five (maximum),
both short and long. About 84% of producers used at least one short chain, and 51% participated in at
least in one long chain (Table 4).

Although SFSCs represented a large majority of the sample, accounting for 70% of the total
428 chains used by farmers (Table 4), only 36.6% of the total quantity sold was delivered through
short chains. This is because SFSCs typically suffer from diseconomies of scale (especially considering
small to medium scale producers), and cannot absorb large quantities of produce due to limited
consumer demand, as well as limited farm labor resources to dedicated to distribution and retail.
These restrictions lead farmers to diversify their distribution chains.

Table 4. Yearly sales by supply chain for the full sample.

Supply Chains

Total Volume Sold and
Market Share Producer Participation Across Chains

(Tons) (%)
Number of Farms

Using Certain Type
of Chains

As % of All Chains
Used

n = 428

As % of All Farms
in the Sample

n = 191 *

a. Pick-your-own 16.3 0.1 3 0.7 1.6
b. On-farm sales to consumers 854.7 7.1 110 25.7 57.6

c. Internet sales—courier
deliveries 148.2 1.2 28 6.5 14.7

d. Direct deliveries to consumer 176.7 1.5 28 6.5 14.7
e. Sales on farmers’ markets 313.1 2.6 73 17.1 38.2
f. Direct deliveries to retail 2872.7 24.0 58 13.6 30.4

Short Chains Total 4381.7 36.6 300 70.1 84.3

g. On-farm sales to intermediaries 2266.3 18.9 39 9.1 20.4
h. sales on wholesale market 2315.1 19.3 60 14.0 31.4

i. Sales to hypermarket chains 3018.9 25.2 29 6.8 15.2

Long Chains Total 7600.3 63.4 128 29.9 51.3

Total sample 11,982.0 100 428 100 -

* note that one farm can use diverse chains at the same time therefore this column should not be summarized to
100%. Source: own elaboration.
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3.3. Environmental Assessment of Food Chains

The environmental impacts of food distribution chains were evaluated using the Life Cycle
Assessment methodology with respect to a set of standards concerning LCA approach. The four
LCA phases—goal and scope definitions, life cycle inventory, life cycle impact assessment and
interpretation of the outcomes—were defined and performed according to ISO 14040 [101] and ISO
14044 [102]. Life Cycle Assessment was performed using the OneClick LCA calculation tool [103] which
is an engineering software used for life cycle studies. It complies with the international standards,
requirements and building certification schemes such as LEED and BREEAM.

3.3.1. Goal and Scope Definition of Environmental Assessment

Aim of the LCA Analysis

Short and long chains of food distribution involve various assets (buildings, equipment, means of
transportation). The assessment of their influence on the environment is based on six most commonly
used and recognized environmental impact categories: Global Warming Potential (GWP), Acidification
Potential (AP), Eutrophication Potential (EP), Ozone Depletion Potential (ODP), Photochemical
Ozone Creation Potential (POCP) and Non-Hazardous Waste Disposed. If related to the production
volumes, they form a set of eco-efficiency indicators. All above mentioned environmental indicators
were normalized per 1 kg of produce sold in each of the analyzed distribution chains. This is the
functional unit, that is, the reference by which the input and output flows of material and energy along
the distribution chain are retrieved.

The goal and the scope of the analysis are summarized in Table 5.

Table 5. Summary of scope/definitions.

Life Cycle Assessment of Food Supply Chains

Functional Equivalent

Food supply chain Short and long food distribution chains

Definition of supply chains From the farm gate to the consumer

Location European Union

Functional unit 1 kg of purchased product

Assessed impact categories GWP, AP, EP, OPD, POCP, Non-Hazardous Waste
Disposed

Eco-efficiency indicator Assessed impact category/1kg of product

LCA System Boundary

Cradle to grave

Buildings:
Building construction materials, including technical equipment and furnishings
Energy in operation stage, excluding office equipment
Emissions due to refrigerant leakage included

Transport vehicles:
Manufacturing, fuel use and disposal included
Road infrastructure excluded
Emissions due to refrigerant leakage from air conditioning excluded

Calculation Software OneClick LCA© and 360optimi, Bionova [103]

Source: own elaboration.

LCA System Boundaries

The system boundary for the food supply chain is defined in our study as being from the farm gate
to the consumer. Depending on the organizational and geographical proximity of chains, as well as on
chain infrastructure and types/means of transportation used, the emission level can substantially differ.
Therefore, the assessment includes the emission level from buildings and transport vehicles using
a ‘cradle-to-grave’ approach, i.e., from the extraction of raw materials, material processing and
manufacture, through to the use phase and, finally, to the end of the life phase, which includes disposal
and material recycling.
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Figure 1 identifies the phases embedded in the system boundary of buildings according to
the European standard EN 15978 [104]. Stages B2-B3, related to maintenance and repair services,
were excluded from the analysis due to lack of sufficient data; however, they represent a negligible
environmental effect compared to the remaining life cycle stages.

