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Redesigning a food supply chain for environmental sustainability — An
analysis of resource use and recovery

1. Introduction

Considering the world population is expected to reach 9.6 billion by 2050, and with it the demand
for food (up by 70% of its current level). A significant problem remains — that ‘one-third of global
food production is wasted or lost annually’(FAO, 2011a, p. 11). When food products are wasted,
the resources used in their production and distribution along the food supply chain (FSC) (such as
fuel, water, fertilisers, pesticides and raw materials) are also wasted (Gobel et al., 2015). This high
level of resource consumption and unnecessary food wastage causes significant adverse impacts
on profits, natural resources, ecosystems and human health (Gokarn and Kuthambalayan, 2017).
These FSCs are also responsible for 31% of greenhouse gas emissions and for more than 50% of
eutrophication (Tukker and Jansen, 2006). The total carbon footprint corresponding to the food
wasted across all the stages of the FSC is estimated to be around 4.4 Gt CO; equivalent per year
(FAO, 2011b). This degree of environmental impact is more prevalent in developing countries
such as India, due to their ineffective practices across cultivation, processing, packing and the
transportation stages of the FSC (FAO, 2011a). So, the adoption of sustainable environmental

practices is becoming a necessity rather than a preference (Bligny et al., 2012; Govindan, 2018).

With a focus on environmental sustainability, it is essential to assess the environmental impact of
resources consumed across all the stages of the FSC and to identify mitigation opportunities.
Several studies have applied Circular Economy (CE) principles to improve resource-use efficiency
by extending the lifetime use of a resource through a process of resource recovery (through
reuse/recycle - a process of eliminating waste). CE principles primarily focus on a closed loop
process that uses waste as an input within the supply chains (MacArthur, 2013a), thus increasing
the amount of waste reused/recycled (Banasik et al., 2017a, 2017b). CE is “expected to promote
economic growth by creating new businesses and job opportunities, saving materials’ cost,
dampening price volatility, improving security of supply while at the same time reducing
environmental pressures and social impacts” (Kalmykova et al., 2018, p. 190), thereby addressing

all three dimensions of sustainability (Seuring and Miiller, 2008), simultaneously.

On the other hand, several studies have also focused on improving operational efficiencies. These
include inventory management (Akbari Kaasgari et al., 2017), lean production (Garza-Reyes et al.,



2018), network optimisation (Banasik et al., 2017a) as well as scheduling and sequencing of
operations (Agustina et al., 2014). Ultimately, applying resource recovery practices reduces food
wastage and extends the lifetime use of virgin material. Consequently, such operational efficiency
improvement practices improve the operational efficiency of the processes and thereby optimize

the amount of resources consumed and waste generated.

Whilst India is the major producer and exporter of many agricultural crops (FAO, 2014), there is
a lack of research that evaluates the environmental impact of the Indian FSCs (Soto-Silva et al.,
2016). The environmental impact of the same product varies according to the resources consumed
(Beitzen-Heineke et al., 2017) and so it is important that the environmental impact of individual
supply chains be considered. Furthermore, there are only a few studies that identify operational
and resource inefficiency, as well as the opportunity to reduce it by way of Life Cycle Assessment
(LCA) (Noya et al., 2017). Likewise, existing literature fails to provide a framework accounting
for best practices that improves operational efficiency and resource recovery to attain

environmental sustainability.

Based on these gaps in the literature, this study aims to assess the environmental impact of an
Indian FSC using the Life Cycle Assessment (LCA) approach that has been widely adopted in
literature as a method of conducting an environmental impact assessment (Garofalo et al., 2017,
Noya et al., 2018a). Figure 1 presents the theoretical framework used in this paper to address the
above research gaps identified from literature. The LCA approach calculates the environmental
impact of resources consumed across cultivation, processing, packaging and transportation stages
of the mango FSC in India. The Indian mango has been chosen as the case product in this study
given that India is the largest exporter of mango product (APEDA, 2018) and the amount of food
waste (FW) associated with it is quite significant (Arora et al., 2018). The results of the LCA
assists decision makers to identify operational and resource inefficiencies present in the FSC
(Manfredi and Vignali, 2014).
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Figure 1 A theoretical sustainable food supply chain framework

To address these inefficiencies, a Sustainable Food Supply Chain (SFSC) framework is proposed
by redesigning the FSC through the adoption of practices that improves operational efficiency and
resource efficiency, with our prime focus on improving environmental sustainability, including
identification of economic and social benefits where possible. An economic model for SFSC is
also developed to show how the redesigned FSC will reduce the consumption of virgin materials

and increase agricultural production with no additional use of resources.

The rest of this paper is organised as follows. In Section 2, a literature review of the various topics
pertinent to this research is presented. This is followed by Section 3 which discusses the
development of the SFSC conceptual framework and Section 4 that measures the extent of the
resources used and identifies inefficiencies using an LCA approach. Section 5 draws upon the
LCA results to recommend a redesigned mango FSC for environmental sustainability. Finally.

Section 6 concludes by considering the managerial implications of these findings for the FSC



broadly, particularly in the context of a growing world population that will become dependent on

more efficient food production processes.

2. Literature review

This section provides a brief literature review on SFSC, operational efficiency improvement
practices, CE practices and use of LCA tools in FSC relevant to this study. The review emphasises

the need for the adoption of environmental sustainability practices in the context of FSC.

2.1 Sustainable food supply chain

The food industry is the largest manufacturing sector in many developed and developing countries
(Egilmez et al., 2014). With the ever-increasing demand for food products propelled by an
increasing population, a large amount of natural resources is consumed. This not only impacts the
crop yield but also results in ineffective practices and unsustainable ways of consuming the natural
resources. Although there are known efficient food production and distribution systems, SFSC
remains a challenge worldwide (lrani and Sharif, 2016). For example, more than 175 million
people in India and 130 million in China are consuming food products grown by excessive use of

water. Meanwhile, more than 24% of families are facing foodless days in India (Brown, 2012).

Whilst being cognizant of the economic benefits, there are growing environmental, social and
ethical concerns as a result of the growing demand on natural resources for agricultural production.
As such consumers, policy-makers and organisations are pressuring markets in particular for better
management of environmental resources across all stages of the FSC (lakovou et al., 2015). In
addition, consumers have started demanding information about quality, safety, sustainability, the
origin of the products, resources consumed and shelf life of the product, which have a direct impact
on FSC decisions (Beske et al., 2014). Adding to these pressures are the concerns associated with
climate change, localism and fair trade (D. Li et al., 2014). These challenges are focus squarely on

how food can be cultivated, distributed and consumed in a sustainable way.

The environmental dimension of sustainability mainly focuses on issues related to environmental
management. Such issues include depletion of natural resources (Yusuf et al., 2013), release of
toxic gases into the environment (Paksoy et al., 2011), energy consumption (Cholette and Venkat,
2009), water consumption (Labuschagne et al., 2005) and waste generation (Tsai and Hung, 2009).

