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Abstract: Material flow cost accounting (MFCA) represents an innovative tool to identify inefficiencies
in the use of resources in agribusiness, measuring either mass flows or costs incurred along the entire
supply chain. The purpose of the article is to estimate the meso-level ecological and economic impacts
of food loss and waste in the Italian salty snack sector before and during the COVID-19 lockdown
by applying MFCA. Furthermore, in the light of the European Commission Delegated Decision
2019/1597, it aims to assess whether MFCA is a suitable tool to support food waste management
along the entire food supply, discussing implications for researchers, academics and managers, as
well as for public authorities. The research explores potato chip production from the agricultural stage
(either considering plant cultivation and harvest) to the final consumption stage. The functional unit
is 1 ton of unpackaged chips produced. The Italian lockdown spurred an intense upsurge in snacking
activities (i.e., the consumption of salty snacks), justifying the need to investigate an agri-food segment
often overlooked from an economic, resources and waste management perspective. It emerges that
the “chips system” generates production valued at EUR 461 million (78%) and costs associated with
food loss and waste that exceed EUR 131 million (22%), revealing an economically important potential
for savings through a reduction in undesirable negative material flows, or through the valorization of
previously hidden material losses according to circular economy paradigms. This suggests that the
company-level adoption of appropriate material and financial accounting systems could enhance
both internal savings and collective benefits towards sustainable resources and waste management.

Keywords: agri-food sector; material flow analysis; material flow cost accounting; food loss; food
waste; financial savings; end-of-life approach

1. Introduction

The agribusiness sector, defined as the “ ... sum of all operations involved in man-
ufacture and distribution of farm supplies, production operations on the farm, and the
storage, processing, and distribution of farm commodities ... ” [1], is currently under
increased pressure from industry dynamics, urbanization, climate change and food price
variability [2], as well as disasters and crises (e.g., the COVID-19 pandemic) [3]. Food
security is central to the United Nations Sustainable Development Goals [4], which try to
address the world hunger problem, as well as to promote more responsible (and sustain-
able) consumption and production behaviors. These targets aim to reduce climate change
and economic and social inequalities on a global scale [5], and to enhance prudent natural
resource management [6].

The agri-food sector is responsible for over a quarter (13.7 gigatons of CO, equivalent,
26%) of global greenhouse gas emissions [7], with food loss and waste (FLW) accounting for
a large fraction of the damage. For example, more than 1.3 billion tons of still-edible food is
thrown away along the entire supply chain, with related environmental burdens assessed at
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more than 3.3 gigatons of CO, equivalent (i.e., 6% of global greenhouse gas emissions) [8].
Furthermore, FLW causes substantial social (i.e., reduction in resources available for human
nutrition) and economic (i.e., financial losses at the business and household level) damages.
It is estimated that FLW is valued at more than 1 trillion dollars [4] and is associated with
substantial resource losses (more than 250 km? of blue water and approximately 1.4 billion
hectares of land [8,9]). This causes agricultural resource depletion and job losses while
limiting food availability and accessibility [3].

The present research applies material flow cost accounting (MFCA) to estimate the
impact of FLW within the Italian potato chip sector before and during the COVID-19
lockdown. The lockdown spurred an intense upsurge in snacking activities (i.e., the con-
sumption of salty snacks), justifying the need to investigate this often-overlooked agri-food
segment from an economic, resource and waste management perspective [10,11]. Through
the adoption of the mass balance approach suggested by the European Commission (Del-
egated Decision 2019/1597 [12]) to estimate FLW, the authors assess whether MFCA is
a suitable tool to support food waste management along the entire food supply chain.
The article presents the results obtained from this application of MFCA, critically assesses
the advantages and disadvantages of MFCA, and discusses implications for researchers,
academics and managers, as well as for public authorities in the field of FLW accounting.

2. Literature Review on Food Loss and Waste Measurement Methodologies

The amount of FLW research has increased sharply in the last ten years as a conse-
quence of the introduction of the SDGs in 2015 and the implementation of the European
monitoring framework for the circular economy [5,13]. Furthermore, a plethora of FLW
measurement studies were conducted after the introduction of the European Commission
Delegated Decision 2019/1597 [12] related to the identification of common methodolo-
gies and minimum quality requirements for the homogeneous assessment of food waste
quantities and composition. At the European level, five measurement methodologies have
been proposed: (i) food diaries; (ii) direct measurement; (iii) questionnaires, surveys and
interviews; (iv) mass balance approaches; and (v) waste composition analyses.