Figure 1. Life Cycle Assessment (LCA) system boundary definition applied to buildings (according to
EN 15978).

Regarding transportation vehicles, LCA system boundaries were defined according to the
Environmental Product Declaration (EPD), developed in line with Product Category Rules (PCR) and
the principles described in ISO 14025 [105]. The life cycle of vehicles can be divided into 3 main life
stages: manufacturing, use phase and end of life. The system boundary applied to transportation
vehicles is shown in Figure 2.

Figure 2. LCA system boundary definition applied to transportation vehicles.

3.3.2. Life Cycle Inventory

Buildings

Different types of buildings with appropriate infrastructures were assigned to food distribution
chains: small store, medium store, large store, wholesale market and farmers’ market instalments.
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The types of trading outlets are consistent with those used in national statistics [106]. For the purpose
of this study, the average size (commercial area), average sales volume, and main construction
characteristics for each type of trading outlet were defined as shown in Table 6.

Table 6. Definition of trading types.

Type of Trading
Outlet

Size Category
(m2)

Sales Area
(m2)

Parking
Area (m2)

Average Sales
Volume (kg/m2 year) Construction Type Infrastructure Type

(Parking)

Small store <399 100 25 1208 Typical concrete structure,
brick wall insulated Asphalt paving

Medium store 400–2499 1000 250 1116
Lightweight construction:

steel frame with metal
cladding, insulated

Asphalt paving

Large store
(Hypermarket type) >2500 5000 1250 1018

Lightweight construction:
steel frame with metal

cladding, insulated
Asphalt paving

Wholesale market X 80,300 39,700 4480

Lightweight construction:
steel frame with metal

cladding, non-insulated,
Paved area with steel roof

Asphalt paving

Farmer’s market X 6000 500 130 Paved area with steel roof Concrete pavement
tiles

Source: own elaboration.

Considering the high variability in the size and equipment used in different types of retail stores,
simplifications in making relevant assumptions were unavoidable. It should be emphasized, however,
that these simplifications should not affect the calculation of eco-efficiency indicators since volume
of sales per unit of sales area, which is an essential parameter in the assessments, does not differ
significantly within the typology of trading outlets.

Two types of buildings were excluded from the analysis: logistics centers of hypermarket chains
and transfer facilities of courier companies involved in the Internet sales chain. It was decided that in
both cases, the fresh foods under consideration constitute an extremely low share of the turnover and
the length of their stay in storage is minimal. Hence, their participation in generating environmental
impacts in the LCA analysis may be considered negligible.

Several assumptions were made regarding the construction of buildings and infrastructure.
More specifically, it was assumed that:

• a small store is a typical building with a concrete structure, with walls made of concrete blocks
insulated with extruded polystyrene and few windows;

• small and large stores are defined as single-story halls characterized by a steel lightweight frame,
with walls made of sandwich panels with a mineral wool core and double steel siding, a metal
roof insulated with mineral wool and an industrial floor;

• wholesale markets are represented by two types of trading buildings: a steel frame hall with
non-insulated walls and a paved area with a steel roof;

• farmers’ markets consist usually of an outdoor site where famers sell their products either directly
from their cars or tables and stands hosted in a paved area with concrete paving and paved area
with steel roofing.

For each type of store, a separate life cycle inventory (LCI) was created, involving building
materials and energy for building construction, energy consumption in the use phase and the amount
of refrigerant, including its average annual leakage. For every store type, the same reference building
lifespan of 40 years was adopted. The assumptions related to buildings and infrastructure applied to
the LCA study are summarized in Table 7.
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Table 7. Summary of Life Cycle Assessment analysis assumptions for buildings.

Area of Analysis Data Sources and Assumptions

Material quantities (A1–A3)

Data inventory based on real reference case buildings and technical
buildings’ documentation

Material database: Ecoinvent, GaBi
Environment data source: Environmental Product Declaration (EPD)

Average regional European data if possible. Otherwise, local
manufacturer was selected

Building material transport distances (A4) Average European transport distance specific for each material type

Construction and installation process (A5) Average emissions for the construction process were based a general
scenario available in the calculation tool

Material service lifetime (B4–B5) According to the Environmental Product Declaration (EPD)

Building use phase energy consumption (B6)
Energy consumption was based on the real measured data of different
stores. Emissions from grid electricity were calculated according to the

European energy mix

End-of-Life Stage (C1–C4) Based on a scenario provided in the calculation tool

Total lifetime TLT 40 years

Source: own elaboration.