Environmental impact assessment of resources consumed across the stages of the FSC assists in



identifying inefficiencies and mitigation strategies. The literature on environmental impact

assessment of FSC is discussed next.

2.2 Environmental impact assessment - Life cycle assessment applied in FSC

Quantification of environmental impact provides a detailed analysis of where all the resources are
spent and its corresponding environmental impact. This measure supports decision makers by
providing alternative strategies. Several methodologies have been developed for this purpose
including LCA (Longo et al., 2017), material flow analysis (Ju et al., 2017; Yin et al., 2015) and
emergy analysis (Liu et al., 2019; Park et al., 2016). LCA is the most commonly used method in
literature for assessing environmental impacts of different agricultural production systems (Roy et
al., 2009) and for the selection of environmentally friendly practices and equipment (Notarnicola
etal., 2017). For this reason, the LCA method is adopted in this study to analyse the environmental
impact of an FSC.

The LCA tool models the environmental impact of complex FSCs as it takes into account all the
resources used and emissions released across all stages of the FSC. Manfredi and Vignali (2014)
performed a LCA study on tomato puree production and identified packaging as having the
greatest environmental impact, as a significant amount of energy was required during the
production of the glass packaging material. Borghi et al. (2014) similarly concluded from an LCA
study on tomato-based products that packaging of the processed food resulted in the highest
environmental impact. Garofalo et al. (2017) found that the waste produced during the processing
phase generated the greatest environmental impact, followed by the packaging and the cropping
phase of the canned tomato cultivation. These studies illustrate that an assessment of a similar
product’ (tomato in this case) can result in different environmental impacts due to the variations
in the type and quantity of resources consumed. Similar work has also been done for agricultural
food processing activities (see Kyriakopoulou et al., 2015), dairy products and (see Noya et al.,
2018b; Parajuli et al., 2018).

A study by Willersinn et al. (2015) has concluded that environmental benefits are more in case of
loss treatments performed to obtain value from FW as against loss reduction scenarios. Therefore,
implementation of waste recovery practices in FSCs are likely to have significant positive impacts

on the environment.



Noya et al. (2017) used the LCA approach to evaluate the environmental performance of the linear
pork chain in Catalonia. Based on the result of an LCA, they found that both fodder production
and transport activities are the critical stages of the system. To address these critical stages, based
on CE principles, authors have proposed alternate options including the economic valorisation of
its main co-products (blood and butter) along with the optimisation of fodder production using
both local ingredients and pig slurry (from the farm) as an organic fertiliser. This alternate option
resulted in a reduction in environmental impact by 13.4% in transportation activities and 2% in
co-products and waste. Hence, resource recovery practices will result in reduced environmental

impact.

2.3 Resource recovery practices applied in FSC

Though the idea of CE has been in public discourse for some time, it gained momentum more
recently with the work produced by the Ellen Macarthur Foundation (MacArthur, 2013b; Su et al.,
2013). The Foundation defines CE as a generic term for an industrial economy that is, by design
or intention, restorative and in which material flows are of two types: (i) biological nutrients
intended to re-enter the biosphere safely, and (ii) technical nutrients, intended to circulate at a high
quality without entering the biosphere. The waste generated in a linear economy (extract, make,
use and dispose) is not present in the values underpinning the CE philosophy (extract, make, use,
re-use). Instead, waste is considered as a resource input into other products or into other supply
chains. Overall, the goal of CE is to retain as much valuable materials through a resource-efficient
processes of production (Hobson, 2016) which may at times depend on new business model
innovations (Sharpe and Agarwal, 2014). As an example, the seawater-based agricultural model
implemented in Eritrea has an ecosystem designed to utilise the output of one species as an input
for another, while maximising the value generated in terms of the economic, environmental and

social outcomes (see Jeffries (2017).

CE in underpinned by three principles that address the challenges faced by linear economies. The
first principle (P1) emphasises preserving and enhancing natural capital, like soil nutrients and
water resources through controlling and balancing the scarce resources. The second principle (P2)
addresses optimisation of resources through remanufacturing, refurbishing and recycling products
within their technical and biological cycles. In the case of FSC, principle P2 is achieved by the use

of by-products from food processing and recovering nutrients from waste in innovative ways that



create value (Mirabella et al., 2014) in the same or new supply chain. The third principle (P3)
focuses on generating incremental value through ecosystem effectiveness by managing
externalities such as water, climate change and the release of toxic substances into the

environment.

In developing countries, around 20-30% of food waste takes place in the pre-harvest stages of
FSCs due to “limitations in harvesting techniques, storage and cooling facilities, infrastructure,
packaging and marketing systems” (Bharucha, 2018, p. 640), that result in significant
environmental impacts (Brancoli et al., 2017). Despite India being the second largest producer of
fruits in the world, around 72% of fruits harvested are wasted along the FSC due to poor facility
and infrastructure for storage, cold chain and processing facilities (Balaji and Arshinder, 2016).

Given the extent of current levels of food waste, it is imperative to identify possible solutions to
help mitigate this volume of waste. For example, peels and seeds of fruits contain bioactive
compounds such as polyphenols, carotenoids and dietary fibres that could supplement vitamins
(Ajila et al., 2010). Other valuable compounds can also be obtained from food waste, including
pectin, dietary fibre, phenolic and other antioxidants. Anbazhagan, (2016) found that fruit and
vegetable wastes, tea dust, cattle waste and poultry scraps can be converted into enriched plant
nutrients by adding algal. Similarly, in FSCs, waste from every stage of the supply chain could be

recovered through appropriate resource recovery practices.

2.4 Operational efficiency improvement practices applied in FSC

FSCs involves a series of activities spanning from cultivation to distribution that brings food
products from farms to the end customers (Aramyan et al., 2006). Perishability, long lead-time for
producing agricultural products, seasonality in production and consumption and unsustainable
consumption of natural resources warrants the efficient management of resources (Amorim et al.,
2013; Siddh et al., 2017).

Various optimisation models have been developed for ensuring optimal usage of resources across
the different stages of the FSC. The models have been notably created for inventory management,
network design, waste elimination, quality improvement and scheduling, etc. For example,
Ahumada and Villalobos (2011) have developed an operational model that supports the short-term
planning (operational) decisions in the fresh produce industry for harvesting, packing and

distribution of crops to maximise revenue.



Optimisation of resources consumed such as water, fertilizer and energy are the main concerns in
the cultivation stage. Development of a sensor-based technology for precision agriculture is one
example of optimisation. Such technology has been developed to supply only the required amount
of inputs to the crops when required, reducing the resources consumed while simultaneously

increasing the yield obtained (Bongiovanni and Lowenberg-Deboer, 2004).