In recent years, a significant number of authors have applied food diaries to investi-
gate households’ consumption and wastage behaviors, highlighting possible correlations
between shopping behaviors, prevention strategies and food waste quantities [14,15]. Fur-
thermore, several academics have appealed to direct measurement, focusing on nutritional
loss [16] and environmental impacts due to waste in households and at food service
outlets [17,18]. An increasing number of researchers have implemented questionnaires,
surveys and interviews to investigate weaknesses and strengths in food waste management,
from primary production to manufacturing [19,20], retail [21] and final consumption [22],
whereas a few researchers have implemented mass balance approaches to investigate FLW
issues along the entire food supply chain [23]. Nevertheless, the use of mass balance
approaches in sustainability studies has been recently re-evaluated, with some authors [24]
emphasizing their value for increasing sustainable resource conservation and cleaner pro-
duction due to their ability to leverage substance flow analysis (SFA) to calculate and
analyze resource and waste indicators [25] at local and global levels. Recent research has
also discussed the efficacy of the mass balance approach to compare before and during
the onset of COVID-19 [26], enhance environmental sustainability [27] and find resilient
strategies in the post-pandemic era [28]. Last, some authors have highlighted its utility
for collecting data towards the construction of the food waste index, which “ ... measure
tons of wasted food per capita, considering a mixed stream of products from processing
through to consumption ... ” [29].

Although several studies have explored the environmental impacts of FLW through
the adoption of life cycle assessment [30,31], few authors have investigated their financial
and social “weight” using MFCA. Exceptions include Christ and Burritt [32], who applied
MFCA to identify potential improvements in financial viability and environmental per-
formance for the restaurant industry, and May and Guenther [33], who used MFCA to
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support investment decisions in the berry pomace industry. In terms of environmental
entrepreneurship, defined as “ ... the process of discovering, evaluating, and exploiting
economic opportunities of market failures which detract from sustainability, including
those that are environmentally relevant ... ” [34], some authors have applied MFCA
to manufacturing systems such as snack producers [35], health service industries [36],
wastewater treatment plants [37] or the textile industry [38]. Furthermore, MFCA has been
included among the environmental management accounting tools, which are essential to
monitor and evaluate environmentally related impacts on economic systems by assessing
the “monetary environmental information” in past, present and future financial stocks
and flows [39]. However, despite standardization at the international level, a broader
awareness and appreciation of MFCA’s applicability to analysis at the local and global scale
is still missing in academic, managerial and governmental circles. Therefore, applying
MFCA to FLW can increase conceptual and practical knowledge among practitioners in the
agri-food sector.

3. Materials and Methods
3.1. The Material Flow Cost Accounting Model

The MFCA model, standardized by the ISO14051, is a tool that traces and quantifies
the stocks and flows of materials within a certain organization in physical units (e.g., mass,
volume), as well as in terms of the associated costs [40,41]. Compared with conventional
cost accounting, MFCA isolates energy, material and other overhead costs (e.g., CO, trans-
portation emissions) associated with resources (consumed and wasted), allowing a more
appropriate evaluation of explicit and hidden cost flows. Considering the high transversal-
ity of the mass balance approach on which it relies (i.e., material flow analysis), defined
as a “systematic assessment of the state and change of materials flows and stock in space
and time” [42], MFCA could be applied to investigate single products (i.e., micro-level),
industrial sectors (i.e., meso-level), or entire economic systems (i.e., macro-level), rendering
it useful for manufacturing companies as well as primary and service industries [31]. It
has been successfully applied to food [43] and non-food sectors [44], providing significant
conceptual [45] and managerial [46,47] insights. The present research applies a systematic
approach to investigate the Italian potato chip industry (NACE 10.31-Processing and pre-
serving of potatoes) by following a pattern of investigation similar to Hendriks et al. [48]:
(i) define materials and hidden flows (i.e., water, energy and transportation emissions)
across the “chips system” (Figure 1); (ii) measure material flows (explicit and hidden)
in terms of weight (i.e., material flow analysis); (iii) measure material costs (explicit and
hidden ones) in terms of natural resources, logistics (i.e., transportation) and disposal costs
(MFCA); and (iv) evaluate and interpret results.
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Figure 1. “Chips system” diagram. Notes: Green lines illustrate food flows (i.e., tubers and chips),
whereas red lines identify food loss and food waste flows (i.e., non-harvested tubers, substandard
tubers, skins and scraps, oil waste and chips waste). Number 1 links tubers from the agricultural
stage to tubers at the transportation stage. Number 2 links tubers from the transportation stage to
tubers at the food processing stage. Number 3 links chips from the food processing stage to chips at
the transportation stage. Number 4 links chips from the transportation stage to chips at the household
consumption stage. Source: Personal elaboration by the authors.

