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A B S T R A C T

Transforming food systems is essential for global sustainability and requires understanding from both socio
economic and physical dimensions. However, sustainable food systems literature is largely dominated by so
cioeconomic dimension, while physical understanding of food systems remains limited. Such physical 
characterisation is often done using material flow analysis (MFA) to explore and quantify flows from farm to fork. 
This quantification translates food system dynamics into comparable and transparent metrics, making MFA a 
crucial tool in driving an efficient transformation. Here, using a critical literature review, we analysed 127 
agrifood MFA studies on their systems, data, and indicators. We characterized food supply chain into five stages 
(primary production, processing and manufacturing, trade, distribution and retailing, and public and household 
consumption) and found very few covered all stages (16 studies). Among all stages, primary production was the 
most studied (99 studies), while distribution and retailing was the least studied (33 studies). Existing studies 
covered 12 food categories, primarily focusing on cereals (52 %), vegetables (46 %), and meats (43 %), with less 
attention on dairy products (34 %). Only 34 studies have a single food category resolution, while most aggre
gated multiple categories together. We found that over half of agrifood MFAs used data only from secondary 
sources (e.g., statistics), whereas less than 20 % used exclusively primary data. Agrifood MFAs commonly used 
indicators of substance, food, and bio-nutrient to quantify biomass associated flows, informing key food systems 
issues like nutrient circularity and waste management. Accordingly, we call for research on full chain MFAs, 
single food category analyses, and the use of more targeted datasets.

1. Introduction

Global food systems nourish over 8 billion human beings through a 
set of activities such as crop planting, animal husbandry, meat pro
cessing, and long-distance logistics (FAO, 2018). These activities, how
ever, have posed considerable environmental concerns (FAO, 2019) 
such as greenhouse gas (GHG) emissions (Crippa et al., 2021) and 
resource depletion (Martínez-Valderrama et al., 2020). Given these 
significant impacts, food system transformation has attracted wide 
attention from policymakers, industry, and the general public across the 

world. The United Nations has put food systems at the core of their 
Sustainable Development Goals (SDGs), including SDG 2 (Zero Hunger), 
SDG 12 (Responsible Consumption and Production), and SDG 13 
(Climate Action) (UN, 2015). Region wise, European Union commits to 
transforming food systems towards fairness, health, and environmental 
sustainability (EU, 2020). As outlined in the European Union Farm to 
Fork Strategy, this transformation requires collaborative efforts across 
disciplines and stakeholders to achieve key targets including mitigating 
environmental burdens, reducing and preventing waste, promoting a 
circular economy, protecting social well-being, and strengthening 
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legislative frameworks (EU, 2020).
Sustaining and transforming food systems requires understanding 

and characterization of the food systems from multiple social, economic, 
and environmental perspectives, which could be supported by various 
scientific disciplines (FAO, 2014, 2018). In the economic domain, food 
system analysis is largely monetary and societal oriented. For example, 
the effects of policy instruments like GHG taxation on production costs 
are stimulated using regression models (Chen et al., 2025) and the im
pacts of certain economic indicators, like price volatility, on food sys
tems resilience are also assessed in economic research (Schneider et al., 
2025). Consequently, such economic studies could inform food system 
transition through various economic strategies, such as circular 
bio-based economy practices (Khanna et al., 2024) and waste and 
byproducts valorisation (Yeo et al., 2024). The social science domain, 
instead, focuses on well-being and justice, addressing topics like access 
to adequate and nutritious food (Fei et al., 2023) and advancing gender 
equality in agrifood labour market (Schneider et al., 2025). It is 
important that such economic and social analyses should adopt a system 
perspective that does not address any food issues in isolation.

