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Abstract

Purpose – The purpose of this paper is to measure food loss and waste by material flow analysis (MFA) tool.
Applying this methodology, the authors estimate wastage-related losses and discuss opportunities for more
circular and sustainable practices in the Italian potato industry.
Design/methodology/approach –MFA is applied to two specific typologies as follows: ready-to-eat (chips)
and dried potato products produced in Italy. The analysis refers to the year 2017 as the complete dataset useful
for this study includes measurements until this year. A bottom-up and top-down mixed approach is applied,
and functional unit refers to 1 t of potatoes consumed as final product.
Findings –MFA is applied to quantify and qualify material balance associated with 1 t of potatoes consumed
as final product. In Italy, in 2017, more than 22,000 t of fresh tubers were lost, including 3,500–4,800 t of starch,
equivalent to 52,800–72,600 GJs. Moreover, fewer than 23,000 t of skins and scraps were produced within
industrial plants, not available for food but suitable for animal feed (dry skins are an excellent carbohydrates
source in cattle and poultry feed), starch industry and bioenergy production (biogas and/or bioethanol).
Originality/value –This research is one of the few studies proposingMFAmethodology as a tool to measure
food waste. This analysis shows its utility in terms of food waste quality/quantity evaluation, supporting both
company management and policymakers.
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1. Introduction
The global phenomenon of food loss andwaste has increased bymore than 50% (inweight) in
recent years (Hall et al., 2009). According to FAO (2017, 2018, 2019c), International Food
Policy Research Institute (2019) and Gustavsson et al. (2011) data, each year more than 1.3bn t
of food on average are thrown away, equal to over a third of global production. Food iswasted
along the whole food supply chain, recording several differences in quantity and quality from
one region to another.

There is still no internationally accepted definition of food loss and food waste. According
to FAO (2011), food losses or waste “are the masses of food lost or wasted in the part of food
chains leading to edible products going to human consumption”. Thismeans that food originally
designated for human consumption but later excluded fromhumannutrition, even if reused for
other purposes – such as energy recovery or animal feed – is considered food loss or waste.
FUSIONS (2016a) does not distinguish between food loss and foodwaste, stating that the latter
is “fractions of food and inedible parts of food removed from the food supply chain to be
recovered or disposed” (e.g. composting, anaerobic digestion, bioenergy production).

On average, more than 160 kg/capita of food are thrown away annually from agricultural
production to the distribution and retail stages, ranging from the highest quantity in Latin
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America (200 kg/capita) to the lowest in South and Southeast Asia (100 kg/capita). However,
the widest differences between regions occur at the consumption stage (hospitality and
household level), where consumer habits play a fundamental role (Fiore et al., 2017). The
highest value has been recorded in North America and Oceania (110 kg/capita), and the
lowest in sub-Saharan Africa (Br€autigam et al., 2014; FAO, 2019b; Hodges et al., 2010;
Pellegrini et al., 2019; Philippidis et al., 2019).

The European Union (EU) generatesmore than 85m tons (Mt) of foodwaste, corresponding
to approximately 170 kg/capita (more than 20% of total EU food production). Of that amount,
9Mt arewasted at the agricultural stage, 17Mt at processing, 4Mt at distribution and retail, 10
Mt in hospitality services (hotels, restaurants, catering) and over 45 Mt at households. This
means that over 65% of EU’s food waste occurs at final consumption, while the agricultural
and harvest stages record only 10% of the total quantity wasted (FAO et al., 2018; FUSIONS,
2016a, b; McCarthy et al., 2018; World Hunger Education Service, 2016). The approximate
associated costs of food waste were overV700bn in developed countries and underV300bn in
developing ones in 2017, based on an average value of 1.65 V/kg (FAO, 2017, 2018). For
instance, the United States records more thanV190bn in associated costs each year, while the
EU records approximatelyV140bn (of which aboutV100bn are generated just in households
and hospitality services) (Barrett, 2010; FUSIONS, 2016a, b; World Hunger Education Service,
2016; McCarthy et al., 2018; FAO, 2019a, c). Italian food waste is roughly equal to 8.78 Mt
(149 kg/capita) corresponding to less than V15bn in costs (approximately 10% of EU total
economic loss) (European Commission, 2010; Notarfonso et al., 2015). Differences between
countries are mainly due to local economic, social, industrial and technological development.