3.2. Definitions, Boundaries and Functional Units

As proposed by FAO [49], the present research distinguishes between food loss and
food waste, defining food loss as “ ... the decrease in the quantity or quality of food
resulting from decisions and actions by food suppliers in the chain, excluding retailers,
food service providers and consumers ... ” and food waste as “ ... the decrease in the
quantity or quality of food resulting from decisions and actions by retailers, food service
providers and consumers.” Moreover, following Hartikainen et al. [50], and in line with
the aim of the research, the authors resort to the term “side streams”, which encompass
foods still expected to be consumed by humans, contaminated foods, foods used as feed
and foods left in field, composted or sent to waste treatment.

To cope with the challenges of developing a model able to represent a real system
as accurately as possible without compromising comprehension [51], the present MFCA
model analyzes potato chip production from the agricultural stage (both considering
plant cultivation and harvest) to the final consumption stage, taking into consideration
households’ consumption and food waste. Furthermore, considering the high volatility
of packaging and retail costs (e.g., maintenance, fixed assets, clean-in-place system, taxes
and human resources), these costs are excluded from the analysis [33]. Furthermore, it is
assumed that all retail sales result in household consumption, since food consumption at
food service outlets stopped during the lockdown [52]. The functional unit is defined as
1 ton (t) of unpackaged chips produced (i.e., final product), with packaging falling out of
the boundaries of this study. To provide a comprehensive outlook on the Italian experience,
results are projected to the entire retail sales volume of potato chips in Italy [53]. Assuming
a closed economy scenario (i.e., all chip production consumed domestically), it is possible to
assess the effectiveness of the methodology towards the achievement of international goals,
as well adhering to European Commission Proposals (Delegated Decision 2019/1597 [12]),
which require FLW measurement along the entire supply chain to be conducted at least
every 4 years.
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3.3. Material Flows, Cost Categories and General Assumptions

Figure 1 illustrates the “chips system”, providing a clear differentiation between input
and output flows along the entire food supply chain, whereas Table 1 illustrates the data
inventory.

Table 1. Data inventory for 1 ton (t) of unpackaged chips (functional unit).

Supply Chain
Stage Input t Output t
. Seeds 0.33
Agrslf[::l’;ural Fertilizers 0.05 Non—harv%sted tubers 0.3
8 Water 28 Tubers 4
CO; emissions 0.10
. Energy 0.007 Non-harvested tubers 0.3
Transportation
Tub 4 Tubers lost 0.1
ubers Tubers 3.6
Mix of oils 0.3 Mix of oils 0.3
Steam 2.2
Food processing Salt 0.02 Substandard tubers 0.05
Skins and scraps 0.35
Tubers 3.6 Chips 1
. Energy 0.007 CO, emissions 0.10
Transportation Chips 1 Chips 1
Households Chips 1 Food waste (at 9%) 0.09

Notes: 1 ton of energy refers to 1 toe (ton of oil equivalent, calorific value at 41.84 GJ/t). As regards 1 ton of
steam, the steam is generated during the drying phase, when the tubers are hit by a counter-current flow of hot
air in order to eliminate the water embedded on the surface of the chips. With respect to the mix of vegetable
oils, the replacement rate of used oils is estimated to occur, on average, after every 8 h of frying. Source: Personal
elaboration by the authors.

In terms of inputs, the agricultural production stage includes measures of seeds,
fertilizers and water, whereas for the transportation stage (either from land to the industrial
plants and from the industrial plants to the retail stores) the required energy (diesel) was
calculated assuming the latest transport technologies, 100 km as the needed transportation
distance, and reliance on medium-sized trucks (7-9 t) [54]. At the manufacturing stage,
additional ingredients such as a mix of vegetable oils and salt were considered. As far as
outputs, the authors considered steam (i.e., water loss contained in the tubers at processing)
and CO, emissions during transportation. Food loss (i.e., non-harvested tubers, lost tubers,
substandard tubers and skins and scraps) and food waste (i.e., wasted chips at households)
were measured in tons of tubers. Food waste in terms of the mix of vegetable oils was
considered, whereas salt losses were not recorded since salt is inconsequential in terms
of weight. Data were collected from national and international reports [54-56], as well
as from selected scientific articles [57-59]. The average tuber composition, as defined by
Sablani and Mujumdar [60], was considered: water (75-78%), proteins (2%), carbohydrates
(16-22%), lipids (0.1-0.15%), cellulose (0.4-0.6%), ash (0.3-2) and dietary fiber (2%).