Next in the processing stage, consideration includes the selection of suppliers (Govindan et al.,
2017), location of facilities (Pishvaee and Razmi, 2012), production planning (Banasik et al.,
2017b), inventory decisions (Mogale et al., 2017) and selection of technology (Eskandarpour et
al., 2015). As expected, the success of any business depends on the management of relationships
with customer and suppliers (Parwez, 2014). There are multiple criteria that influence the selection
of the best suppliers. Criteria include supply capacity, quantity flexibility, quality of supply, price
of the product, sustainability initiatives, location of the supplier and timely delivery (Azadnia et
al., 2015; Grimm et al., 2016). As a result of pressures from customers on sustainability, industries
have started to consider environmental and social criteria in addition to cost when selecting the
supplier (Banaeian et al., 2018). Multi-criteria decision-making approaches such as analytic
hierarchy process are widely used by supply chain managers to assist in supplier selection
decisions (Grimm et al., 2014). Kumar et al. (2014) used a data envelopment analysis based
approach to address the supplier selection problem considering carbon footprint and cost factors.
Prosman and Sacchi, (2016) have developed environmental supplier selection criteria for the
circular supply chain. Considering supplier profitability, technological capability, conformance
quality, relationship closeness and conflict resolution factors, Dulmin and Mininno (2003)

proposed a solution to a supplier selection problem based on a fuzzy systematic approach.

Moreover, network design is one of the key influencing factors for sustainability in FSCs (Allaoui
etal., 2018). Network design involves the decision concerning the best configuration and operation
of all the supply chain network elements such as processing facilities, logistics, warehouses and
extraction facilities, to maximise the economic and social benefits and minimise the environmental
impacts (Allaoui et al., 2018; Pishvaee and Razmi, 2012). Much of the research in this area
primarily focuses on economic considerations (Ahumada and Villalobos, 2011). Only a few
studies have considered more than one sustainable dimension in network optimisation models. For

example, Mota et al. (2015) developed a decision support model for the integrated design and



planning of sustainable supply chains using optimisation modelling taking into account
uncertainty. Banasik et al. (2017a) developed mixed integer linear programming models taking

into account environmental and economic considerations.

Babazadeh et al. (2017) considered minimising total cost and environmental impact in the
biodiesel supply chain network, using a multi-objective-possibilistic programming model. Results
showed that high investment cost is required for minimising the environmental impact and risk.
Rentizelas et al., (2018) optimised the end-to-end supply chain of agricultural plastic waste
recycling. Zhang and Jiang, (2017) developed a model to find the optimal design of the supply
chain which is focusing on extraction of biodiesel from waste cooking oil. Papapostolou et al.,
(2011) developed an optimisation model for the optimal design of the biofuel supply chain
considering both technical and economic parameters that affect the performance. Akgul et al.,
(2012) developed a multi-objective optimisation model considering economic and environmental
factors to find the optimal design of hybrid first/second generation bio-fuel supply chain.
Sharifzadeh et al., (2015) developed an optimisation model for biofuel supply chain design and
operation under uncertain conditions. Validi et al. (2014) presented a robust solution approach for
the design of a capacitated distribution network for a two-layer supply chain involved in the
distribution of milk in Ireland. Allaoui et al., (2018) developed a multi-objective linear supply
chain model that aims to select effective suppliers from a proposed set of suppliers and to locate a
given number of effective transformers and distributors to satisfy the demands of the clients.

Lean manufacturing tools such as total productive maintenance, value stream mapping, Kaizen,
5S (Sort, Set In order, Shine, Standardise and Sustain) and root cause analysis are widely applied
in processing industries to eliminate the non-value-added activities and reduce the resource
consumption (Piercy and Rich, 2015; So and Sun, 2015). Garza-Reyes et al. (2018) investigated
the impact of lean tools on environmental performance in terms of material use, waste production
and energy consumption. Value stream mapping is a lean tool that identifies and measures non-
value-added activities resulting from inefficiencies and unreliability of money, people, machines,
information, tools and material during the course of a production process (Rother and Shook,
2003). Through correlation analysis and structural equation modelling, authors have concluded
that total productive maintenance and just in time production have positive influences on

environmental performance (Garza-Reyes et al., 2018).



In the packaging and distribution stages, studies have considered the inventory decisions (Soysal
et al., 2015), packaging material selection (Galotto and Ulloa, 2010) and transportation decisions
(Mogale et al., 2017). Li et al. (2014) developed a model to address the dynamic lot sizing
considering product returns and remanufacturing, which determines the production schedule of
manufacturing new products or remanufactured products to meet the demand at the lowest cost.
Accorsi et al., (2014) proposed a conceptual framework to integrate the design of food packaging
and distribution networks. This also included an environmental and economic impact assessment
of replacing the existing single-use packaging material with reusable plastic containers. However,
reusable packaging material also comes with additional environmental costs associated with
transportation (Mogale et al., 2016). As such, it can be said that the choice of material should also

depend on the supply location.

It is evident from the literature that the environmental impact from the production even of similar
products can vary depending on the amount of resource consumed in the process (Beitzen-Heineke
et al., 2017). Therefore, it is important to assess the environmental impact of individual supply
chains corresponding to the resources consumed across the various stages of the FSC. What is
missing in the literature is how the results from such environmental assessments can be used to
address these problems (Noya et al., 2017). What is also evident from the current literature is the
absence (or gap) of relevant frameworks that suggest how the existing FSC may be redesigned to
a SFSC to address the operational and resource inefficiencies that have been suitably measured for

sustainable outcomes.

3. Conceptual Framework

With this gap in mind, a SFSC conceptual framework for the redesigning of an existing FSC is
proposed and illustrated in Figure 2. In order to address the FSC operational and resource
inefficiencies across all stages and make the FSC more sustainable, a number of operational
efficiency improvement practices and CE-based resource recovery practices are proposed to design
a SFSC.

Key operational efficiency improvement practices contribute to reductions in resource use and
waste produced are shown on the left side of Figure 2. Similarly, resource recovery practices that
provide opportunities for reducing/reusing/recycling of waste and other by-products that increase

the lifecycle use of inputs into production, are shown on the right side of Figure 2. Overall,



improving operational efficiency can reduce the amount of resource consumed and waste
generated in an FSC and thus reduce the effort required for resource recovery. This interaction is

illustrated using dotted arrows.
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Figure 2 SFSC conceptual framework for improving operational efficiency and resource
recovery

A redesigned FSC that improves both operational efficiency and resource recovery results in value
creation. This can be explained using an economic framework. Figure 3, illustrates the effects of
input-resource substitution (virgin to recycled materials) in the farming sector considering the
growing CE industries that support recycling. Further, Figure 4 shows the reduction in input-
resource use (both virgin and recycled materials) that results from improving operational
efficiencies in the cultivation stage of an FSC. Both these effects combine to reduce the volume of
virgin input-resources required within the cultivation stage of the FSC. This result thereby
contributes to a more closed loop production system (Winkler, 2011). In both cases, labour and
capital stock are assumed to be given and the focus is solely on input resource use. This is to
illustrate that current agricultural practices in the cultivation stage are not only foregoing the

opportunity to use recycled products back into production but are failing to address the



inefficiencies in production that may result in additional CE activity through recycling. In effect,
they are more likely to happen at the expense of unnecessary use of virgin material that is needed

to support inefficiencies in production.