Material Production Phase (A1–A3)

Material types and quantities were estimated according to the technical building documentation
of real trading outlets. All building flows of materials and energy were included in LCI and attributed
to the building element category: external walls (envelope, structure and finishes), external windows
and roof lights, foundations, structural frame, roof (including coverings), floors, walls and partitions,
internal doors, internal floor finishes, internal ceiling finishes, internal wall finishes. Additionally,
the LCI covered equipment such as a cold store within outlets, a dry cooler and industrial shelves.
The specific type of material or product was selected from a database provided by the LCA software.
Average European data were chosen. In the event that no average data were available, a local
manufacturer was selected for filling in the missing information. The estimation of the energy
consumption impact refers to the European energy mix.

Construction Phase (A4–A5)

The level of emissions generated by machines, vehicles and by heating/cooling systems during the
construction stage was calculated in accordance with the general scenario provided by the LCA software.
European transport distances from the manufacturer to construction site, typical for a specific type of
material, were applied with one of the following types of transportation:

• An 8-m3 concrete mixer truck, 100% fill rate: used for the transportation of a concrete mixer.
• A 40-ton capacity truck, 100% fill rate: used for the transportation of large-scale materials, such as

steel, windows, concrete elements, insulation, etc.
• A 19-ton dumper truck, 100% fill rate: used to transport loose materials, such as sand,

soil substrates, gravel.

Use Phase (B1, B4–B7)

During a building’s life cycle, considerable quantities of energy are used for heating, cooling,
lighting and powering equipment. It was assumed that all types of outlets were using R404A for food
refrigeration storage and air conditioning. Emissions related to refrigerant leakage were estimated
using the literature data [107,108] and the yearly loss rates for the cooling systems were assumed as
follows: 10% for small shops, 15% for medium shops and 20% for large stores. Since the amount
of refrigerant depends on the cooling capacity and cooling volume, the average consumption of
refrigerant was assumed to be equal to 0.3 kg/m2 for small shops, 0.2 kg/m2 for medium shops and
0.1 kg/m2 for large stores.
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Materials and building components are characterized by a building’s service lifetime, therefore,
some of them will be replaced during the assumed building life cycle. Material service lifetime was
defined according to the Environmental Product Declaration (EPD), if available. Otherwise, default
values of the material replacement periods were applied in the analysis according to the average data
provided in the LCA tool.

The quantity of energy required depends on the building type and equipment elements (i.e., cooling
counters in the case of stores, or refrigerated storage rooms in storage units). Therefore, for the purpose
of this analysis, the data on heat and electricity consumption were obtained through interviews at a
sample of retail outlets. The energy use indicators related to the building area for each type of outlet
are listed in Table 8. The data represent the total consumption of energy for heating, cooling, lighting,
auxiliary energy and equipment.

Table 8. Energy use and refrigerant indicators for defined outlet types.

Outlet Type Heating (kWh/(m2 year))
Electricity

(kWh/(m2 year))
Amount of Refrigerant

(kg/m2)
Annual Refrigerant

Leakage (%)

Small store 114 463 0.3 10
Medium store 65 280 0.2 15

Large store 65 280 0.1 20
Wholesale market 37 172 - -
Farmers’ market - 38 - -

Source: own elaboration.

The energy consumption in medium and large stores has been taken as the average of the measured
heat and electricity consumption in 203 outlets. The data for the small store were obtained based on a
survey conducted in three stores. The energy consumption of wholesale markets and farmers’ markets
(mainly electricity for lighting) was taken from measured data from one similar outlet. Although energy
demand data were obtained based on values from specific facilities, they represent European average
values, and are consistent with the literature values [109,110]. Gas boilers and electricity grids were
assumed as the energy sources for all considered buildings.

Transport Vehicles

Transportation is the second major activity in the food distribution chain and is therefore a key
factor of environmental pressure. The LCA of transportation concerns, in particular, the manufacture
and the use of vehicles to deliver and to carry food along the distribution chain.

As regards the manufacture phase, vehicles were divided into 4 types: truck (Heavy Goods Vehicle),
delivery van (Light Goods Vehicle), passenger car and city bus. Table 9 summarizes the main
assumptions for the calculation of the environmental impacts generated by the transportation phase.

Table 9. Assumptions applied to transportation vehicles.