Following Gustavsson et al. [61], household food waste was hypothesized to be 9%.
Costs were classified into material costs (i.e., raw materials, operating materials and water),
energy costs (i.e., fuel for transportation), waste management costs (i.e., disposal costs) and
additional costs (i.e., CO, emissions) as defined by the ISO [40]. Price data were collected
as average prices from national reports and tariffs [55,56,62—67], and from international
reports [68] and statistics [53,69,70]. Waste management costs (i.e., energetic recovery in
waste incineration plants) were assessed according to May and Guenther [33]. The pricing
of CO; emissions from energy use was estimated at 60 EUR/t of CO,, which currently
represents a mid-range benchmark of carbon costs in 2020, and a low-end benchmark for
carbon costs in 2030 [68]. The price of chips as a final product was evaluated as an average
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of the best-selling varieties (i.e., classic chips) of the main Italian companies (i.e., San Carlo
and Amica Chips), which represent more than 80% of the Italian chips market [71-73].

To explore the possible impacts of the COVID-19 lockdown on the MCFA outcomes,
two scenarios were developed to mirror conditions pre- and post-lockdown. Using national
statistics [73] and reports [74-77] to track price trends around the time of the lockdown,
the first uses lower average prices (i.e., before the Italian lockdown, s.c. “Scenario 1”) and
the second uses higher average prices (e.g., during the Italian lockdown, s.c. “Scenario 2”).
This helps clarify the “economic weight” of FLW with reference to small price variations in
the raw materials, energy and additional resources values. Table 2 illustrates the different
material costs in both scenarios. With respect to consumption and waste behavior among
final users, the authors assumed equal rates before and during the lockdown. In line with
the measurement of other financial indicators at the European level [78], such a choice
reflects the intended purpose of the MFCA of estimating FLW economic costs before and
during the lockdown, without accounting for changes in household consumption and
waste patterns.

Table 2. Cost categories and data inventory (EUR/t).

Cost Category Item Scenario 1 Scenario 2 A (%)
Tubers 580 360 —38%
Fertilizers 355 415 17%
Seeds 428 560 31%
Material costs Water 1.65 1.74 5%
Mix of veg. oils 2.86 5.1 78%
Salt 160 160 N/A
Chips 11.19 11.28 0.80%
Energy costs Fuel 1.72 1.53 —10%
Waste management costs Recovery 15 15 N/A
Additional costs CO, emissions 60 60 N/A

Source: Personal elaboration by the authors.

Mass balance and cost assessment calculations were processed through STAN 2.6. (Sub-
sTance flow ANalysis) [79]. It assumes that uncertain quantities are normally distributed
on the basis of their mean and standard deviation values (standardized uncertainties).
STAN 2.6. solves data contradictions by data reconciliation on the basis of two necessary
conditions: the system of equations is over determined, with more independent equations
than unknown variables, and some of the given data are normally distributed. Therefore,
STAN 2.6. performs a statistical test to check if the necessary adjustments can be explained
by random errors, applying a 95% confidence interval to the weight values. If reconciled
values are detected to lie outside of the 95% confidence interval (mean value + 2 x standard
uncertainty) the model is likely to contain gross errors. Otherwise, the model is assessed to
be reliable [80-82].

4. Results
4.1. Material Flow Analysis for the Italian Potato Chip Industry

The first step to measuring the economic cost of FLW involves applying the mass
balance approach, which systematically investigates the state of and change in material
flows and stocks in terms of weight. Figure 2 illustrates the material flow analysis assessed
for the entire Italian experience, considering the retail chips volume as the material basis
for calculations.
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Figure 2. Material flow analysis for the Italian potato chip industry (t). Notes: Number 1 links tubers

from the agricultural stage to tubers at the transportation stage. Number 2 links tubers from the

transportation stage to tubers at the food processing stage. Number 3 links chips from the food

processing stage to chips at the transportation stage. Number 4 links chips from the transportation

stage to chips at the household consumption stage. Source: Personal elaboration by the authors.