Beyond these socioeconomic perspectives, a physical understanding 
of food systems from farm to fork is also essential for sustainable food 
system transition. Based on system-wide accounting of material flows 
within a given system, this physical perspective focuses on the mass 
balance principle and can translate food system dynamics into compa
rable and transparent metrics, profiling how materials enter, accumu
late, are processed, and are wasted. All these insights could inform 
policy and research with decision grade evidence as they i) provide 
detailed analyses into specific sustainability issues, such as nutrient 
circularity, which is closely linked to phosphorus and nitrogen flows 
(Mohammadpour and Grady, 2023); ii) improve food supply chain (FSC) 
efficiency, as inefficiencies like byproduct generation (Xue et al., 2019) 
and food loss and waste (FLW) (Caldeira et al., 2021) could be identified 
through food flows quantification; iii) advance circular economy stra
tegies like biogas production by quantifying bio-resources along FSC 
(Koppelmäki et al., 2019); and iv) reveal food system resilience hotpots, 
for example the extent to which certain countries rely on foreign food 
products (Rezende et al., 2023). In addition, when conducted in a dy
namic manner, physical understanding helps explore long-term changes 
in food systems, such as the effects of increased fertilization on nitrogen 
cycling over 150 years (Neset et al., 2008). Last but not least, the 
physical understanding of food systems is necessary to provide reliable 
system-based, data-driven, and evidence-supported solutions to inform 
strategies and decision makings (Müller et al., 2024). This strength, 
when combined with environmental and socioeconomic parameters, can 
also be applied to discuss environmental and socioeconomic implica
tions (Jia et al., 2022; Xue et al., 2021).

A solid physical understanding of food systems relies on system tools, 
among which Material Flow Analysis (MFA) is widely recognized 
(Müller et al., 2024). In practice, MFA has been extensively applied to 
track material flows in food systems, commonly in the forms of sub
stances, food items, and bio-nutrients. However, several issues were 
identified among MFA studies in the agrifood domain, but a compre
hensive review to better synthesize these issues has been lacking to date. 
Specially, those issues are mainly related to the key components of 
physical understanding identified by Müller et al. (2024), including 
systems, data, and indicators. For systems, food systems encompass 
complex activities (FAO, 2018) and diverse food categories, making it 
challenging for agrifood MFA studies to develop an integrated system 
that covers all these activities and categories. For data, current agrifood 
MFAs commonly rely on data coming from a variety of sources that may 
employ inconsistent methodologies and then introduce uncertainty in 
their results. For instance, the amount of rice exported by Vietnam to 
China can vary by nearly 50 % between different databases (Liu et al., 
2023). An overview of data sources across studies can guide future 
research by identifying data gaps and useful sources. For indicators, flow 
quantifications in agrifood MFAs differ in the indicators they used, for 

example, to track flows in cereals sector, studies have used indicators of 
either energy (Kheiralipour and Sheikhi, 2021) or phosphorus 
(Koppelmäki et al., 2019). These indicators offer diverse insights into 
food systems and should be systematic classified to facilitate their 
consolidation and effective use in these studies.

A critical synthesis is needed to address all these issues related to 
agrifood MFA and thereby enhance its application in food system 
transformation. Hence, aiming to provide an overview of how current 
agrifood MFAs contribute to physical understanding of food systems, we 
conducted a critical literature review on 127 peer-reviewed studies. Our 
review focused on the key components of physical understanding, 
including systems (spatial boundaries, coverages of FSC and food cate
gory), data, and indicators (for both flow quantification and impact 
assessment) (Müller et al., 2024). We sought to advance physical un
derstandings of food systems by profiling current agrifood MFAs, iden
tifying limitations, and offer directions for future research and 
policymaking.

2. Methodology

2.1. Literature selection

We employed the Preferred Reporting Items for Systematic reviews 
and Meta-Analyses (PRISMA) (Page et al., 2021) to select eligible liter
ature. The workflow of literature selection across PRISMA stages is 
illustrated in Fig. 1 and described as follows.