In the last decade, food loss andwaste have become a topic of growing environmental, social
and economic interest. Recently, a plethora of studies have been published on the topic. Several
authors have examined the problem in terms of consumer behavior (Fiore et al., 2017),
investigating the antecedents affecting food waste at retail (De Moraes et al., 2020; Goodman-
Smith et al., 2020) and households (Setti et al., 2018). Others have studied the role of agricultural
development (Galford et al., 2020) to reduce food loss and waste in terms of environmental
protection (Read et al., 2020) and public safety (Kasza et al., 2019), while only a few have focused
on the role of industrial practices (Ng et al., 2020) and open innovation (Galanakis, 2020). In terms
of economic impact, some studies tried to develop a cost model to calculate monetary losses
(Fiore et al., 2015). However, the noncomparability of such studies due to the different estimation
methods applied draws attention to the key role played by food waste measurement tools.

The aim of this paper is to adopt thematerial flow analysis (MFA)methodology tomeasure
and quantify material input and output associated with food waste in the Italian potato
industry in 2017, so as to improve the efficiency of natural resources utilized, reduce waste
production and/or shift the sector toward circular and more sustainable models of
development. MFA is applied to two specific typologies as follows: ready-to-eat (chips) and
dried potato products. The authors selected this industrial sector as potato is the fifth most
cultivated crop after sugar cane, maize, wheat and rice and one of the most important basic
food. It is cultivated in about 130 countries and has become a crucial food both for its direct and
indirect use in human diet in the European countries (Eriksson et al., 2016; FAOSTAT, 2019;
Eurostat, 2020). The results achieved show the utility of MFA in terms of food waste
minimization, supporting both company management and policymakers. To complete the
analysis, the authors propose amonetary cost evaluation related to the Italian potato industry.

2. Food waste measurement: literature review
Several studies conducted by either international organizations or academic or private
researchers or companies have focused on food waste measurement. These quantitative
analyses have been conducted at macrolevel (global) (Ju et al., 2017; FAO, 2019a, b), mesolevel
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(regional) (Monier et al., 2010; Fabi and English, 2018) and microlevel (Augustin et al., 2020)
and been applied to the whole food chain (FUSIONS, 2014; Martin-Rios et al., 2018) or single
stages (Parfitt et al., 2010; Elimelech et al., 2018; Silvennoinen et al., 2019).

The FUSIONS project (2014) before and the European Commission (OJEU, 2019) later
provided a state of the art on waste measurement methodologies, assessing five main
common methods, described below:

(1) Diaries refer to a single person or group of people (e.g. families, students) asked to
calculate and self-report the amount of food loss andwaste occurring in their daily life
(e.g. at home, in restaurants). However, literature (Sharp et al., 2010) highlights
difficulties in participants’ recruitment, high dropout rates and potential risk of self-
selection as well as poor data quality.

(2) Direct measurement (weighing or volumetric assessment) embraces numerous
methods with a direct count and/or measurement of food loss and waste weight.
Generally, such methodologies produce the most accurate data, but they require high
costs, time and expertise when food loss and waste occur varying according to the
stage of the supply chain.

(3) Interviews and surveys are cost-effective ways to estimate food loss and waste, but
their results are generally not as accurate as those of other measurement
methodologies, being mainly influenced by people’s memory (Van Herpen et al.,
2016). They yield qualitative information about causes of food loss and waste and
behavior attitudes, reaching a wide range of individuals and/or public institutions.

(4) Mass balance measurement calculates food loss and waste on the basis of an input–
output analysis (e.g. difference between raw materials entering a process and final
products sold to consumers). One of the main methodologies is represented by MFA,
but its main limits are related to data gaps and waste coefficients assumptions
(Caldeira et al., 2019).

(5) Waste composition analysis consists of the physical separation, weighing and
categorization of wastes. It helps in determining the quantity of food loss and waste
and its quality in terms of food typology, distinguishing between edible and inedible
food. Though, it requires specific knowledge, is time-consuming for the researchers and
investigates only thosewaste put out for collection, without considering those disposed
or reused for other purposes (Lebersorger and Scheiner, 2011; Parizeau et al., 2015).