In terms of weight, seeds (14,850 t), fertilizers (2250 t) and water (1,260,000 t) are
required to produce an amount of approximately 180,000 t of tubers, of which approximately
7.5% are left in the field (i.e., “non-harvested tubers”), and are therefore deemed food
loss. Furthermore, additional energy (315 t) is required during transportation, with an
environmental impact of more than 4050 t of CO, emissions. Along the distribution from
the farm to the industrial plant, it is estimated that 4500 t (less than 2%) of tubers are
lost, increasing the amount of food loss. At the food processing stage, the remaining
tubers (144,500 t) are cut, washed, dried and cooked and then combined with a mix of
vegetable oils (13,500 t) composed of peanut, sunflower and corn oils and salt (900 t). These
materials are turned into chips by pre-frying, drying, depressing and frying. At this point,
substandard tubers (2250 t that are removed because of deviations from the weight, size
and quality standards required by the processors), as well as skins and scraps (15,750 t)
and exhausted oil (13,500 t), contribute to the food loss tally, whereas an amount of steam
(112,500 t) is generated due to the evaporation of the water lost during the processing of the
tubers. Last, after an additional transportation stage, chips are distributed to households,
leading to consumer intake (40,950 t) and waste (4050 t).

4.2. Material Flow Cost Accounting before and during the Lockdown

The first scenario (Figure 3a), featuring lower, pre-lockdown prices for most materials
(see average variations before and during the pandemic as highlighted in Table 2), provides
several insights about material costs. Indeed, raw materials (at the agricultural stage)
valued at approximately EUR 11.50 million generate more than EUR 104.40 million of
tubers, of which over EUR 97 million are transported towards to the food processing stage,
whereas EUR 7.4 million are embedded (and lost) within non-harvested tubers (food loss).
Further financial costs are embedded in goods disposed at the food processing stage, where
more than EUR 52 billion (approximately 10% of the Italian revenue) are thrown away
in terms of substandard tubers, skins and scraps, and the mix of vegetable oils. Last, an
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additional amount of lost revenue is recorded by households, yielding food-waste-related
costs of more than EUR 45 million (roughly 9% of the Italian chips revenue).

a. MFCA before the Lockdown (Scenario of lower, pre-lockdown Prices) in Million Euro
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Figure 3. MFCA before (a) and during (b) the lockdown in million EUR. Notes: (A) = agriculture;
(T) = transportation; (FP) = food processing; and (H) = households. Both figures identify input
and output values along the entire supply chain. Figure 3b illustrates in red the variations in input
and output values (e.g., A = -39.6 indicates a reduction in tubers costs, considering 104.40 minus
64.8 million EUR). It emerges that FLW costs have increased, respectively, by EUR +22.33 million (loss)
and EUR +0.37 million (waste) during the lockdown. Source: Personal elaboration by the authors.

In the second scenario (Figure 3b), which reflects increased average prices during the
pandemic, the estimated total cost of raw materials is EUR 11.43 million, which generates
tubers valued at EUR 64.8 million. However, at the harvesting and post-harvesting stages,
more than EUR 4.30 million of non-harvested tubers are lost, representing approximately
7% of the farmers’ revenue at the agricultural stage. Furthermore, during the food process-
ing stage, EUR 8.50 million is lost in terms of substandard tubers and skins and scraps,
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whereas more than EUR 68.85 million is lost through exhausted oils. The projected revenue
of chips at distribution amounts to more than EUR 585.36 million. However, consider-
ing household food waste, more than EUR 45.60 million is disposed of as uneaten final
products by consumers (equivalent to 7.80% of companies’ revenue). In total, roughly
EUR 82 million is lost during the agricultural, transportation and food processing stages,
whereas approximately EUR 46 million is disposed at the household level, for an amount
of more than EUR 128 million or about 28% of the EUR 462 million of chips that actually
contribute to “nutritional intake” [23].

Although both scenarios may seem similar in absolute values, a small variation in
the cost of raw materials (i.e., tubers and a mix of vegetable oils) and final products (i.e.,
chips) generates a large variation in the final cost of FLW. A huge reduction in the tubers’
price (—38%) is more than compensated for by a sharp increase in the price of the mix of
vegetable oils (+78), as well as by a small increase in chips’ price (+0.8%). When summed
across the supply chain, the results from Figure 3a,b suggest an increase in FLW costs from
EUR 104.80 million pre-pandemic to EUR 128 million (+22%) post-pandemic.