2.1.1. Stage 1: identification
This study used both Scopus and Web of Science databases to ensure 

a wide coverage of peer-reviewed articles. We tested various keywords 
combinations for literature searching to ensure broad literature 
coverage while simultaneously identifying an operationally manageable 
number of literature entries. Table S1–S3 present detailed results of the 
number of entries retrieved in literature search tests. The final search 
strings (presented in Supporting Information, Section 1) combined the 
keyword “food” with terms including “MFA”, “material flow analysis”, 
“mass flow analysis”, “substance flow analysis”. We excluded the spe
cific term of “SFA” from the search strings as it would yield an un
manageably large number of entries: 4453 compared to 954 in this 
study, making the literature selection process impractical. Our literature 
retrieval focused on English-language literature and did not apply any 
time frame filters. The final literature retrieval was performed on 
January 28, 2024 with a total of 954 studies being identified. After 
excluding 330 duplicates and 61 other records (e.g., errata and editorial 
materials), 563 studies were included in the literature screening stage.

2.1.2. Stage 2: screening
During the screening stage, we conducted content-based screening to 

identify eligible literature. This stage comprised two phases: Phase 2.1 
focused on screening the title, abstract, and keywords of the studies, and 
the following Phase 2.2 focused on reviewing the full text. Both phases 
applied the same selection criteria: (i) the study must include any type of 
MFA application (e.g., material flow analysis, mass flow analysis, sub
stance flow analysis), and (ii) it must address at least one food system 
activity like crop harvesting (these activities classified and described in 
Table S5). In Phase 2.1, 420 out of 563 studies did not meet the criteria 
and were excluded, leaving 143 studies. Among these, four studies were 
further excluded due to inaccessible full texts, resulting in 139 studies 
advancing to Phase 2.2. In Phase 2.2, 12 studies were eliminated 
because they failed to meet the criteria upon full-text review. Ultimately, 
127 peer-reviewed studies were deemed eligible and included in this 
review.

2.2. Data processing and analysis

All eligible literature was imported into the open-source toolkit 
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Bibliometrix (Aria and Cuccurullo, 2017) for bibliometric analysis, 
which included publication trend examination and CoWordNet and 
Word Cloud analyses on literature titles. Meta-data of all studies was 
then manually extracted and analysed from the following aspects, based 
on the key components of physical understanding identified by Müller 
et al. (2024): systems (including spatial boundary, FSC coverage, and 
food category coverage), data (including data source and FLW data 
collection method), and indicators (including material flow quantifica
tion and impact assessment indicators). The meta-data harmonizations 
are described in detail below.

Spatial boundary. We adopted the term “spatial boundary” as used 
in the study of Lanau et al., (2019) to refer to the geographical scope of 
MFA research, indicating the geographical extent within which all 
investigated food-related processes and associated material flows were 
considered. This review classified spatial boundaries into five scales: 
municipal or neighbourhood, sub-national, national, regional, and 
global levels (see their descriptions in Supporting Information, Section 
2.1).

FSC stage. This study built on the common MFA framework pro
posed by Caldeira et al. (2021) to identify FSC stage coverage in liter
ature. Our framework covers five stages along an entire FSC: (1) primary 
production, (2) processing and manufacturing, (3) trade, (4) distribution 
and retailing, and (5) public and household consumption. A detailed 
description of all stages is provided in Table S5.

Food category. Widely applied frameworks on food categorization 
include the Codex General Standard for Food Additives (GSFA) 
(FAO/WHO, 2019), EU Regulation (EC) No 1333/2008 on Food Addi
tives (European Commission, 2022), and FAO/WHO Global Individual 
Food consumption data Tool (GIFT) (FAO/WHO, 2022). However, these 
frameworks differ in their classification of certain food categories. For 
instance, fruits and vegetables are typically grouped together as a single 
category in Codex GSFA and EU Regulation (EC) No 1333/2008, 
whereas they are defined separately in the GIFT framework. When such 
differences arise, we adopt the framework with the highest resolution of 
food categorization. Therefore, vegetables and fruits are treated as 
separate categories in this study, following the GIFT framework. For a 
detailed classification of food categories used in this study and their 
connections to the three referenced frameworks, please refer to 
Table S7.