Vehicle Type Mass of the
Vehicle (Tons)

Load Capacity
(Tons) Use of Fuel (l/100 km) Maximum

Mileage (km)

Heavy Goods Vehicle 8.2 21.00 33.0 1,000,000
Light Goods Vehicle 1.7 1.50 11.0 500,000

Passenger car 1.4 0.35 (5 persons) 8.0 250,000
City Bus 14.0 3.20 (45 persons) 32.0 1,300,000

Source: own elaboration.

The load capacities of vehicles were calculated as the average of a mix of means of transportation
used by producers, based on data from farm surveys. Other parameters related to the flows of material
and energy were assumed in relation to the characteristics of different types of vehicles.

With regard to passenger cars, environmental factors for the manufacturing and end of life phases
were extrapolated from the environmental certificate provided by a reference car manufacturer [111].
Non-hazardous waste disposed was calculated separately, based on material quantities, using
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LCA software. Emissions from delivery vans were estimated according to the emission level of
a passenger car, taking into account the actual mass of the vehicle and the maximum mileage.

The environmental impacts of the manufacture phase for a city bus were assessed through the
EPD documents concerning the same type of vehicle [112]. Emissions from the end of life phase were
estimated using the environmental database provided by the LCA software. To estimate environmental
indicators for heavy-duty vehicles, emission data for City Bus were recalculated to include the actual
mass of the vehicle and the assumed average mileage in its lifetime.

Coefficients to calculate environmental indicators for all the transportation vehicles were finally
converted to kilograms of emissions per travelled km. The applied environmental factors for analyzed
transportation vehicles are shown in Table A1 in Appendix A.

Transportation—Use Phase Data

Transportation related eco-efficiency indicators were calculated considering P2R (farmers,
intermediaries, couriers or retailers) and R2C (consumers using personal cars or public communication,
which is represented in our analysis by city bus).

Concerning the vehicle use, the key data and information on P2R transportation was collected
through the farm survey (means of transportation, use of fuel, locations and distances, average amount
of goods transported).

Additional information on the typical organization of deliveries was used to calculate the Net
Transportation Distance (NTD) attributed to specific distribution chains considered in the analysis.
The NTD was calculated as the difference between a physical distance and the deductions made due to:

• the partial use of load capacity if other goods were transported;
• the proportion of the physical distance covered if other channels were served in one trip;
• the frequency of transporting goods (if any) on the return journey after delivering food products

to the respective channel destination.

Specific transportation related parameters for the chain “Sales to hypermarket chains” were drawn
from the study by Matulka [113].

Based on individual interviews from pilot studies conducted within the Strength2Food project
and experts’ knowledge, some additional assumptions were made regarding the transportation of
products from wholesale markets to retail outlets.

Parameters for R2C transportation regarding the chains a. Pick-your-own and b. On-farm sales
to consumers were estimated using primary information from producers. For the other types of
distribution chains, information from interviews with consumers shopping on farmers’ markets and
experts’ assumptions were used. The key data for LCA analyses relate the average weight of the
consumers’ basket in each type of the retail outlet and distances travelled with the use of a personal car
or public transportation. For R2C transports, the Net Transportation Distance for consumers’ travels
was also assessed, in which physical distances from the retail outlets to consumers’ place of living
were accordingly adjusted (travels to buy food when travelling on other occasions than shopping
(passing by)).

4. Results

4.1. Transportation Efforts Across Supply Chains

The basic transportation-related data are summarized in Table 10. The Net Food Miles indicator,
expressed as the Net Transportation Distance in kilometers to transport 1 kilogram of purchased food,
is considered one of the key factors influencing the environmental performance of chains.
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Table 10. Food Miles and transportation-related data for food supply chains in the sample.

Supply Channels
Net Food Miles Use of Fuel [L/kg]

Average [km/kg] Of Which P2R [%] Of Which R2C [%] P2R R2C

a. Pick-your-own 6.04 0.0 100.0 - 0.474
b. On-farm sales to consumers 3.75 0.0 100.0 - 0.300

c. Internet sales—courier
deliveries 0.15 100.0 0.0 0.021 -

d. Direct deliveries to consumer 1.65 100.0 0.0 0.177 -
e. Sales on farmer’s markets 1.36 32.1 67.9 0.040 0.058
f. Direct deliveries to retail 0.49 61.0 39.0 0.031 0.012

Short Chains Total 1.25 24.2 75.8 x x

g. On-farm sales to intermediaries 0.26 29.2 70.8 0.016 0.012
h. Sales on wholesale market 0.62 68.6 31.4 0.056 0.012
i. Sales to hypermarket chains 0.67 24.7 75.3 0.021 0.036

Long Chains Total 0.53 41.0 63.4 x x

Total 0.79 31.3 68.7 x x

Source: own elaboration.