Table 3 lists the ratio of costs associated with food loss and food waste to the costs of
inputs (i.e., seeds, fertilizers, water, mix of vegetable oils, salt and energy for transportation),
intermediate inputs (e.g., tubers at the agricultural stage), and finished products either
at distribution or by households (in terms of nutritional intake). Ratios were calculated
to show how two economic values relate to each other (i.e., how many times one value
can contain another value) and to allow researchers and businesses to compare data over
time. For example, the ratio of 111.72% in Table 3 is calculated as the ratio of EUR 59.48 M
of food loss (Figure 3, far right) to the sum of costs for seeds, fertilizer, water, energy,
salt and oils (Figure 3, left and center columns, equaling EUR 53.24 M). The food loss to
tubers ratio, estimated in the second scenario, represents the highest value (126%), meaning
that the financial loss occurring within households compared with the agricultural stage
value represents one of the main economic concerns. Moreover, the food loss to input
ratio, estimated in the first scenario, represents the second highest value (111.72%). The
third most critical loss was estimated in the second scenario, the food loss to input ratio
being nearly 100% (i.e., food loss costs are equal to raw material costs). Of course, ratios
essentially depend on input prices, therefore the value of FLW itself varies as the market
fluctuates. However, as a common consideration to both scenarios, larger figures signal a
higher priority for private or social action: the more the value of the ratio approaches 0, the
more virtuous the system, since it means that FLW costs are considerably lower than raw
material costs.

Table 3. Food loss and waste cost ratios.

Scenario 1
Ratios Input Tubers (A) Chips (D) Chips (H)
Food loss 111.72% 56.97% 10.68% 12.98%
Food waste 85.11% 43.40% 8.14% 9.89%
Scenario 2
Ratios Input Tubers (A) Chips (D) Chips (H)
Food loss 99.26% 126.25% 13.98% 17.71%
Food waste 55.42% 55.42% 7.80% 9.89%

Notes: Based on values presented in Figure 3a (first scenario) and Figure 3b (second scenario). The ratio is
calculated as, e.g., 111.72% = EUR 59.48 M of food loss (Figure 3a, far right) divided by the sum of costs for seeds,
fertilizer, water, energy, salt and oils (8.61 + 0.8 + 2.08 + 1.21 + 2.14 + 38.41 = EUR 53.24 M, Figure 3a, various
values). Notes: A = agricultural stage; D = distribution stage; and H = household consumption. Source: Personal
elaboration by the authors.

Although some changes in food consumption and food waste habits have occurred
during the COVID-19 lockdown, as suggested by several national and international au-
thors [83,84], such variations have not been accounted for in the present analysis. The
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research focus has been on changes in the price of raw materials before and during the
lockdown, holding constant the consumption and waste behavior among final consumers.

5. Discussion
5.1. Managerial Implications

MEFCA allows the identification of the most critical phases in the production—distribution-
consumption chain, focusing on either the social or the environmental burdens, but also on
the economic ones, letting businesses operating in a given sector improve their economic
and social performances towards the enhancement of environmental entrepreneurship [34].
The material and the economic reporting proceed on two parallel tracks. Although they
start from the same material basis, the MFCA functioning differs for some key assumptions
from the material flow analysis [41,45]. First of all, it does not expect a balance between
entry (input) and exit (output) costs, with the difference attributable to the companies’
revenue. Furthermore, unlike the weight-based mass balance approach, MFCA seems to
be more attractive and interesting to individual businesses, since their interest is in profit,
cost and income values rather than social or environmental waste-related “hidden” costs.
Therefore, as a preliminary consideration, MFCA represents a transversal tool which allows
the user to define (and graphically display) different information in a systematic, complete
and complementary way.

For instance, the chips industry could appear as a relatively virtuous sector in terms of
raw materials and final products. The information deriving from the loss of 49,000 t of food
losses along the entire food supply chain, although significant in terms of weight, seems
to be not easily usable by companies. However, from the MFCA results, one can identify
the economic cost equal to EUR 81.81 million, being on average 1650 EUR/t of wasted
tubers, which represents salient and actionable information for businesses. Considering
the different stages of the food supply chain, MFCA provides in-depth data for each
stage, outlining the main inefficiencies in food processing and households’ consumption,
estimated at approximately EUR 70 million and EUR 45 million, respectively. The first
amount should motivate the companies involved in the production of chips (i.e., farms,
transport companies and processing industries) to improve the efficiency of their waste
management, enhancing the collection and reuse/recovery of the organic fraction.

The second set of data, albeit aggregated, should suggest to families that still edible
food has its own economic cost which, in the long run, can become substantial. Nevertheless,
food-waste-related economic costs are not limited to “production-waste” but expand into
“waste-disposal”, representing an additional cost for business (i.e., income losses) and for
the entire community (i.e., disposal costs).