Data source. The data used in studies were categorized into two 
major groups: primary data and secondary data. Primary data refers to 
data directly collected by the authors, such as using surveys, while 

secondary data refers to data previously collected and recorded in da
tabases or literature. Moreover, specific secondary data sources include 
statistical data (mainly from official agencies/statistics), literature data 
(primarily reported in publications), and non-public data (such as 
datasets developed by research institutions or commercial data com
panies that are not publicly accessible). A detailed data classification 
including definitions and examples is presented in Table S6.

FLW data collection method. The FLW Protocol, developed by a 
steering committee of seven expert institutions such as the FAO, typi
cally classifies FLW data collection methods into 10 types, including (1) 
direct weighing, (2) counting, (3) assessing volume, (4) waste compo
sition analysis, (5) records, (6) diaries, (7) surveys, (8) mass balance, (9) 
modelling, and (10) proxy data (FLW Protocol, 2016). Our study clas
sified all the methods used in agrifood MFAs to quantify FLW based on 
these 10 methods, and more specifically classified the first seven 
methods as the measurement or assessment of FLW and the remaining 
three methods (mass balance, modelling, and proxy data) as calculations 
of FLW.

Indicators. All indicators were first categorized into two groups: 1) 
material flow quantification indicators related to biomass along the 
supply chain, and 2) impact assessment indicators. The former refers to 
the units used to quantify or estimate biomass related flows within the 
food systems. Example could be substance flows quantified in the unit of 
phosphorus. All the material flow related indicators were classified into 
three clusters: substance, food, and bio-nutrient. The latter was used to 
assess the impacts of food systems, such as GHG emission, and those 
impact indicators were classified into three clusters: environmental, 
economic, and health.

3. Results

3.1. Bibliometric analysis

Publication trend. It is found that the application of MFA in agri
food research began in 2003 and maintained an average of around 2 
publications per year until the first peak in 2015 (Fig. 2a). Although the 
number of publications declined in a few years after 2015, there was an 
overall growing trend, with over 80 % of total studies published after
wards. Notably, 2022 is the year with the most publications to date 
(n = 22, referring to the number of publications, the same applies to the 
following numbers).

Journal coverage. Reviewed studies were published in 51 different 

Fig. 1. Workflow of agrifood MFA literature selection and data analysis based on PRISMA (Page et al., 2021) and physical understanding components 
framework (Müller et al., 2024).
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journals. The Journal of Cleaner Production has the highest number of 
publications (n = 21), followed by Resources, Conservation and Recy
cling (n = 14), Journal of Industrial Ecology (n = 9), and Science of The 
Total Environment (n = 9) (Fig. S1). These four journals collectively 
account for over 40 % of the total literature identified in this review 
(Fig. 2a).

Bibliometric analysis of titles. Fig. S2b shows that the titles of 
articles prevalently include production, environmental impacts, con
sumption, waste management, and specific substance (phosphorus and 
nitrogen) terms. These topics could be further divided into three clusters 
(Fig. S2a). The first cluster (in red) includes themes related to “food”, 
“flow”, “analysis”, “waste”, and “material”. The second cluster (in blue) 
consists of words such as “phosphorus”, “production”, “nitrogen”, and 
“consumption”. The third cluster (in green) mainly consists of impact 
assessment themes, focusing on both environmental and economic 
aspects.

Geographical distribution of literature. The reviewed studies 
covered all continents, but their distribution was clearly uneven 
(Fig. 2b). A majority of publications focused on Asia (n = 56) and Europe 
(n = 51), whereas only a few studies covered North America (n = 8), 
South America (n = 4), Africa (n = 4), and Oceania (n = 1). Under- 
researched continents, such as Africa and South America (accounting 
for only 6 % of publications combined), currently face severe food se
curity challenges (FAO, 2023) and should receive greater research 
attention. Country wise, China received the most attention with 
approximately 30 % of reviewed studies related to its food systems, 
which is followed by Italy and Sweden. Specifically, studies related to 
(or parts of) China’s food systems were mostly conducted at the 
municipal or neighbourhood and national levels (Fig. S3). In contrast, 
studies on Italy’s food systems were primarily at the national level, while 
those on Sweden’s food systems were dominated by municipal analyses. 
Transforming food systems requires concerted efforts across the 
municipal, national, regional, and global levels (FAO, 2018). However, 
regional (n = 5) and global (n = 3) studies were relatively scarce across 
all studies, hindering an effective transformation.