The results presented in Table 10 show that the average value of the Food Miles indicator for
‘short’ food supply chains (1.25 km/kg) is more than two times greater compared to ‘long’ chains
(0.53), mainly due to the much smaller quantities transported in single deliveries. In long chains,
the distances over which food is transported are much longer, but because of the large quantities
transported, the indicator is significantly lower.

The vast majority of Food Miles are driven by consumers (68.7% in the sample on average).
The highest Food Miles value characterizes chains with the full participation of consumers in
transportation and small quantities transported (a. Pick-your-own, b. On farm-sales). The third largest,
because of the small quantities transported, is the Food Miles indicator for d. Direct deliveries to consumer,
followed by e. Sales on farmer’s markets, mainly due to the location of markets at relatively long distances
for both P2R and C2R travels.

Within long food supply chains, the proportional share of consumers involved in transportation
differ greatly in h. Sales on wholesale market compared to other chains (g. On-farm sales to intermediaries,
i. Sales to hypermarket chains), largely due to the use of mainly small vehicles for P2R transportation,
both from the farm gate to a wholesale market and from wholesale to retail outlets. In the chains
g. On farm sales to intermediaries and i. Sales to hypermarket chains, P2R transportation, mainly through
the use of Heavy Goods vehicles, is much more effective; thus, consumers have a dominating share in
Food Miles.

The use of fuel per kilogram of transported goods corresponds strongly with distances travelled,
although depends also to a large extent on the type of car used, as well as on the quantities transported.
The lowest fuel consumption was estimated for c. Internet sales (short chain) and within the category of
long chains—g. On-farm sales to intermediaries and i. Sales to hypermarket chains. In all these channels,
this is because of the large quantities transported in a single delivery, despite the relatively long
distances travelled.

4.2. Environmental Impacts of Selected Supply Chains—LCA Results

The assessment of the environmental impacts of food supply chains according to the predetermined
methodology of LCA includes three basic stages:

• impacts related to the production phase of devices, machines, vehicles and the construction of
buildings used in the food distribution process,

• impacts related to the exploitation phase of specified devices and buildings (energy used in
transportation, energy used for cooling, energy used to operate electrical devices etc.),

• impacts related to the waste management phase.
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The selected eco-efficiency indicators that illustrate the environmental impacts of the analyzed
food supply chains are presented in Table 11. All values express the amounts of emitted substances per
1 kg of product delivered through the chain.

Table 11. Eco-efficiency LCA indicators assessed for short and long food supply chains (kg emissions/kg
of product).

Category of Supply
Chains

Category of Environmental Impacts

Global
Warming Acidification Eutrophication Ozone Depletion

Potential

Photochemical
Oxidant Creation

Potential

Non-Hazardous
Waste Disposed

kg CO2e 10−3 kg SO2e 10−4 kg PO4e 10−7 kg CFC11e 10−4 kg C2H4e 10−2 kg

Short chains

a. Pick-your-own 1.54 4.02 5.44 2.50 2.42 6.75
b. On-farm sales to

consumers 0.97 2.54 3.44 1.58 1.53 4.27

c. Internet sales—courier
deliveries 0.07 0.13 0.27 0.12 0.13 0.18

d. Direct deliveries to
consumer 0.64 1.22 2.11 1.02 1.19 1.88

e. Sales on farmers’ markets 0.49 1.58 2.25 0.69 1.03 4.44
f. Direct deliveries to retail 0.33 1.24 1.74 0.43 0.75 1.31

Long chains

g. On-farm sales to
intermediaries 0.24 0.92 1.41 0.30 0.54 1.56

h. Sales on wholesale
market 0.40 1.29 2.00 0.55 0.85 1.80

i. Sales to hypermarket
chains 0.33 1.15 1.74 0.46 0.70 2.29

AVERAGE 0.38 1.26 1.85 0.53 0.78 1.99

Source: own calculation.

In order to make the interpretation of results easier, the values of indicators are presented in a
graphic form in Figure 3. The diagram illustrates the differences between the eco-efficiency indicators
for the analyzed food supply chains presented in a relative way, as relations between specific parameters
and the mean values of indicators for all chains in the sample. The mean was calculated as a weighted
average, considering the volume of sales in respective chains.

Figure 3. Relative eco-efficiency indicators (emissions per 1 kg of product) for supply chains related to
weighted mean value = 100%. Source: own calculation.