As supposed by May and Guenther [33], waste management costs towards energetic
recovery are equal to 15 EUR/t, which would sum to EUR 742,500 for food loss and EUR
60,750 for food waste, whereas the cost to collect and recycle this waste [85] would be
EUR 841,500 and EUR 68,850, respectively. However, if food loss and waste are shipped
to a landfill, their waste management costs increase to over 120 EUR/t [86], equivalent
to more than EUR 5.69 million and EUR 465,750, respectively. In terms of landfill costs,
approximately 25% can be attributed to current taxes placed on landfill shipments, whereas
75% can be attributed to typical landfill gate fees. It can be stated that food loss and waste
cause two impacts: one in terms of production costs, and another in terms of disposal
costs. However, considering the costs of food loss and waste as calculated through MFCA,
different businesses can make an informed choice among dissimilar disposal alternatives
(e.g., waste to energy recovery, recycling and landfilling). Of course, businesses may be
unable to ignore the environmental costs deriving from the different disposal choices and
may consider landfilling as a “nonrealistic option” to reach sustainable development [12].

Furthermore, companies could analyze MFCA results that distinguish between “posi-
tive” and “negative” products, where “negative” products are those associated with waste
production. Therefore, such results could represent a comprehensive and clear commu-
nication instrument, for either internal or external company stakeholders, helping the
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workforce and consumers to understand the associated opportunities for reuse and recy-
cling from material and financial perspectives. To this extent, the chips system faces a
positive production of over EUR 461 million (78%), whereas a negative production exceeds
EUR 131 million (22%). In quantitative terms, the number of negative flows highlighted
in the chips system seems to be in line with the average quantities (20-30%) outlined by
previous studies [41,87], revealing a substantial potential for savings through a reduction
in undesirable negative material flows, or through the valorization of previously hidden
material losses within a circular economy approach.

However, MFCA is a method that identifies theoretical potential savings, but does
not provide practical solutions [88], which is one of the main reasons why companies
have been (and still are) slow in implementing its principles within their plants. As a
consequence, companies should integrate MFCA into their daily management and inno-
vation processes, exploiting its full potential and transforming theory into practice and
enhancing its capability to reconcile the environment and the economy by analyzing the
entire manufacturing process.

5.2. Public Authorithies” Implications

As highlighted by the European Commission (Delegated Decision 2019/1597 [12]), in
terms of the identification of common methodologies and minimum quality requirements
for the homogeneous assessment of food waste quantities and composition, public author-
ities should incentivize the voluntary implementation of MFCA at the single industrial
plant level to measure FLW-associated impacts. Although such a tool has been already
standardized at the international level [89], companies are still reluctant to implement the
MEFCA to reach long-term objectives and provide transparent and updated inventories, as
discussed by previous studies [90]. Therefore, public authorities should support companies
in adopting such a method, since its systematic use could enhance disaggregated data
collection, which is an absolute priority in the context of food waste [5,91] that would
support the achievement of either national or international sustainability strategies, as
well as the analysis and modelling of new, more accurate estimates of global FLW. Indeed,
creating more high-quality data generated through a consistent bottom-up methodology
could address a critical challenge that public authorities face when building indicators
based on highly variable top-down data collection approaches.

Although some studies have implemented material cycle, eco-efficiency and environ-
mental indicators in the field of FLW [92,93], national and international policies should be
oriented towards food waste indicator enhancement, highlighting their role in the iden-
tification of the most promising strategies to address social, financial and environmental
goals [94]. Then, companies should be encouraged to construct their own so-called “food
waste index”, which currently represents one of the most promising macro-indicators to
compare the sustainability target achievement levels among countries over time [4].

In addition, obtaining MFCA material and financial results could help agri-food
actors and public authorities effectively incentivize bonds, resource allocations and activity
links [81], thus forwarding industrial symbiosis and circular economy paradigms. For
example, if methods are applied consistently across different product categories within the
agri-food sector, it may reveal patterns or hot spots in related sectors to suggest that certain
types of centralized investments (e.g., in flexible valorization or gleaning systems) could
yield system-wide benefits.