Specifically, in Figure 3, all the farmers’ total expenditure on input-resource used in agricultural
production is represented as the downward slope isocost line C;C{. The inputs in agricultural
production include virgin material, recycled material, or a combination of the two. Labour and
capital inputs are assumed as given. The line C;C{ represents a level of current expenditure on
input-resources, where C; represents the maximum amount of virgin material consumed if current
the expenditure is entirely on these inputs. C{! represents the maximum amount of recycled
material consumed if current the expenditure is entirely based on recycled materials. It is unlikely
that commercial farming can be entirely dependent on recycled material and so some amount of
virgin material is assumed. A point on the line C,C{! represents a quantity combination of the two

inputs that can be purchased at current expenditure levels.
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Figure 3 Resource Substitution Effect from CE Practices (RM - Recycled Material, VM - Virgin
Material)

The combination of inputs is chosen based on the target level of production that is driven by a

number of factors. In particular, this involves the ease by which the raw materials can be sourced,



their quality (especially for recycled materials) as well as their price and the techniques/technology
used in production. In this example, it is assumed there is a given level and quality of capital in
the production of a given level of output. In Figure 3, the level of agricultural production chosen
by farmers is point A (equal to Y; output) where the isoquant Q(Y;|K,L) is tangential to the

isocostcurve C;C{. The quantity of capital (K) and labour (L) are fixed in the current period.

The use of waste arising from harvesting, transporting and processing creates an opportunity to
reintroduce recycled inputs back into the FSC or other organisation. Our focus in this example is
on the recycled use of waste in the FSC. The greater the volume of waste that becomes recycled
through an expanding CE industry, the higher the accessibility of recycled inputs. Subsequently,
the price for the recycled material is reduced. The effect of a fall in price is shown in Figure 3 as
a rotation of the isocost line C;C{ to C;CZ. By shifting back the isocost line C,CE to Q(;|K, L),
the new tangency points on the isocost line C,C, show the substitution of virgin material by use of
recycled material. At lower relative prices for recycled materials, farmers are encouraged to switch
from virgin material use to recycled materials in agricultural production (assuming quality
consistency of recycled material). Figure 3 shows the level of input-resource substitution as
resources move from point A to B. As expected, the growth in the CE industries results in a greater

uptake of recycled inputs into production.

Figure 4 depicts the effects of input-resource use from improvements made in operational
efficiency. In contrast to the assumption made in Figure 3, it is assumed that both production and
technical inefficiency exist at point B. Efforts to reduce or eliminate this inefficiency will result in
a reduction of input-resource use for the same level of production Y. The effects of improvements
in operational efficiency are illustrated in Figure 4 as a leftward shift of the isocost line to C5Cs.
The new isoquant Q*(Y;|K, L) that represents the same level of output Y1 is now tangent to C5C;
at point C. Use of both virgin material and recycled material has declined as a result of this,

however, use of the recycled material continues largely as was the case in Figure 3.
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Figure 4 Reduction in resource use from improving Operational Efficiency

Figure 5 illustrates the total effect of the efficient use of resources and improvements made to the
operational as the resources move from points A to C. The combined effect illustrates not only a
decline in the use of virgin material along with a relatively greater dependence on recycled material
but that the combined volume of input-resources needed for the same level of agricultural
production is less than what was previously needed (point A). The findings in Figure 5 also
illustrate the economy’s capacity to cater to the increase in population growth under such
circumstances. For example, if agricultural production increases (thereby increasing costs to C,C,)
output increases to Y2 at point D on isoquant(Y,|K, L). For comparison purposes, at this level of
production, the level of virgin material input used is identical to the level of virgin material used
at point A with lower levels of production (point A). This is possible with the use of the recycled
material that is now available through CE activity. The result demonstrates the benefits of CE
activities, both in terms of ensuring the longevity of existing virgin materials for future
generations, the reduction of environmental impact from virgin material extraction use as well as

the productive use of a waste product that would have otherwise been disposed of.
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Figure 5 Productivity improvement from the combined effect of improving operational
efficiency and resource recovery

Ultimately, productivity improvements from the combined effect of improving operational
efficiency and resource recovery can be attained for the processing, packaging and transportation

stages of a redesigned SFSC.

4. Methodology

The main aim of this research is to identify the inefficiencies present in the FSC through
environmental impact assessment and propose a framework for redesigning the FSC using
practices that improve operational efficiency and resource recovery practices for environmental
sustainability. Mango is chosen as a case product. LCA using SimaPro (Version 8.4) (SimaPro,
1988) is performed to identify potential causes of environmental impact, including resource and
operational inefficiencies. LCA is performed using a four steps that are consistent with the 1SO
(2006) guidelines. The four steps include: (i) ‘goal and scope definition’, where the goal, system
description, selection of the functional unit, system boundary and assumptions made are defined,;
(i) ‘inventory analysis’, where the data collection process and the data collected are discussed;

(iii) ‘methods of impact assessment,” where selected impact categories are explained; and (iv)



results of the LCA are interpreted and the potential causes of environmental impacts are identified.

Based on these findings a framework is proposed to improve environmental sustainability of FSC.

4.1 LCA for mango FSC

This section details the four steps in LCA for the mango FSC derived from mango pulp production
industries located in Tamil Nadu, a southern state of India.

4.1.1 Goal and scope definition

The objective of this step is to quantify the environmental impact of the mango FSC taking into
account how resources are consumed across the cultivation, processing, packaging and
transportation stages of the supply chain. The consumption stage is not considered because of the

difficulties in identifying consumer behaviour and the lack of available data.

System description

The life cycle of mango pulp production along with its supply chain has four distinct stages (1-4),

as shown in Figure 6.

Mango Mango fruit Mango Pulp Mango Pulp Mango Pulp

Cultivation Transportation Production Packaging Transportation

(83] @ &) &) )

Figure 6 Existing mango FSC

The first stage involves the cultivation of the mango fruit. This includes deep ploughing,
harrowing, levelling and pit preparation using machinery before planting the saplings in the field.
As rainwater is the only source of irrigation in these regions, trees are planted between July and
August in the ratio of 100 saplings per hectare. Fertilisers and pesticides are applied every year
based on the recommended guidelines posted by the Tamil Nadu agricultural scientists (TNAU,
2017).

The second stage involves the processing of the mango fruit to produce mango pulp. While the
processing steps considered here are the common practices followed by fruit processing industries
in the Krishnagiri district, this can be generalised to many industrial countries as the industrial
operations are standardised (Sinha et al. 2010). The raw mango fruits received from the farmers

undergo several steps, as shown in Figure 7. These may include modified controlled ripening,



sorting, washing, cutting, de-stoning, pulping and refining, evaporation and sterilisation. In the
third stage, after cooling the pulp to room temperature the pulp is filled in an aseptic bag and
packed in drums. The final stage involves the transportation of the mango pulp by lorries to the
Indian market and by sea freight to major export markets in Europe and Arab countries.
Transportation of mango from the farmers’ land to mango processing industry is also considered

under stage 4.