One more methodology included only in the FUSIONS project (2014) is proxy data, which is
useful for filling in data gaps or deficits when measurement or approximation is not possible
or reliable and when budget is limited.

A brief review of all six said methodologies has been performed using Science Direct
research database (www.sciencedirect.com), combining the words “food loss” or “food waste”
with “measure,” “quantification,” “quantity” and “methodology”, among studies and research
published over the last decade (2010–2019) that contain them in the title and/or abstract and/
or keywords. The results related to each combination are recorded in Table 1.

In addition, three more documents recommended by experts were added to this review.
From the large number of articles corresponding to the review criteria, only a few (30 articles)
were selected so as to be in line with the objective of the present study: the analysis of food
waste measurement methodologies within practical experiences. Table 2 illustrates these
studies, classified by methodology applied and boundaries considered. Most of the studies
combine two or more of them, with proxy data especially recurring, and only four of them
propose an MFA methodology.
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3. The Italian potato industry
Worldwide, potatoes (Solanum tuberosum L.) represent the fifth-highest crop production –
equal to over 370 Mt (20m ha) – after sugar cane, maize, wheat and rice. With approximately
115 Mt (roughly 30% of global production), Europe is the second-largest producer of such
crops after India, which produces over 185 Mt (Lagioia et al., 2020). Approximately half of
worldwide production is consumed fresh as table potatoes. The rest is processed into potato-
based products, starch for industry, ingredient for other final products and animal feed or
reused as seed tubers for growing future seasons’ potato crops. As a rawmaterial in the food
processing industry, potatoes are used for ready-to-eat (chips), precooked (French fries) and
dried products (potato flour, flakes or granules), snacks and other food (ready-prepared
meals, salads, etc.) (European Commission, 2007).

The appropriate pedoclimatic conditions in Italy ensure a relatively uninterrupted
availability of potatoes throughout the seasons. In 2017, national production reached 1.06 Mt
on harvested land of more than 34,505 ha, with an annual yield equal to 30 t/ha. More than
60% of cultivated land (21,600 ha) was irrigated and approximately 30% of that by use of
aqueduct or other irrigation consortium water (6,300 ha) (Istat, 2014, 2020a). The quantity of
collected potatoes was slightly lower than the harvested quantity, with an amount of less than
1.02Mt (�3.8%) (Istat, 2020a).More than 70%of Italian harvested potatoes are represented by
main crop potatoes, designated to fresh market (75–80%) and industrial transformation
(20–25%) (ISMEA, 2003; MIPAAF, 2012; Istat, 2020b). Istat (2020b) estimates that over
235,000 t of potatoes are destined to ready-to-eat production and over 2,500 t to dried one.
Early potato cultivation covers the remaining 30%of the dedicated harvest area in Italy (Istat,
2020a). Among main crop potatoes, the quota reserved for food manufacturing is increasing,
while the demand for fresh food is declining. This trend is mainly due to consumer behavior,
lifestyle changes (busy life, outdoor consumption) and the development of special products
often linked to local traditions and territories (Galati et al., 2019; Tarabella et al., 2019).

Across the whole potato value chain, 15–24% gets lost during agricultural production,
1–2% during processing, 13–27% in distribution and retail stages and 13–15% at private
households and through hospitality (Barilla Center for Food and Nutrition, 2012; Janssens
et al., 2013;Willersinn et al., 2015; Schneider et al., 2019). However, other studies (Caldeira et al.,
2019) have calculated different food loss andwaste rates as follows: 2–3%during agricultural
production, 4–5% during processing, 1–2% in distribution and retail stages and 13–15% at
households and through food services.

4. Materials and methods
4.1 MFA
The MFA has been successfully applied at different levels such as single national economic
systems (Jacobi et al., 2018), single industrial sectors (De Marco et al., 2009) and single