Energies 2020, 13, 4853 17 of 26

The highest level of emissions for the eco-efficiency indicators characterizes a. Pick-your-own and
b. On-farm sales to consumers (the only exception is the second highest “waste disposed” indicator),
determined mainly by consumers’ travels in both cases. Such a low environmental performance
indicates the least effective use of individual cars as a means of transportation to transport relatively
small quantities of food over long distances. Usually a trip to the farm in this form of shopping
involves a purposeful journey, while the amount of produce transported is relatively small. Despite the
very high values of all emissions, it is also worth paying attention to the proportionally high level of
the “non-hazardous waste disposed” indicator, which results from a relatively large amount of waste
generated by a passenger car in relation to the assumed total weight of products transported during its
life time.

Emissions generated by b. On-farm sales to consumers are on average around 40% lower compared
to a. Pick-your-own. This is due to the fact that, in the case of the first of these options, shopping is
very often a spontaneous decision while passing by, which reduces the Net Transportation Distance.
Traveling to a. Pick-your-own is usually a planned activity that involves a special trip to the farm.
Even though quantities from pick-your-own are usually greater than from normal shopping, in the
assessment of emissions, they do not counterbalance the longer distances travelled.

The chain c. Internet sales—courier deliveries is the least emissive, with values of all eco-efficiency
indicators at the level of about 10% of the mean values for the sample. This is because the chain ensures
the most efficient use of the means of transportation due to optimized distribution by courier companies.
Even if individual deliveries are small, large quantities of all collected goods are transported with the
use of heavy goods vehicles over considerable distances between collection points. Furthermore, the
collection of parcels by couriers as well as last-mile deliveries to consumers are much more efficient in
terms of environmental performance than the individual travels of consumers or producers. Another
significant factor making Internet sales more eco-efficient is a lack of storage due to continuous, usually
day-to-day, transportation.

The chain d. Direct deliveries to consumer is a “reversed” version of b. On-farm sales to consumers;
however, it is environmentally much more efficient. In this case, transportation from the farm
gate to consumers’ place of living is done entirely by the producer, who transports greater loads
in a single journey, usually serving a number of customers on one trip, often delivering food to
collection points. Relatively high indicators of global warming potential and ozone depletion potential
result from the fuel consumption, similar to chains a. and b., but these are not sufficiently compensated
by the greater loads transported.

Chains e. Sales on farmers’ markets and f. Direct deliveries to retail differ from other short chains
in that they require specific outlets for retail trade. The trade infrastructure on farmers’ markets
usually takes the form of simple construction stands spread over a paved and fenced area. Retail shops
provide a limited area for highly concentrated sales and contain equipment, such as deep coolers or
refrigerators, that are additional sources of emissions. A distinctive variable in the case of these two
chains is the volume of sales from the trading area. In our study, it was 130 kg/m2 of food products on
farmers’ markets and about 1100 kg/m2 of food in retail shops on average.

As all estimated LCA indicators show, e. Sales on farmers’ markets are noticeably less eco-efficient
than f. Direct deliveries to retail shops. This is due to the rather extensively used trade infrastructure
(lower sales from the trading area unit), more P2R transportation efforts (larger number of individual
suppliers transporting relatively small quantities of products) and more consumer travels, because
of the usually distant location of the majority of farmers’ markets from consumers’ place of living.
In contrast to the latter, small- and medium-sized retail shops normally have much closer locations.
Thus, shopping, often done in a passing-by situation on the way home or during travels for other
purposes, involves much less transportation by car. This compensates for the usually lower weight
of an average single purchase in a retail shop. Consumers shopping on farmers’ markets usually
buy more, but travel longer distances specifically for the purpose of doing so and more often with the
use of a personal car.



Energies 2020, 13, 4853 18 of 26

All LCA indicators, except “waste disposed”, which is very high in the case of e. Sales on
farmers’ markets, are about 20–25% higher than mean values for the sample and comparable eco-efficiency
indicators for f. Direct deliveries to retail. The exception is the relatively high emission of harmful
substances in this chain because of the more extensive use of infrastructure (significantly lower sales
per square meter of sales area) and the shorter life of trading instalments.

The values of all eco-efficiency LCA indicators estimated for long supply chains are close to
the mean values for the sample and comparable with f. Direct deliveries to retail for the short food
supply chains. This is mainly due to the more effective use of trading facilities in some types of retail
outlets (e.g., hypermarkets) and large volumes of goods transported in individual deliveries that make
the means of transportation more effective (reducing energy consumption in the use phase).