The functional unit, system boundaries and assumptions

The functional unit is the reference unit of mango pulp for which the inventory data is normalised
(1SO, 2006). A pack containing 215kg mango pulp is considered as the functional unit. For

producing 215kg of mango pulp, it consumes 430kg of raw mango.

In the mango cultivation stage (see Figure 7), the inputs include fuels used for land preparation,
fertilisers used for nutrient supplements, pesticides used for pest and growth management and
water. Carbon-dioxide absorbed by the plant differs when compared to the quantity of carbon
dioxide that is released to the environment at the end of the plant’s life (Ruviaro et al., 2012). The
life cycle of the vehicles and machinery utilised is not considered, however, emissions from these
vehicles are included. Energy consumed and emissions produced for transportation of the
harvested fruits from the farm to the processing plant is considered in the transportation stage. This
includes the emissions from all transportation activities across the FSC. In the processing stage,
the various inputs consumed such as chemicals, water, electricity and fuel required for processing
the mango fruit for pulp are considered in this study. Resources consumed for packaging and the

end-of-life of the packaging material are also covered.
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4.1.2 Inventory analysis and data collection

The life cycle inventory analysis quantifies the amount of resource utilised and environmental
releases corresponding to the system being studied in this paper (1SO, 2006). Data related to the
cultivation stage of the FSC is directly gathered from farmers of the Krishnagiri and Salem districts
of Tamil Nadu, (India) through questionnaires and personal interviews collected during March -
July 2017. Primary data related to the mango pulp production, packaging and transportation were
gathered from the fruit processing industries located in the Krishnagiri district. Secondary data
related to packaging materials were taken from the Eco-invent database (Frischknecht et al., 2007).
Site-specific data are always used if available; otherwise, a global average is adopted from the
Ecoinvent Database v3.4. Geographical coverage, time relatedness and technological coverage are
considered in the data collection process (Cellura et al., 2011). Where such data is used, it is clearly
stated.

Mango cultivation

It is well known in the mango industry that the yield of a mango tree increases gradually and peaks
when the tree is aged between 20 to 25 years. The average yield of a mango tree throughout its
lifecycle has be estimated to be between5 to 7 tons/ha/year (see Cerutti et al., 2011). The irrigation
of the mango trees is entirely dependent on rainfall, and diesel-powered vehicles are typically used
for tilling the soil and during the cultivation stage. Inorganic fertilisers and pesticides are used,
based on the recommendations of agriculture scientists in the Tamil Nadu region. The list of input
resources utilised for the cultivation phase including the emissions affecting air, water and soil
quality are calculated based on the world food LCA database guidelines (Nemecek et al., 2014)
and are listed in Table 1. . Emissions due to pesticides are not accounted for as they are negligible
compared to the impact categories analysed (Audsley and Alber, 1997). In addition, emission due
to seedling production, tilling of the soil, establishing an orchard, land use change, planting tree

and fertigation processes are all considered within the cultivation phase.

The amount of each input used per functional unit is summarised in Table 1.



Table 1 Inventory data for cultivation, pulp production and packaging stage

Stages Input Amount per functional unit
Mango Cultivation Diesel 0.0004 litre
Nitrogen 5.9812 kg
Phosphorous as P20s 5.9812 kg
Potassium as KO 5.9812 kg
Insecticides 0.1178 kg
Mango Pulp Production Diesel 0.1433 litre
Water 143.4 litre
Sodium hypochlorite 0.0478 kg
Electricity 7.8833 kWh
Citric acid 0.645 kg
Mango Pulp Packaging Steam 1.72 kg
Electricity 0.086 kWh
LDPE film 630 gram
MS Drum (Empty) 17 kg
Transportation Stage Transoceanic 1930 tkm
Transport to port 54.2 tkm
Mango transport from Farmers 0.206 tkm
Packing material transport 3.97 tkm
Fertiliser transport 0.0004 tkm

Mango pulp production

In the mango pulp production stage, citric acid is used in modified controlled ripening of mango
fruit to ensure equal ripening of mango fruits. Sodium hypochlorite is then used in the cleaning of
mango fruit. All the machinery used in this process is powered by electricity and diesel-powered
electricity generators. The quantity of all these resources consumed per functional unit is given in
Table 1.

Mango pulp packaging

The use of interviews provided the necessary data on the packaging during the process of fruit
processing. Packaging materials used for one drum (215kg) of mango pulp is included here. The
electricity and steam used for the packaging process are calculated corresponding to the functional
unit and listed in Table 1. Secondary data related to packaging materials were taken from the
Ecoinvent database (Frischknecht et al., 2007). The distance required to transport the drums and

the low-density polyethylene (LDPE) film used is also considered.



Mango and mango pulp transportation

There are two major stages in the transport of the mango product. The first involves transporting
the mango fruits from the farm to the processing plants. A total of 45% of all mangoes are sourced
from local farmers, 30% from Karnataka state and 25% from Andhra Pradesh state, with an
average transportation distance of 100km, 180km and 500km respectively. The second stage of
the transportation involves moving the packaged fruit pulp to the retail point of sale. Transportation
to the loading docks at Chennai for export to European countries is considered in this stage.
Secondary data related to transportation processes were taken from the Ecoinvent database
(Frischknecht et al., 2007). The transportation of fertiliser and packaging material is also accounted

for in this stage.

Based on the data collected on inputs, a model is developed in the SimaPro software. A model
corresponding to each stage (cultivation, processing, packaging and transportation) is developed
based on all the resources consumed. Finally, a solution to the developed model is provided using

an impact assessment method discussed in the next section.

4.1.3 Methods of impact assessment

The inventory data collected is used in the impact assessment phase to calculate the environmental
effects (1SO, 2006). The impact categories recommended by the international reference life cycle
data system handbook (Wolf et al., 2010) are used. The CML-IA impact assessment method and
its eight impact categories developed by the Centre of Environmental Science (Guinée, 2002) of
Leiden University in the Netherlands form the basis of measurement. These impact categories are
selected such that it measures the FSC’s impact on human health, natural environment and natural
resources (ISO, 2006). These impact categories are also commonly used in literature for LCAs of
FSCs (Manfredi and Vignali, 2014; Strazza et al., 2015). The impact categories mentioned are
recognised as: global warming potential (GWP100a), human toxicity (HT), fresh water aquatic
ecotoxicity (FW), marine aquatic ecotoxicity (MAE), terrestrial ecotoxicity (TE), photochemical
oxidation (PO), acidification (AC) and eutrophication (EU). The water footprint assessment of the

system is based on Hoekstra et al., (2012).

4.1.4 Interpretation of results
In this subsection, the results obtained from the LCA are analysed and a discussion on the major

contributor of environmental impact across each stage follows.



Environmental Impact of mango FSC

Table 2 shows the environmental impact corresponding to a 215kg pulp drum that is taken as the

functional unit. Environmental impacts are represented using different impact categories.