Combination Number of studies and research published

Food loss And measure 677
quantification 424
quantity 178
methodology 226

Food waste And measure 342
quantification 331
quantity 309
methodology 360

Source(s): Personal elaboration by the authors

Table 1.
Number of studies and
research published per
different combination
(2010–2019)
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products (Lagioia et al., 2012). With regards to food industry, this tool has shown its utility in
assessing economic and environmental consequences and in supporting environmental
policies and sustainable practices (Kytzia et al., 2004; DeMarco et al., 2005; Lagioia et al., 2005;
Risku-Norja andM€aenp€a€a, 2007; Beretta et al., 2013). The present research usedMFA, defined
as “systematic assessment of the state and change ofmaterials flow and stock in space and time”
(Brunner and Rechberger, 2017), to support and improve food waste measurement in the
Italian potato industry. It applied the analysis to two specific typologies of potato-based
products (ready-to-eat and dried potatoes), which represent an interesting portion
(approximately 90%) of the processed potatoes market. This methodology is based on the
mass-balance principle, connecting input material and energy flows to output flows in terms
of final products and sources, pathways, byproducts and waste (Brunner and Rechberger,
2017; Zaghdaoui et al., 2017).

Methodology Boundaries
Selected references Di1) DM2) IS3) MB4) PDR5) WCA6) AP7) Pr8) DR9) Co10)

Abdelaal et al. (2019) X X
Caldeira et al. (2019)* X X
Elimelech et al. (2019) X X
Garcia-Garcia et al.,
2019*

X X X X

Poças Ribeiro et al., 2019 X
Read et al. (2019) X X X X X X
Sakaguchi et al. (2018) X X
Schneider et al. (2019) X X
Silvennoinen et al. (2019) X X
Thamagasorn and
Pharino (2019)

X X X X

van Dooren et al. (2019) X X X
van Herpen et al. (2019) X X X X X
Boschini et al. (2018) X X
De Laurentiis et al. (2018) X X
Delley and Brunner
(2018)

X X X

Elimelech et al. (2018) X X
Giordano et al. (2018) X X
Hartikainen et al., 2018 X X X
Szab�o-B�odi et al., 2018 X X
Cicatiello et al. (2017) X X
Eriksson et al. (2017) X X
Ju et al., 2017* X X X X X
Tostivint et al. (2017) X X X X
EssonanaweEdjabou
et al. (2016)

X X

Dias-Ferreira et al. (2015) X X
Love et al. (2015) X X X X X
Silvennoinen et al. (2015) X X
Katajajuuri et al., 2014 X X
Beretta et al., 2013* X X X X X
Nahman et al. (2012) X X

Note(s): i) Di 5 Diaries; 2) DM 5 Direct measurement; 3) IS 5 Interviews and surveys; 4) MB 5 Material
balance; 5) PDR5 Proxy data; 6) WCA5Waste composition analysis; 7) AP5Agricultural production; 8) Pr
5 Processing; 9) DR 5 Distribution and retail and 10) Co 5 Consumption; *) Studies including MFA
methodology
Source(s): (Personal elaboration by the authors)

Table 2.
Selected studies on

food waste
measurement by

methodologies and
boundaries
(2010–2019)
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The simplified process flow diagrams proposed (Figures 1 and 2) are realized based on
comparison of company and literature data, and the functional unit adopted is 1 t of potatoes
consumed as final product. To perform MFA calculations and diagrams the authors utilized
Microsoft Excel spreadsheet and freeware STAN 2.6, respectively (Cencic and Kovacs, 2007).

4.2 Definitions and system boundary
According to food loss and waste definitions included in Section 1, this analysis considered a
single definition that includes both food losses (which mostly take place during agricultural
production, postharvest and processing stages due to logistic or technical reasons) and food
waste proper (which mainly occurs during distribution, sale and consumption due to human
and behavioral variables). Thus, the authors, in accordance with Beretta et al. (2013), refer to
both concepts, with the term “food waste” focusing on food originally produced for human

Figure 1.
MFA for 1 t of
unpackaged ready-to-
eat potatoes (chips)
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consumption but later employed for nonfood uses or energy recovery (e.g. animal feed,
bioethanol production, incinerator).

The boundaries cover the food supply chain from the agricultural to the processing stage,
without considering distribution and final consumption losses. Agricultural production
waste includes losses due to mechanical damage and/or crops sorted out postharvest, while
postharvest waste encompasses losses occurring during transport from farms to industrial
plants. Processing waste, which represents the widest part among the stages considered,
includes losses from meal preparation, food discarded for organoleptic reasons, spillage,
degradation and contamination.