Among the long chains, h. Sales to wholesale market are slightly less eco-efficient, which is due to
the greater share of low-capacity cars used by farmers for transportation and thus higher values of
Food Miles. Eco-efficiency indicators are further worsened because of transportation from wholesale
to retail outlets. Although distances travelled on this leg are relatively short, small quantities and the
frequency of transportation activities (very often every day in order to provide fresh produce) increase
the value of eco-efficiency indicators.

Indicators for i. Sales to hypermarket chains are very similar to those characterizing the short chain
f. Direct deliveries to retail. In the case of deliveries to hypermarkets, the distances travelled by products
and also by consumers are longer, but the quantities transported are significantly greater, reducing the
number of Food Miles, and vice versa; in f. Direct deliveries to retail, the distances travelled are much
shorter, but smaller loads in a single delivery worsen the eco-efficiency indicators for this chain.

Figure 4 presents a synthetized comparison of the average values of eco-efficiency LCA indicators
for the short and long supply chains analyzed in this study.

Figure 4. Average eco-efficiency indicators for short and long food supply chains related to weighted
mean value (mean = 100%). Source: own calculation.

In Table 12, the relative share of transport in relation to the total values of the eco-efficiency
indicators is presented. It can be observed that, as indicated by Browne et al. [77], in the entire emissions
generated by food distribution through various chains, transport plays an important role.

Transportation is responsible for a huge 79% of the total carbon footprint in the case of ‘short’
food supply chains, and for about 53% in the case of ‘long’ supply chains. In all remaining indicators
for SFSCs, the share of transport is quite high compared to long chains, ranging from a 22 percentage
point difference in the case of ozone depletion, to a 33.4 percentage point difference in the case of
acidification. This can be explained by the more direct way of selling food through short chains,
where intermediaries and their facilities are not contributing to the emissions.
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Table 12. Share of transport among eco-efficiency LCA indicators for short and long supply chains.

Global Warming Acidification Eutrophication Ozone Depletion
Potential

Photochemical
Oxidant Creation

Potential

Non-Hazardous
Waste Disposed

kg CO2e 10−3 kg SO2e 10−4 kg PO4e 10−7 kg CFC11e 10−4 kg C2H4e 10−2 kg

SFSCs 79.2% 66.3% 65.7% 85.3% 71.4% 54.8%
LFSCs 53.6% 32.9% 35.9% 63.3% 42.6% 30.8%

Sample 62.9% 45.0% 46.7% 71.3% 53.1% 39.5%

Source: own calculation.

In relation to the main hypothesis empirically tested in this paper, the results of our study reject
the popular assumption that short food supply chains are more eco-efficient than long chains. It should
be emphasized, however, that the values of eco-efficiency indicators display a large variability across
analyzed chains, and especially across different types of SFSCs. A key reason for this is due to their
specific features, such as the transport distance and the amount of goods per individual delivery.
Moreover, the analysis shows that the environmental impacts of different food distribution systems are
not only determined by the geographical distance between producer and consumer, but depend on
numerous factors, including the supply chain infrastructure, the type and capacity of vehicles used, as
well as specific conditions associated with food transportation, storage and the display of food in retail
outlets (e.g., refrigerators and freezers, store shelves).

Our findings can hardly be compared in the context of the extant literature since, to the best
of our knowledge, there are no similar, complex analyses made that quantify the eco-efficiency of
several types of supply chains with the application of the LCA methodology. Opinions on the better
environmental performance of short food supply chains are most often based on qualitative assessments.
These assessments are typically lacking the required detailed information, or depth to the analysis,
required to capture the complexity of food systems and, most importantly, are shaped by the
simplifying assumption that shortening the travelling distances of products can significantly reduce
the negative environmental externalities [11,15,18,19,37]. This view has, more recently, been frequently
questioned [9–12,43–45].

The literature does contain examples of LCA-based eco-efficiency analysis of supply chains,
although rather narrowly focused on single products and differently defined system boundaries,
with a strong focus on production processes [69,114]. Such studies prove the applicability of the LCA
methodology for assessing the environmental performance of food supply chains, providing a clear
rationale for our work.

5. Conclusions

The food market today is rapidly evolving in terms of what is manifested, inter alia, by the
development of new types of short supply chains. A widespread belief that SFSCs are more beneficial for
the environment compared to conventional long chains is rejected by the results of our empirical testing
with the use of the LCA approach. Shortening food supply chains in terms of organizational proximity
does not automatically entail a more environmentally sustainable alternative to long supply chains
nor mitigate some of the negative environmental externalities. Similarly, reducing the transportation
distance from primary producers to end consumers, which is usually one of the specific features
of SFSCs, may not lead to better eco-efficiency because of the small quantities typically transported in
short supply chain deliveries.