Table 2 Environmental impacts corresponding to different stages of mango FSC

ICn;erC(;ries Unit Total Cultivation Elrjcl)guction i:(l:pkaging Transport
GWP100a kg CO2 eq 143.6948 42.9594 15.8203 51.9237 32.9913
HT kg 1,4-DB eq 1277.0140  26.8489 2.6717 1239.6429 7.8505
FW kg 1,4-DB eq 8.3776 6.7335 0.2097 1.1764 0.2580
MAE kg 1,4-DB eq 53664.40 7646.98 11826.55 31153.12 3037.73
TE kg 1,4-DB eq 2.8338 1.3078 0.0241 1.4740 0.0279
PO kg C2H4 eq 0.0403 0.0095 0.0043 0.0088 0.0178
AC kg SO2 eq 1.2086 0.2537 0.1132 0.3462 0.4955
EU kg PO4- eq 0.4322 0.3452 0.0127 0.0264 0.0478

Table 2 shows that the packaging stage contributes towards the maximum environmental impact
in almost all the impact categories. This result can be compared with the those findings reported
by Manfredi and Vignali (2014) and Borghi et al. (2014), for the tomato puree production industry.
Borghi et al., (2014), and Manfredi and Vignali, (2014) also found that the packaging stage
produced the maximum environmental impact in the tomato supply chain. After packaging, the
cultivation stage in the mango FSC has the highest environmental impact across most impact

categories, followed by transportation and pulp production.
Mango cultivation

The cultivation stage of the mango life cycle has a significant impact on the environment, as shown

in



Table 3.



Table 3 Environmental impacts corresponding to inputs consumed at each stage of mango FSC
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Fertilisers used as a nutrient supplement should be based on the condition of the soil and the crop
being grown. The use of fertilisers over and above that is necessary alters the properties of soil

resulting in adverse environmental impacts. As shown in



Table 3, the production of fertilisers causes a maximum impact on the environment in most of the
categories with PO (64.93%), FW (47.44%), MAE (41.11%) and AC (36.99%). Among the
fertilisers used, the use of potassium causes maximum environmental impact. In addition to this,
fertigation emission has a high environmental impact through EU (82.6%), thus heavily affecting
human health with 20.23 kg 1, 4-dichlorobenzene equivalent measure of HT. In addition, the use
of pesticides on the farm has a significant environmental impact due to PO (14.79%), MAE
(13.75%) and HT (12.54%).

Mango pulp production

A considerable amount of resources such as energy, water and chemicals are used during the
processing stage of the mango supply chain, which directly impacts the environment. Due to the
delay in mango supply from farmers and inefficient production plans, the facilities have not been

utilised at capacity resulting in high utilisation of resources. As shown in



Table 3, use of electricity for pulp production has a high impact on the natural ecosystem and
human health, as non-renewable natural resources (such as coal) are used for electricity generation
to run the processing machines and for the production of the machinery itself. Electricity
consumption contributes 67.92% to FWP100a, 53.19% to HT, 77.92% to MAE, 68.85% to AC
and 66.47% to PO. Additionally, when the fruits are ripened artificially, regardless of the maturity
of the fruit, the same level of treatment for ripening is given. This, in turn, alters the desired
property of mango pulp produced. At this point, the options available are to either add citric acid
to the pulp or reject the entire quantity produced. The use of citric acid has the most significant
environmental impact in the processing stage after electricity, with FW (85.14%), TE (59.44%)
and EU (43.8%). Similarly, the water footprint index is estimated to be 0.73m?, which corresponds

to the amount of water consumed in the processing stage for fruit washing.

Besides the resources consumed for processing of the mango pulp, the mango fruit processing
industries produce an almost equal amount of wastage (peel, seeds, and damaged fruits) as the
final product by weight. In India, most of this FW goes into landfill, not only resulting in the
disposal of a useful resource but also polluting the soil as a result of the concentrate of substances

present in the waste.
Mango pulp packaging

The packaging stage of the supply chain has the maximum environmental impact in most of the
impact categories, as compared with all the other stages of the mango FSC. The quantity of steel
consumed to manufacture the packaging drums and the low-density polyethene (aseptic plastic
bags) used in the packing of mango pulp are the major causes of the environmental impact of this
stage. The packed drum is mostly exported to Arabian and European countries, where the
containers are scrapped after taking out the mango pulp. Thus, the maximum value is not extracted
from this packaging material, resulting in a high impact on the environment. Table 3 shows the
values corresponding to the impact categories. In addition, the water footprint index for the water
consumed in the packing stage is calculated as 44m3 based on the water footprint assessment
method (Hoekstra et al., 2012).

Steel as an input resource is the major contributor to environmental impact in this packaging stage,

with more than 90% contribution among the majority of impact categories. Scrapping the steel



drum containers creates value and reduces the environmental impact by 67.39% PO, 34.63%
GWP100a, 29.07% EU, 24.38% AC, and 21.76% MAE categories.

Mango and Mango pulp transportation

Transportation is involved in all stages of the supply chain. In the cultivation stage it is used for
procuring fertilisers, pesticides and other inputs; in the processing stage for procuring the
chemicals and for transporting mangoes from farms to processor; in the packaging stage for
obtaining packaging materials from local markets; and in the transportation stage where packed
mango pulp drums are transported domestically and internationally. Across all stages, the
transportation operations are not performed in an optimised way, either by using optimal vehicle
capacity or load carried, resulting in environmental impacts. The distance the pulp is transported
to reach the customer location correlates to maximum emissions into the environment with AC
(87.92%), EU (77.40%), PO (77.08%), TE (65.52%) and FW (51.28%) as shown in



Table 3. In addition, the transport of packed pulp from the processing centres to ports has a

significant impact on the environment.

In Figure 8 we consolidates the findings by outlining the potential causes of environmental impact
at each of the four stages of the mango FSC. Both operational and resource inefficiency practices

across the mango FSC are also illustrated in Figure 8.
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Figure 8 Potential causes of environmental impact at each stage of mango FSC

In direct response to this, the application of operational efficiency improvement practices and
resource recovery practices would address these inefficiencies and help in achieving
environmental sustainability. By improving operational efficiency in a mango FSC, the amount of

waste that occurs may be reduced, thus limiting the amount of waste that needs to be recovered.

The following section outlines the development of a framework that shows how the existing mango
FSC can be redesigned that would lessen the environmental impacts and contribute to improved

economic and social benefits.
5. Development of a framework for sustainable mango FSC by analysing resources

The LCA analysis illustrates how each stage of the mango FSC has a significant impact on the
environment. Environmental impact is also an indication of inefficiency in operations and
resources use (Ding et al., 2016). As a way to address these inefficiencies using the proposed
conceptual framework given in Figure 2, a suggestion for redesigning of the mango FSC is given.

A review of the literature provided a list of practices to improve operational efficiency and resource



recovery that help in improving operational efficiencies and resource recovery mechanisms.
Drawing on these identified practices, the redesign of the mango FSC is illustrated in Figure 9 and
detailed in Table 4. In addition, the wastages occurring in existing mango FSC are identified and
ways to reduce this are discussed.