4.3 Data acquisition and general assumptions
To collect data useful for the objective of this paper, several national and international
reports, scientific articles and databaseswere consulted.Moreover, to fill in the data gaps, one

Figure 2.
MFA for 1 t of

unpackaged dried
potatoes
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of the most representative Italian potato companies was contacted. The analysis refers to the
year 2017 as the complete dataset useful for this study includesmeasurements until this year.

The analysis was based on more than 237,500 t of potatoes processed by the Italian
potatoes industry, which yieldedmore than 63,000 t of ready-to-eat products (chips) and fewer
than 400 t of dried potatoes (FAOSTAT, 2019; Istat, 2020a). Frozen potato-based products
were excluded from the analysis. The functional unit was 1 t of potatoes consumed as final
product, and import–export flows were not included. The uncertainty applied in all
calculations was 10%.

For the agricultural stage, the authors considered the Italian average potato yield of 25–
27 t/ha (Camaggio and Lagioia, 2002; FAOSTAT, 2019; Istat, 2020a), requiring approximately
0.065 t of seed potatoes (Mouron et al., 2016) and a total amount of 14–18 kg of fertilizers per t
of tuber, of which are roughly 34% ofN, 20% ofK and 46% of p (Hoepli, 1997; Mouron et al.,
2016). The average tuber composition is recorded inTable 3. The estimatedwater required for
the agricultural stage is 9.5 t per t of tuber (Mouron et al., 2016).

In terms of transport, energy and related CO2 emissions were calculated based on the
latest transport technologies, 100 km being considered the average distance between land
and industrial plants utilizing medium trucks with a weight limit of 7–9 t. CO2 emissions
equal to 0.91 kg of CO2/km (EPA, 2018).

The authors did not consider the energy input required during the processing stage in the
flowcharts. However, it is estimated that to produce steam and electricity, 7–9 GJs/t and
approximately 40 GJ/t are required for ready-to-eat (chips) and dried potatoes, respectively
(Camaggio and Lagioia, 2002).

5. Results
The entire production of ready-to-eat (chips) and dried potatoes has been divided into two
macrosections as follows: agricultural production and processing industry. The flowcharts
illustrate that several losses of rawmaterial, energy for transportation andwater occur before
final consumption.

Figure 1 illustrates the MFA for 1 t of unpackaged ready-to-eat potatoes (chips) from the
agricultural to the processing stage.

At the beginning of the agricultural stage, main inputs are represented by seed potatoes
(0.33 t), fertilizers (0.05 t) and energy for transportation from land to the industrial plant
(0.007 toe), producing approximately 0.09 t of CO2 and 28 t of water. To obtain 1 t of final
product, 3.7 t of tubers are required. During reception and preparation for cutting,
uncalibrated tubers (0.05 t) and skins and scraps (0.35 t) are lost. After the cutting, washing,
drying and burning stages, chips in a range of 1–1.7 mm of thickness are obtained. In the
prefrying, drying, depressing and frying steps, a mix of vegetables’ oils is required in a

% Minerals mg/100g Vitamins mg/100g

Water 75–78 Ca 10–14 A Traces
Protids 2 p 53–56 B1 0.1
Carbohydrates 16–22 Fe 0.6–0.9 B2 0.02–0.04
Lipids 0.1–0.15 K 410–570 B5 0.3
Cellulose 0.4–0.6 Na 3–7 B6 0.2
Ashes 0.3–2 Mg 27 C 15–24
Fiber 2 — — PP 1.2–1.5
Energy value 75–90 kcal — — — —

Source(s): Camaggio and Lagioia, 2002; Sablani and Mujumdar, 2006

Table 3.
Potato average
composition
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range of 0.3–0.4 t, representing the quantity of oils absorbed by the final product. The
potato-to-oil ratio, which must be large enough to ensure a constant oil temperature to
avoid critical changes in final product quality, mainly depends on the frying system utilized
and on the potatoes’ quality and size. Usually, in a continuous frying system such as the
one utilized in the analyzed plant, this ratio is 1:20 (Sansano et al., 2015), allowing for
improvements in final product quality, the highest yield and huge oil savings (Arslan et al.,
2018). In the analyzed plant, cooler oil leaving the frying system arrives at a heat exchanger
for reheating and returns to the fryer. After frying, ready-to-eat potatoes are salted with
0.02 t of salt.