3.2. Systems for agrifood MFAs

3.2.1. Food supply chain coverage
Fig. 3a illustrates the supply chain coverages across all reviewed 

studies. We found that only 16 out of 127 studies covered all stages of 
the FSC (including primary production, processing and manufacturing, 
trade, distribution and retailing, public and household consumption). 
Among the remaining studies, 23 focused exclusively on the primary 
production stage, 21 covered all stages except distribution and retailing, 
and 16 focused exclusively on the public and household consumption 
stage. At the individual stage level, the primary production stage was the 
most frequently covered (n = 99), followed by the stage of public and 
household consumption (n = 82) and the stage of processing and 
manufacturing (n = 73). In contrast, only around 40 % of all the studies 
explored the trade stage (n = 55), while the distribution and retailing 
stage was more rarely covered (n = 33).

3.2.2. Food category coverage
Fig. 4a shows that a total of 12 food categories has been explored in 

agrifood MFAs, namely cereals, vegetables, meats, fruits, dairy products, 
eggs, pulses and legumes, fish and aquatic products, fats and oils, potato 
and other roots/tubers, sugars, and beverages. However, these cate
gories are covered unbalanced. The most frequently covered food 
category was cereals (accounting for 51 % of the total studies), followed 
by vegetables (46 %), meats (43 %), fruits (37 %), and dairy products 
(35 %). In contrast, fewer studies focused on potatoes and other roots/ 
tubers (16 %), sugars (14 %), and beverages (9 %).

This review found that agrifood MFAs commonly aggregated multi
ple food categories, while only a few studies concentrated on a single 
food category such as cereals, meats, and vegetables (Fig. 4a and c). In 
studies covering multiple food categories, vegetables were often 
explored alongside fruits, while meats were frequently studied with 
dairy products (Fig. S4). This research focus may stem from the similar 
consumption patterns of fruits and vegetables (Eurostat, 2019; USDA, 
2018), or the shared production characteristics of meats and dairy 

Fig. 2. a) Publication trends over the years across journals, with the top four journals specified. b) Geographic distribution of national agrifood MFA studies.
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products like livestock farming practices (Rothwell et al., 2020; Vin
gerhoets et al., 2023). When breaking down food categories across 
different FSC stages, cereals, vegetables, and meats dominating all the 
stages (Fig. 4b). Notably, studies focused on meats outnumbered those 
on cereals in all FSC stages, except for the primary production stage.

3.3. Data for agrifood MFAs

This review analysed the patterns of data usage by classifying their 
data sources into primary data and secondary data (Fig. 5a). We found 
that secondary data was widely employed in research (n = 105), with 
more than half of the total studies (n = 71) using only this data source. In 
contrast, primary data was used less frequently (n = 56), of which only 
22 studies used data from this category exclusively.

Reviewed studies most frequently used statistical data (n = 93) as 
secondary data, followed by literature data (n = 85), while non-public 
data (n = 15) was rarely used. Statistical data include specific volumes 
on food production, trade, and consumption, commonly retrieved from 
sub-national (Xing et al., 2023), national (Mohammadpour and Grady, 
2023; Niu et al., 2022), and regional statistics (e.g., Eurostat (Rezende 
et al., 2023)). Other major statistical databases used across literature 
include UN Comtrade (Roy et al., 2019) and FAOSTAT (Caldeira et al., 
2021). In contrast, only about 44 % of studies (n = 56) used primary 
data. These data were primarily collected through various methods, 
including surveys (Kheiralipour and Sheikhi, 2021), interviews (Pirani 
and Arafat, 2016), focus group discussion (Papargyropoulou et al., 
2016), and direct weighing (Hanssen et al., 2017; Kasavan et al., 2021).