Operational efficiency improvement and resource recovery practices for mango cultivation stage

In developing countries, more than 70% of available freshwater is used in agriculture due to
inefficient agriculture practices, resulting in scarcity of water in many of the states of India as well
as having a significant environmental impact on other areas dependent on this water use (Bagh,
2005; Dhawan, 2017). To address this, precision agriculture (Adekunle 1.0, 2013) and integrated
production systems (Parajuli et al., 2018) can be adopted to increase crop yield while reducing the
amount of resource consumed as per Figure 4. Precision agriculture systems control the amount of
inputs consumed such as water, fertiliser and other chemicals thereby limiting the adverse effects
on the soil condition and crop yield. An integrated production system considers ecological
interactions alongside the land use systems to ensure efficient nutrient cycling, improving soil
nutrients, enhancing biodiversity and preserving natural resources (Figure 4) in the agricultural

ecosystem (Chen et al., 2011; Lemaire et al., 2014).

Collaboration with the supply chain entities can assist in the planning of cultivation activities and
harvesting dates (Dos Santos and Smith, 2008) in order to reduce the uncertainty of demand for
the mango fruit. Additionally, post-harvest waste can be avoided by following the maturity indices
proposed by the Ministry of Agriculture (2013). By following such maturity indices, damaged
mangoes can be treated separately for value creation, which in turn reduces the consumption of

virgin material used in the supply chain (consistent with Figure 3).

Operational efficiency improvement and resource recovery practices for mango pulp production

stage

In the FSC, the matching of demand and supply is always a major task (Diabat et al., 2012). The
choice of suppliers who have flexibility in cultivation has a significant impact on the resilience of
the supply chain (Kamalahmadi and Mellat-Parast, 2015). Therefore, supplier selection should be
undertaken taking into account all the critical factors using multi-criteria approaches (Govindan et

al., 2017). In addition, building long-term relationships with suppliers reduces risk around input



supply and thereby results in better utilisation of facilities and resources at the processing plant
and reduction in production cost. While ensuring continuous supply, it is also important to plan
inventory decisions and production schedules consistent with the supply chain strategy in place to
limit unnecessary uncertainties. Furthermore, non-value-added activities can be eliminated in the
processing plant through the implementation of lean manufacturing tools such as value stream
mapping, continuous improvement, 5S and total productive maintenance (Rother and Shook,
2003).

Ripening of mature and immature fruits alters the required properties of the mango pulp. A
systematic grading of fruits will avoid this variation in the fruit ripening process (see similar
suggestions by Ministry of Agriculture, 2013). To manage the waste generated during the process
of mango pulp production, a sustainable way of disposing of the fruit waste should be adopted in
a way consistent with the suggested by Anbazhagan, 2016; Mirabella et al., 2014. For example,
the combination of mango seed kernel extract and oil contains high amounts of antioxidants, which
can be used as a natural antioxidant with antimicrobial properties in other foods (Mirabella et al.,
2014). In addition, the bio-fertiliser that is produced from the recycled material can be used back
in the cycle to reduce the consumption of virgin materials (see Figure 3). Currently, the Indian
government is also encouraging the use of bio-wastes to produce organic manure and biogas under
the Capital Investment Subsidy Scheme of the National Mission for Sustainable Agriculture
(NMSA) program (Ministry of Agriculture, 2013). It is noted that water consumed in the
processing stage is also capable of being completely recycled. In this way, following a CE and
operations management based practice, waste and virgin material consumption will reduce;
simultaneously reducing environmental impacts, creating job opportunities and economic benefits
consistent with the conclusions presented in Figure 3 and Figure 4. Evidently, virgin and recycled
materials saved by these alternative approaches can be used to further increase production levels

(see Figure 5) in order to meet the needs of a growing world population.

Operational efficiency improvement and resource recovery practices for mango pulp packaging

stage

Proper selection and optimal design of the packaging material can also reduce the environmental
impact significantly (Accorsi et al., 2014; Manfredi and Vignali, 2014). As Manfredi and Vignali
(2014) highlighted, reducing the weight of the material by 20% results in a 15% to 20% reduction



in the environmental impact. Based on the life cycle analysis done on the packaging materials in
fruits and fruit pulps, reuse of the packing material is found to be the best option for an end-of-life
strategy (Accorsi et al., 2015, 2014). It is crucial, therefore, that the packaging material is designed
taking into account the end-of-life conditions.

Operational efficiency improvement and resource recovery practices for mango transportation

stage

The industry considered in this case study procures more than half the quantity of mangoes from
other states, which involves transportation over long distances, creating a degree of supply
uncertainty, and causing significant emissions to the environment. Sourcing from local farmers
would reduce this uncertainty in supply and emission (Lehtinen, 2012). In local sourcing, transport
distances can be decreased through proper mapping and documentation of supplier locations and
their capacity. Coordination and simplification of logistical decisions in the supply chain through
optimisation techniques will help in reducing the resources consumed and the corresponding

environmental impacts (Etemadnia et al., 2015).

The following Table 4 summarises the above discussion of Operational efficiency improvement
and resource recovery practices for addressing resource and operational inefficiency in a mango

FSC. The potential causes of environmental impacts are ranked based on the result of an LCA.

Table 4 Summary of best practices for achieving environmental sustainability in mango FSC

Impact-
Causes of wise Operational Efficienc
Stages Environmental Ranking P Y Resource Recovery
Improvement
Impact based on
LCA
Cultivation Fertigation 2 Adoption of precision agriculture Integrated production
Stage Emission practices regulates the system reduces/
overconsumption of fertilisers eliminates the
requirement of fertiliser
(Al Shamsi et al., 2018)
Seedling 3 - Reuse of soil and
seedling container
Fertiliser 1 - Eliminating usage of
Non-organic fertilisers
Pesticide 4 - Adoption of an

integrated production
system reduces the



Processing
Stage

Pulp Packaging
Stage

Fruit wastes

Citric acid

Diesel

Sodium
hypochlorite

Electricity

Water

Wastage of

fruits, peels and
seeds

Steam

Electricity

Steel

LDPE

Following maturity indices help in
picking well-matured fruits
(Ministry of Agriculture, 2013).

Identification of optimal quantity
of citric acid that needs to be added

Value stream mapping can help
identify non-value added and
reduce resource consumption
(Rother and Shook, 2003).

Identification of optimal quantity
of sodium hypochlorite that needs
to be added

Optimal design & selection of
packaging material (Manfredi and
Vignali, 2014).

Optimal design & selection of
packaging material (Manfredi and
Vignali, 2014).

requirement of pesticides
(Al Shamsi et al., 2018)

Extraction of nutrients
from fruit waste &
composting of wastes to
produce manures (Ajila
et al., 2007; Mirabella et
al., 2014).

Use of renewable and
recyclable energy
resources (Ngoc and
Schnitzer, 2009)

Recycling & reuse of
waste water (Vergine et
al., 2017).

Using seeds for seedling
production

Extraction of nutrients
from fruit waste &
composting of wastes to
produce manures (Ajila
et al., 2007; Mirabella et
al., 2014).