Roughly 15–20 t of water input are required along the whole industrial production. The
major part of this input converges in a wastewater internal plant, where it is treated to be
reused inside the plant and to extract starch content, which is utilized for other purposes.
Energy used, even if not included in the flowchart, is estimated at 7–9 GJs, of which 0.7–1 GJs
are for electricity, and the remaining GJs are for producing steam (approximately 2– 3 t).

Figure 2 illustrates the MFA for 1 t of unpackaged dried potatoes from the agricultural to
the processing stage.

Inputs required for dried potatoes aremeasured as follows: seed potatoes (0.42 t), fertilizers
(0.09 t) and water (61 t), resulting in a more input-intensive process than that for ready-to-eat
potatoes. During transportation from land to the industrial plant, 0.015 toe of energy are
required, producing approximately 0.09 t of CO2.

At the processing stage, additional water is required in a range of 30–35 t, which is
partially reused in the plant after treatment, while energy required amounts to approximately
40 GJs, of which 3 GJs are for electricity and the rest are for producing steam (over 15–20 t). In
terms of output, 0.065 t of uncalibrated tubers and over 1.6 t of skins and scraps are lost, while
more than 3.7 t of steam are produced during the drying phase.

The results obtained for the functional unit have been enlarged to the national production
of ready-to-eat (chips) and dried potatoes (Table 4). Table 4 records associated monetary
losses based on the lowest (190V/t) and highest (470V/t) tuber prices in 2017 (ISMEA, 2020).

6. Discussions
The MFA methodology, representing a highly detailed “photograph” of the entire food
supply chain, allows the measurement of inputs and outputs for each typology of potato-
based product. It helps to identify where (specific phase), howmuch (quantity evaluation) and
what kind (quality characterization) of food waste is generated. Potato processing waste is
mainly solid, and the amount and quality depend on the variety of the starting potato, the
final product obtained and the technology used. The main components of potato waste are as
follows:

(1) Raw pieces, differing in size, from entire potatoes to small fragments;

(2) Raw pulp, skin and scraps and pulp from starch separation and

(3) Cooked pulp, mainly dispersed in the wastewater.

Potato peel waste has high starch content (52%of dryweight) and is a good source of vitamin
C, vitamin B6, copper, potassium, manganese and dietary fiber. It also contains a variety of
phytonutrients, which are a natural source of antioxidants that help prevent cellular
deterioration of the body.

Currently, potato waste is mainly used as animal feed and fertilizer. For instance, dry
potatoes’ skins are an excellent source of carbohydrates in cattle and poultry feed. To avoid
the expensive drying costs, it is possible to use them in up to 15–20% of a wet mixture
without negative effects (Hung et al., 2004; Blair, 2008). Composting potato waste is possible
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on-site with well-known processes, with an average yield of 30–35% (Ispra, 2002). It is
estimated that potato waste compost has a market value of approximately 300 V/t, with an
average production cost equal to 200 V/t (Montanati et al., 2017). Potato waste could have
several other uses, first among them being bioenergy production such as biogas and
bioethanol. Duruyurek et al. (2015) and Izmirlioglu and Demirci (2010) estimated that it is
possible with 1 t of potato waste to obtain 0.62–0.89 m3 of bioethanol on average, depending
on starch content and technology utilized. Average biogas yield has been proven to be
approximately 250m3 for 1 t of potato waste. Second, due to the interesting protein content of
potato skins, it is possible to reuse them in bakery production, replacing up to 10% of
traditional flour with no organoleptic alterations (Montanati et al., 2017). Moreover, potato
waste could be used as an ingredient in health or functional food due to its strong antioxidant
activity (Nandita and Rajini, 2004). Green production of lactic acid, widely used in food,
pharmaceutical, cosmetic and industrial applications, could be implemented through
fermentation and separation of potato waste, with an average yield of 0.140 kg/kg of
potato skins and an estimated market value of approximately 1.20–1.40V/kg (RedCorn et al.,
2018). With regard to the Italian potatoes industry, the MFA results show that in 2017,
approximately 237,500 t of fresh tubers were designated to produce over 63,000 t of ready-to-
eat (chips) potato products and fewer than 400 t of dried potatoes. During these productions,
more than 22,000 t of fresh tubers were lost because they were not harvested (agricultural
stage) or were classified as uncalibrated (processing stage). The consequence was the loss of
less than 10% of cultivated tubers, fromwhich 3,500–4,800 t of starch equivalent and 52,800–
72,600 GJs were also lost in terms of energy value still useful for human consumption.
Moreover, fewer than 23,000 t of skins and scraps are produced within industrial plants; this
waste is not available for humans but suitable for animal feed, starch industry and bioenergy
production (biogas and/or bioethanol). Associatedmonetary losses are estimated in a range of
approximately V 4,200,000–10,500,000, based on potatoes’ price at retail of 190–470 V/t
(ISMEA, 2020).