Given the significant impact of FLW on food systems transformation 
(EU, 2020) and the crucial role of data collection on their estimations 
(Xue et al., 2017), this study further classified all FLW data collection 
methods used across agrifood MFAs. A total of six methods outlined in 
the FLW Protocol (FLW Protocol, 2016) were employed across studies. 
These six methods could be categorized as: calculation of FLW and 
measurement or assessment of FLW (FLW Protocol, 2016) (Fig. 5b). 
Most of these studies (n = 20) rely on the calculation of FLW, using 
specific methods such as proxy data (n = 19), mass balance (n = 3), and 
modelling (n = 1). In contrast, 16 studies used measurement or assess
ment of FLW, by direct weighing (n = 11), surveys (n = 6), and waste 
composition (n = 2). The heavy reliance on proxy data to estimate FLW 
highlights a lack of innovative tools for FLW data collection and un
derscores the challenges in accurately understanding FLW issues. 
Nevertheless, this study identified a growing trend in the adoption of 
more reliable methods, such as direct weighing, compared to nearly a 
decade ago (Xue et al., 2017). However, this approach has been pre
dominantly limited to the public and household consumption stages (Ab 
Aziz et al., 2022; Kasavan et al., 2021). Further research is needed to 
explore how this method could be effectively extended to broader areas, 
such as the stage of processing and manufacturing.

3.4. Indicators for agrifood MFAs

Fig. 6 presents the indicator patterns of material flow quantifications 
and food system impacts assessment across all reviewed studies. We 
found that material flows related to biomass were quantified by various 

Fig. 3. a) FSC coverage across all studies. The bubbles connected by horizontal lines indicate which FSC stages are covered by the same study and the number of 
publications of such FSC coverage. The numbers on the horizontal axis indicate how many studies have covered each FSC stage. b) Distributions of key indicators 
on material flow quantification (substance and food) and impact assessment (energy use, water use, greenhouse gas emission) across different FSC stages. 
The bars represent the number of publications that apply a specific indicator at a given FSC stage.
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indicators that could be classified into three clusters: substance, food, 
and bio-nutrient (Fig. 6a). On the other hand, assessed indicators for 
food system impacts were mainly grouped into environmental, eco
nomic, and health clusters (Fig. 6b).

3.4.1. Indicators for material flow quantification
Of all the material flow quantification indicators, the flows of sub

stance (n = 60) within food systems were the mostly quantified. This set 
of indicators primarily covers chemical elements that transfer between 
key processes in the food system, which can help understand several key 
food system issues like the circularity of nutrients. To track and quantify 
the flow of substances, it is crucial to identify all their sources and 
carriers. For example, for nitrogen flows, fertilizers, crops, animal 
products, and manure are some of the primary sources of nitrogen 
(Mohammadpour and Grady, 2023). Besides, it is also important to 
clarify their forms (like NH3, N2O, N2 for nitrogen) or the content ratio in 
the carriers and sources when conducting flows measurement. This re
view found that substance flows were quantified mainly in the forms of 
phosphorus (n = 39) and nitrogen (n = 32), while carbon (n = 3), po
tassium (n = 3), and calcium (n = 1) were rarely considered. The 
emphasis on phosphorus and nitrogen is likely attributable to the 

substantial impact of food system activities on their flows. For instance, 
one-third of total human-induced nitrogen emissions originate from the 
livestock sector (Uwizeye et al., 2020). In contrast, other substance 
flows, such as that of carbon, are also crucial in food systems (Crippa 
et al., 2021), yet their dynamics within food systems remain 
under-researched.