Use of renewable and
recyclable energy
resources (Ngoc and
Schnitzer, 2009)

Use of renewable and
recyclable energy
resources (Ngoc and
Schnitzer, 2009)

Reuse / remanufacture /
recycle (Ghisellini et al.,
2016; Zeng et al., 2017).

Reuse / remanufacture /
recycle (Ghisellini et al.,
2016; Zeng et al., 2017).



Transportation
Stage

Trans-oceanic

Transportation
of mango pulp
to port

Mango
transportation

Packing
material
transport

Fertiliser
transport

Proper disposal of
marine wastes

Network optimisation considering -

full truckload (Ghisellini et al.,

2016)

Proper mapping and documentation -

of supplier location and their
capacity and scheduling mango
procurement.

Local Sourcing (Borghi et al., -
2014).

Local sourcing of agricultural input -

and planned procurement (Borghi
etal., 2014).

Based on the above discussion, a framework that address both operational and resource

inefficiency in the mango FSC is proposed (Figure 9). This redesigned FSC is sustainable on three

dimensions - economic, social and environmental - perspectives.
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Figure 9 Redesigned sustainable mango FSC framework
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This sustainable mango FSC framework shows how operational issues at every stage of the supply

chain can be addressed using appropriate tools. Practices/tools that address mainly operational

issues are illustrated at the top of Figure 10 and resource recovery issues addressed are illustrated

at the bottom of Figure 10. The arrows used show how the waste generated can be put back in the

cycle across the various stages of the FSC. Operational efficiency improvement practices ensures



the optimal allocation of resources that, in turn, reduces the amount of waste generated. For
example, the optimal design of the transportation network reduces the distance travelled and the
delivery time for food products, reducing food wastage by preserving the quality of the product
delivered, as highlighted in Figure 4. Further, high levels of waste are best addressed through the
reuse and recycling of waste. Thus, food waste in any form at any stage of the mango FSC can be
used for value creation through appropriate processes and reintegrated back in the cycle (Ajila et
al., 2007) (Figure 3).

Sensitivity analysis of resource usage and environmental impact

Sensitivity analysis is performed to identify the potential resource that can provide improvements
in processes and reduce any adverse environmental impacts (Garofalo et al., 2017; Manfredi and
Vignali, 2014).

Based on the result of an LCA, packaging has been identified as a critical stage causing a most
environmental impact in a mango FSC. Optimal design and selection of packaging material have
been suggested as a way of reducing significant environmental impact. In validating this
suggestion, sensitivity analysis is performed on 10% weight reduction of packaging material, to
identify the potential for reducing environmental impact. The result of this analysis showed that
there is a 9-10% reduction in the environmental impact across all the impact categories as shown
in Figure 10. This finding aligns with that of Manfredi and Vignali, (2014).

Furthermore, the transportation stage resulted in significant environmental impact across all the
impact categories as shown in Table 2. To address this operational inefficiency, network
optimisation, reducing the number of trips and local sourcing, has been suggested as a practical
strategy. Validating the impact of this strategy, sensitivity analysis of a 10% reduction in
transportation distance across all different transportation methods involved is performed. Figure
10 shows the % reduction in environmental impact across all the considered impact categories

corresponding to this transportation distance reduction.

Results of these two categories substantiate reducing environmental impact through incorporating
the tools and practices suggested in Figure 9 and Table 4. With this result and the evidence from
the literature (Garofalo et al., 2017; Manfredi and Vignali, 2014), it can be asserted that addressing

resource and operational inefficiency will help in reducing the environmental impact. To this



effect, sensitivity analysis corresponding to all other parameters may be performed and its potential

for reducing environmental impact subsequently analysed.

Sensitivity Analysis
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8% Reduction in impacts due to 10% reduction in transport distance

B % of emission reduction corresponding to 10% reduction in weight of steel

Figure 10 Sensitivity analysis

Hence, the inefficiencies and corresponding environmental impact can be addressed through

operational efficiency improvement and resource recovery practices.

6. Managerial implications and concluding remarks

Increasing global food demand, alongside resource consumption rates put enormous pressure on
the available but limited natural resources. Only by making the FSC more sustainable by ensuring
a reduction in waste, it is possible to address the increasing food demand. Following a systematic
review method to analyse the literature, the LCA methodology is used to assess the environmental
impacts of the current Indian mango FSCs. Based on the inefficiencies identified from the LCA
results, an SFSC framework is proposed that can be used to redesign any FSC - not only having

the capacity to be resource-efficient, but sustainable as well.

This study has identified limitations as well as implications for both researchers and FSC managers
in order to attain sustainable practices across agribusiness. Firstly, the redesigned sustainable
mango FSC would benefit from implementation in real time helping to quantify economic,
environmental and social improvements. One could also apply the proposed conceptual framework
(Figure 2) to other food products and associated supply chains thereby revealing the operational
and resource inefficiencies within those FSCs. Adopting this conceptual framework to other



industries beyond food (e.g. manufacturing) is also possible using this approach wherein
opportunities for improving operational efficiency and resource recovery for environmental

sustainability can be identified in similar way.

Using the dotted line in the conceptual framework in Figure 2, one could assess the
interrelationships between the operational efficiency improvement and resource recovery practices

when deployed simultaneously.

From a practitioners’ point of view, the economic models developed in Figure 3, Figure 4 & Figure
5 provide additional insights on how the operational and resource efficiency dimensions can be
addressed in order to meet the food demands of the growing population. This efficiency can be
realised through a potential reduction in the current rate of virgin material consumed as well as an
increase in the lifetime use of resources through the adoption of resource recovery practices. In
addition, the results of the LCA study clearly highlights the environmental impacts corresponding
to each resource consumed at every stage of the mango FSC. This impact assessment not only
helps the FSC practitioners, including farmers, to adopt and reduce the environmental impact but
also assists in creating economic and social value. Furthermore, extrapolating operational
efficiency improvement practices and resource recovery practices from a variety of literature to
address the Indian mango FSC’s inefficiencies will help decision makers improve the overall
efficiency of Indian mango FSC. Indeed, implementation of these practices across different
industry sectors requires government’ intervention. This could include the introduction of effective
regulations, laws, policies, and tax which may be in the form of incentives to sustainable processes

and application of taxes on the consumption of non-renewable resources.
Limitations

The limitations of this study are mainly in methodological aspects. Due to unavailability of some
of the life cycle inventory data from the region under consideration, global average is used. Hence,
using all inventory data corresponding to the geographical location considered might affect the
result. Also, the data collection for this study is only from Tamil Nadu, India. In order to generalise
the findings of this study more globally, it would be necessary to collect more data. Furthermore,
the variation in time period of data collection would impact the result obtained as there is a chance
for difference in resource consumed by different machineries and processes used in different time

period. The interpretations made in this study are based on the impact categories considered in this



study. In addition, the specific focus on cultivation, processing, packaging and transportation
stages of an FSC provides on limiting factor in this study. As such this study could benefit from

including consumption (at the point of sale) and the waste recovery phase.

In summary, this study opens avenues for further research to ensure more sustainable practices in

the agricultural sector.
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