Ready-to-eat (chips) Dried potatoes
One t of
final

product
Global Italian
production

One t of
final

product
Global Italian
production

Material
input

Seed potatoes (t) 0.33 21,000 0.42 160
Fertilizers (t) 0.05 3,200 0.09 35
Water (t) 28 1,800,000 61 23,400
Transportation energy (toe) 0.007 450 0.015 6

Material
output

Nonharvested tubers (t) 0.3 19,000 0.35 135
Uncalibrated tubers (t) 0.05 3,200 0.065 25
Skins and scraps (t) 0.35 22,200 1.6 598
Steam (t) 2.5 86,600 3.7 1,357
CO2 emissions (transport) (t) 0.09 5,700 0.09 35
Final product (unpackaged) (t) 1 63,500 1 385

Monetary
evaluation

Best
scenario
(190 V/t)

Nonharvested
tubers (V)

57 3,610,000 66.5 25,577

Uncalibrated
tubers (V)

9.5 608,000 12.3 4,750

Worst
scenario
(470 V/t)

Nonharvested
tubers (V)

141 8,930,000 164.5 63,269

Uncalibrated
tubers (V)

23.5 1,504,000 30.5 11,750

Source(s): (Personal elaboration by the authors)

Table 4.
Material input, output
and monetary
evaluation in ready-to-
eat and dried potatoes
in Italy (2017)
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6.1 Managerial and theoretical implications
Results obtained impose a double consideration. In linewith the objective of the analysis, they
“measure” food waste in Italian potato industry. Second, they show that it is possible to
transform food waste in resources converting costs (disposal costs) into profits. This
opportunity requires new approacheswhere the role of innovation and the sharing capacity is
crucial. To this extent, open innovation strategy may represent an example as it has received
growing interest from food industry and agrifood system in general (Bigliardi and Galati,
2013). Open innovation is based on the idea that by balancing inflows (inbound open
innovation) and outflows (second outbound open innovation) of knowledge the companymay
create value and remain competitive. Following this model, the company is no longer limited
to its core market but may expand toward new market segments. This paradigm can be
applied along the whole supply chain, stressing the assumption that the success of a supply
chain depends on the level of integration between all players involved. Open innovation
strategy, applied to the potato industry from the farm to fork, may open new and more
performing scenarios of development in terms of food waste reduction, business opportunity
and environmental protection (Ferraris et al., 2017; Fiandrino et al., 2019; Saguy and
Sirotinskaya, 2014).

Moreover, MFA also provides background information in aggregated form on the
composition and changes of the physical structure of socioeconomics systems for waste
management both at country and company level (Bringezu and Moriguchi, 2002; Fischer-
Kowalski et al., 2011). The authors, through the analysis of the potato industry, strongly
recommend its usage to support communication and facilitate transparency between the
various groups engaged in waste management decision-making, both inside and outside the
industrial plants (single companies, business networks, government). Its usage represents an
interesting way to assess quality and quantity of food waste along the whole food supply
chain, in particular at agricultural and processing stage, providing fundamental and
transparent knowledge for decision-makers and representing a potential well-grounded
inventory for other methodologies (e.g. life cycle assessment), environmental indicators (e.g.
carbon and water footprint) and environmental management tools (e.g. ISO 14001 or EMAS)
(Allesch and Brunner, 2015). However, to enlarge clarity, comparability and accuracy of its
results, the authors recommendwell-defined layers (goods and flows) and system boundaries
to facilitate results’ comprehension to all stakeholders and make possible a wider interaction
and knowledge exchange inside and outside companies’ perimeter (Ferraris et al., 2017).
Moreover, they consider fundamental the right estimation of uncertainties as data gaps
and waste coefficients assumptions are inevitable and could potentially compromise final
results.