Following the indicator of substance, agrifood MFAs also track food 
flows (n = 51), primarily focusing on revealing the physical movement 
of food products and monitoring the logistical aspects. Unlike the sub
stance flow quantification typically covers the elements that are 
compound-based, food flows quantification mainly deals with material 
flows that are commodity-based. As the physical form of food com
modities can change during their movements within the food supply 
chain, the use of consistent units in flow quantification, such as dry 
matter of meat products (Xue et al., 2019), is crucial. We found that 
estimating FLW is a prevalent application of food flow tracking (n = 34), 
which is one of the key steps to achieve efficient waste management. 
These FLW studies applying MFA reveal that national-level studies 
dominate (n = 18), with the majority focusing on the household and 
public consumption stage (Details in Table S4). However, compared to 
the indicators of substance and food, only eight studies measured 

Fig. 4. Food category analysis. a) Distribution of food categories across studies. b) Distribution of food categories across different FSC stages, along with 
key indicators of material flow quantification (substance and food) and impact assessment (greenhouse gas emission, water use, energy use). The bubbles 
and values inside represent the number of publications that cover a specific food category at a given FSC stage or employing a given indicator. SF: Substance flow. FF: 
Food flow. c) Research characteristics of studies focusing on a single food category. The values in the cell indicate the number of publications with a specific 
research feature covering a given food category.
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bio-nutrient flow, focusing on energy (n = 7) or protein (n = 1) content 
in food. These bio-nutrient flows illustrate the movement of essential 
nutrients within food systems and support the evaluation of their effi
ciency. They provide data-driven evidence on how food systems sustain 
human populations (Haberl et al., 2011), and highlight the role of spe
cific food items, such as salmon, in promoting human health and growth 
(Abualtaher and Bar, 2020).

3.4.2. Indicators for impact assessment
By using all the indicators mentioned in the previous section to 

quantify material flows, the current agrifood MFAs have built physical 
layers that can provide solid foundations for further impact analysis 
such as environmental assessment (Müller et al., 2024) and thereby 
inform key issues like climate change mitigation. This study further 
identified and classified all the indicators used for impact assessment, 
revealing that agrifood MFAs evaluated a total of 16 different indicators, 
which were mainly divided into three categories: environmental, eco
nomic, and health impacts.

We found that most studies assessed environmental impacts, 
particularly in the form of GHG emissions (n = 27), water use (n = 19), 
energy use (n = 18), and land use (n = 10), contributing to climate 
change mitigation. While other environmental impacts were less con
ducted, such as acidification (n = 6), eco-efficiency (n = 4), eutrophi
cation (n = 4), ozone impact (n = 3), and ecotoxicity (n = 2). In contrast, 
economic and health impacts were under-explored. The most frequently 
assessed economic impact was cost (n = 7), primarily focusing on eco
nomic losses, such as those caused by FLW (Kasavan et al., 2021) and 
input costs (Amicarelli et al., 2023). Besides, other economic impacts 
such as employment (n = 2) and value creation (n = 2) were examined in 
a few studies. Current studies lack research on certain economic in
dicators, such as stakeholders’ income and wealth (MUFPP, 2015; 
Nesheim et al., 2015). The indicators for health impact were assessed in 
limited studies, including human toxicity (n = 4), nutrition (n = 2), and 

Fig. 5. a) Distribution of data sources and their coverage across studies. The bubbles connected by vertical lines indicate which data sources were used in the 
same study and the number of publications of such data source coverage. The numbers on the vertical axis indicate how many studies employed each data source. b) 
FLW data collection methods applied across studies, classifications basing on FLW Protocol (FLW Protocol, 2016).

Fig. 6. a) Distribution of material flow quantification indicators. P: 
Phosphorus. N: Nitrogen. C: Carbon. K: Potassium. Ca: Calcium. b) Classifi
cation and distribution on impact assessment indicators.
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ionizing radiation (n = 1). Certain health impacts, such as sustainable 
diets (EU, 2020) and nutrient balance (Chaudhary et al., 2018), were not 
yet addressed across studies. Moreover, social impacts, such as indi
vidual life quality (Nesheim et al., 2015), food security for vulnerable 
groups (MUFPP, 2015), and gender equality (FAO, 2014; Nesheim et al., 
2015), have not yet been addressed. Incorporating all these overlooked 
impacts into future research will benefit the overall sustainability of 
food systems.