Agricultural activities, industrial plants, retail stores, households and food services
could implement mass balance and financial models and participate in the value chain
knowledge exchange, enhancing environmental and financial benefits both for the private
and the collective good. As a leverage point, MFCA results provide insights from economic
(e.g., reduction in direct and indirect costs), environmental (e.g., reduction in resources
depletion) and social (e.g., increase in food security) perspectives.
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5.3. Conceptual Implications

Companies have been (and still are) reluctant to implement MFCA principles within
their units, because they do not perceive the great potential of bringing together, in a single
accounting process, financial and material flows [41]. However, companies should invest
in MFCA to implement strategic objectives and improve decision making, considering
its suitability for simultaneously generating financial benefits and reducing negative en-
vironmental impacts [90]. The present research, providing an example at the meso-level,
supports the introduction of material and financial accounting systems at the industrial
plant and country level, pursuing both internal savings for single plants and collective
benefits towards sustainable resources and waste management, either to reduce food or
non-food waste. MFCA results differentiate between the material costs of product outputs
(i-e., final products) and the material costs of non-product outputs (i.e., loss or waste),
providing useful insight for each production step.

In addition, distinguishing among material costs, system costs and delivery or dis-
posal costs, MFCA represents a concrete tool to promote efficiency, effectiveness and
cost-effectiveness either within or between companies, stimulating the creation of networks
or industrial symbiosis to reuse or valorize waste, therefore creating profits and reducing
“negative” costs. Furthermore, although MFCA represents an economic accounting tool,
it arises as a useful instrument for defining sustainable resources and waste management
paths. It outlines “hidden” material costs along the entire supply chain, from agricultural
production to consumption and disposal activities, providing useful perspectives on pro-
duction chain dysfunction, either under technological or managerial perspectives. In terms
of adhering to the European Commission Delegated Decision 2019/1597 proposals [12],
MEFCA provides a more refined picture than the simple mass balance approach, defining
at the same time material flows and economic (positive or negative) costs, and indirectly
providing social insights (e.g., profits and business efficiency).

Nevertheless, the application of MFCA faces several limitations, among which the lack
of data represents the most crucial. If input data (either in terms of weight or costs) exist
and are quite stable, such an approach could return reliable estimates, providing a detailed
snapshot of production chains’ strengths and weaknesses (e.g., hotspots, inefficiencies and
dysfunctions). However, the lack of data imposes several concerns in terms of reliability
and uncertainties—partially solvable through the use of suitable software (e.g., STAN 2.6)—
highlighting the need for improved statistics on resource efficiency, trade, consumption and
costs with higher degrees of disaggregation. We also recognize the limitation of assuming
no behavioral changes at the consumer level. Furthermore, the analysis does not take
into account some environmental performance measures or indicators, such as the carbon
or the water footprint, which could enhance the sustainability analysis and motivate the
application of MFCA for environmental research.

Future research could analyze changes in economic flows associated with FLW in
relation to the changes in consumption and waste behaviors recorded following the COVID-
19 pandemic [83,84]. Such an approach could illuminate the causal links between material
flows, cost flows, consumption and waste behavior along the entire agri-food chain from
a holistic perspective. In addition, to explore the use of the MFCA as an environmental
management tool and define its efficacy towards environmental entrepreneurship, the
authors will likely adopt a mixed approach based either on MFCA or the Environmental
Life Cycle Costing (E-LCC) approach, which adds external costs (i.e., environmental and
social impacts defined as “externalities”) to internal costs (i.e., material costs, energy
costs, waste management costs and additional costs) [95]. Such an approach could open
research perspectives and strengthen the unbreakable bond between economic growth and
environmental protection [96].

Last, while the MFCA approach is inherently attractive because it explicitly creates
links across stages within a given product’s value chain, more work is needed to understand
what linkages might exist across value chains such that investments that might service
multiple sectors can be robustly evaluated. Finally, while highly effective as an accounting
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method, MFCA does not currently permit for the feedbacks that might be expected to occur
if changes are implemented at the industry or country level. That is, the prices assigned
to materials at each stage are likely to be endogenous to interventions designed to reduce
food loss and waste, and no computational infrastructure currently exists to assess how
large-scale interventions will affect prices and the resulting MFCA outcomes.

6. Conclusions

The present article applies MFCA at the meso-level, bringing together data and per-
spectives from the Italian potato chip industry at the country level. As an example of
MEFCA’s value as an analysis method, the article applies a material and economic compar-
ison before and during the COVID-19 lockdown, which spurred an intense upsurge in
snacking activities. The results support the use of MFCA for the assessment of the change in
the economic and environmental consequences of food loss and waste associated with the
change in circumstances created by the COVID-19 lockdown in Italy. Such a tool, developed
to be consistent with the assumptions underlying mass balance approaches, appears to be
highly transversal either for companies (i.e., private benefits through profit maximization
and cost minimization) or public authorities (i.e., public benefits through a reduction in
economic, social and environmental food-waste-related impacts), resulting in a replicable
method that can be applied in different sectors of the food and non-food economy.
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