6.2 Limitations and future research
One of the main limits of the MFA application is the lack of data – the higher the degree of
detail, the better the accuracy of the results. Reliable statistics or data are necessary to build a
robust and complete MFA as its results are the basis for translating research (the choice of a
reliable food waste measuring tool) into practice (the measurement and reduction of food
waste). The analysis proposed is affected by data lack limitations. Energy input required
during the processing stage, for instance, is only estimated but not included in the flowcharts
because it is not possible to partition it step by step. Oil used in ready-to-eat (chips) production
is based on the average potato-to-oil ratio in a continuous frying system presuming that the
100% of Italian plants utilize it. To increase the robustness and reliability of MFA in the field
of food waste measurement and reduction, more efforts are required. Performing, for
instance, accounting exercises at different levels (single plant, industrial sector and economic
system), it will be possible to reduce the degree of uncertainty affecting actual MFA results.
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These last considerations are strictly connected with future studies. They should be first
addressed to improve statistics and data on food production, trade, consumption and food
waste generation, with a higher degree of detail (disaggregate data). Later, improving data
availability, theMFAmethodologywill be a very useful tool in foodwaste measurement, able
to offer more complete results to better manage the whole food supply chain, to reduce
environmental impacts and to reduce monetary costs associated, overpassing some limits
presented by other methodologies (Section 2). Furthermore, the authors are strongly
convinced that food waste reduction requires not only efficient measurement tools but also
the adoption of useful technologies to improve food safety and food security (e.g. smart
packaging or smart storage, irradiation technologies) and adequate communication
campaigns to increase consumers’ awareness toward the issue. Thus, future lines of
research could join the MFA approach along with the role of innovation technologies and the
analysis of consumer behavior.

7. Conclusions
The present paper supports the use ofMFA in the transition toward sustainablemanagement
of food waste. Such amethodology offers a highly detailed perspective on the agrifood sector,
highlighting hot spots in food production and offering a starting point to evaluate
opportunities for reuse, recycling and/or conversion of food waste into energy. The
measurement of wastage-related losses of energy, raw materials and monetary resources in
each phase of the supply chain represents a fundamental step toward environmental and
economic sustainability, suitable both for companies (e.g. breeders, entrepreneurs, service
providers, financial institutions) and for policymakers. Therefore, MFA is useful for the
following: (1) qualifying and quantifying inputs (raw material, water, energy) required along
the whole food supply chain; (2) qualifying and quantifying outputs produced along the food
chain, with reference to food waste; (3) highlighting main critical steps (hot spots) along the
whole production chain and (4) estimating the amount of losses in natural resources, energy
and money related to the food waste phenomenon. Furthermore, the MFA results are
perfectly in line with the Agenda 2030 Sustainable Development Goals, supporting, for
instance, the creation of a platform where supply of “well-characterized” food waste (what,
how much and where) and demand for secondary raw materials could easily be met. The
MFA results could represent the basis for the implementation of more efficient and
sustainable industrial processes and industrial symbiosis programs, as well as for the
construction of environmental indicators (carbon and water footprint) fundamental in the
transition toward sustainable and much more circular models in the agrifood sector.

The MFA results could well support managers’ and policymakers’ strategies. At the
managerial level, this mass-balance approach could be used to easily identify deficits in
production, improve raw materials’ efficiency, develop proactive attitudes toward
environmental protection and implement an industrial symbiosis model. For instance,
composting 50% of Italian skins and scraps (more than 11,500 t) would make it possible to
realize an income of 345,000–400,000V and save more than 11,500–57,500V in final disposal
costs (estimated at 1–5 V/t) (Montanati et al., 2017), attaining economic, social and
environmental benefits simultaneously. Otherwise, 7,100–10,200 m3 of bioethanol (28 GJs/t
calorific value) could be obtained from 50% of Italian skins and scraps, avoiding the use of
3,700–5,300 t of fossil fuel. At the policymaking level, the MFA results could be used for the
introduction of newpolicies toward theminimization of the foodwaste issue. Decisionmakers,
knowing where, what and how much is produced in terms of food waste, could facilitate
matching supply and demand in new markets for food and nonfood sectors, shifting from
“zero-value” to “profitable” waste. These policies could decrease food waste disposal and
related environmental impacts.
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