More importantly, the results reveal that consumers make a significant contribution to the
eco-efficiency measurement of all considered indicators. While this suggests a limited scope for
reducing the environmental impacts of P2R transportation, there is significant potential for improving
the eco-efficiency of supply chains through innovative business models for retail, which would not
only shorten producer–consumer travel distances, but also make them more convenient and effective
(e.g., last-mile delivery, group shopping on farmers’ markets, internet sales, courier deliveries). Further
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research will be required, in this context, in order to identify and empirically assess the environmental
benefits of existing/new business solutions, including organizational innovations in logistics.

While the LCA provides a suitable methodological tool for assessing the environmental impacts
of different types of food chains, some important caveats must be noted. First, the analysis focuses
on the distribution system, without examining the environmental impacts of the production stage.
Second, potential selection bias implies that the sample cannot be considered representative of the
whole population of farms across different countries. Finally, the modelling approach required several
assumptions and simplifications to be made, with scientific implications for the universal validity of
eco-efficiency indicators and the obtained results.

Our findings widen the path for further research in the area of supply chains. Empirical investigation
may complement our study in terms of:

• Gaining deeper production data to validate our assumption on the use of technologies of production,
irrespective of the choice of distribution channel;

• Searching for country-specific characteristics, such as the scale of operations, distribution
organization, shopping patterns or energy mixes, which may differentiate the eco-efficiency
of supply chains;

• Assuring the better representation of chains and the representativeness of research samples;
• Providing more detailed mapping and eco-efficiency assessments of food supply chains, including

food processing.

The methodological and empirical contribution of this study represents, however, the first attempt
in the literature that applies LCA analysis to a unique sample of coexistent short and long food
supply chains, and thus contributes to the existing literature in terms of the observation of various
food distribution paths and the assessment of their eco-efficiency. This study thus contributes to
filling an existing gap in the empirical literature by providing a critical reflection on the realization
of environmental benefits of SFSCs, which cannot be simply inferred via the association of close
geographical proximity and short transport distances with low energy consumption, as typically
suggested in qualitative studies.

The results of the study may contribute to the debate on the EU Green Deal. Our approach may be
used for the creation of better suited, evidence-based environmental and energy policy instruments for
supporting the most eco-efficient supply chains and innovative business models linking close primary
producers and food consumers.
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Appendix A

Table A1. Environmental parameters for eco-efficiency assessments.

Functional
Unit

Global
Warming
Potential

Acidification
Potential

Eutrophication
Potential

Ozone Depletion
Potential

Photo-Chemical
Ozone Creation

Potential

Non-Hazardous
Waste Disposed

GWP AP EP ODP POCP NHWD
kg CO2e kg SO2e kg PO4e kg CFC-11e kg C2H4e kg

Buildings and infrastructure

Small store unit/year 33,500 110 15 2.20 × 10−3 6 900
Medium store unit/year 246,100 650 98 1.35 × 10−2 35 14,300

Large store unit/year 1,028,000 3240 490 6.77 × 10−2 173 71,600
Wholesales

market unit/year 3,196,600 15,460 2373 3.42 × 10−1 884 452,200

Farmers’
market unit/year 111,800 590 85 1.08 × 10−2 33 22,900

Transportation vehicles

Passenger car unit/km 0.0358 1.98 × 10−4 1.17 × 10−5 2.11 × 10−9 1.67 × 10−5 0.0098
VAN unit/km 0.0432 2.39 × 10−4 1.38 × 10−5 2.53 × 10−9 2.02 × 10−5 0.0094
Truck unit/km 0.0369 1.95 × 10−4 1.07 × 10−4 3.09 × 10−9 2.45 × 10−5 0.0089

City bus unit/km 0.0449 2.48 × 10−4 1.40 × 10−4 3.97 × 10−9 3.06 × 10−5 0.0110

Energy sources

Diesel unit/l 3.240 4.67 × 10−3 9.67 × 10−4 5.50 × 10−7 4.80 × 10−4 0.019
Petrol 95E10 unit/l 2.800 6.00 × 10−3 1.00 × 10−3 5.00 × 10−7 3.00 × 10−4 0.020

Electricity,
Europe unit/kWh 0.386 2.17 × 10−3 3.00 × 10−4 4.17 × 10−8 1.05 × 10−4 0.014

Natural gas unit/kWh 0.244 7.17 × 10−4 4.83 × 10−5 2.00 × 10−8 4.83 × 10−5 0.002

Source: own calculation.
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