3.4.3. FSC stage and food category levels breakdown of indicators
This review further analysed the distributions of indicators for ma

terial flow quantification and impact assessment across FSC stages and 
food categories. Fig. 3b shows that food flow tracking dominated the 
distribution and retailing stage, while it was nearly as common as sub
stance flow quantification in the processing and manufacturing stage. In 
other stages, quantifying substance flow was the predominant approach. 
We further noted that studies focusing exclusively on the primary pro
duction stage often addressed nutrient management issues using sub
stance flow quantification (mostly linked to phosphorus and nitrogen) 
(Hou et al., 2018; Pang et al., 2023). In contrast, studies concentrating 
exclusively on the household and public consumption stage most 
commonly explored FLW generation through food flow tracking (Betz 
et al., 2015; Kasavan et al., 2021). For the impact analysis, GHG emis
sion was the most frequently assessed factor across all stages. This trend 
is particularly pronounced at the stages of trade and public and house
hold consumption, highlighting the urgency to reduce GHG at these 
stages.

When breaking down the indicators by food category, quantifying 
substance flows dominated across all food categories except four cate
gories: fish and aquatic products, fats and oils, potatoes and other roots/ 
tubers, and sugars, for which food flow was the mainstay of tracking 
(Fig. 4b). For impact indicators, GHG emissions dominated in all food 
categories except sugars, where energy use was equally assessed.

4. Discussion

Physical understandings based on MFA could offer solid basis for 
addressing food system challenges and informing policy. For instance, 
tracking substance flows can characterize the circularity and recycling 
of nutrients, quantifying food flows can enable efficient waste man
agement and valorisation, and assessing environmental impacts can 
highlight priorities for the climate change mitigation. Therefore, this 
review recommends MFA as a crucial tool in food system transformation 
planning, as its system-wide accounting can translate food system 
complexities into comparable outcomes and actionable initiatives. 
Nonetheless, significant gaps remain, particularly in full chain MFAs, 
single category research like dairy products, and the use of more tar
geted datasets. To strengthen the evidence base, we detail these gaps and 
propose research and policy recommendations in the following sections, 
focusing on agrifood MFAs key components, including system coverage 
(FSC stages and food categories), data, and indicators.

Incomplete supply chain coverages. From system-wide perspec
tive, our results reveal that full chain agrifood MFAs are rare, with key 
stages such as trade and distribution and retailing are consistently un
derrepresented. The overlook on certain stages might underestimate 
impacts, losses, and inefficiencies, and misdirect decision making, as in 
practice all stages play distinct roles and are significantly inter
connected. For example, 59 % of nitrogen emissions in feed-exporting 
countries are attributed to the stage of trade (Uwizeye et al., 2020), 
and 23 % of quality losses in U.S. aquatic products occur during distri
bution (Love et al., 2023). In addition, studying all stages together can 
build a comprehensive understanding of the FSC by maximizing the 
advantages of MFA in analysing problems at the system level. It is worth 
noting that, in reality, the FSC is far more complex than the five stages 
we classified, involving multiple interconnected sub-processes within 
each stage. For instance, the processing and manufacturing stage in the 

pork supply chain can be further refined considering important 
sub-processes such as cutting and boning (Danish Agriculture and Food 
Council, 2010). Future agrifood MFA research should delve into more 
refined stages of the FSC to identify all relevant processes, enabling a 
more tailored physical understanding of food systems.

Over-aggregated food categories. For the food category coverages, 
we found that most research focused on food categories of cereals, 
vegetables, and meats, while other key categories, such as dairy prod
ucts, potatoes and other roots/tubers, remain relatively under-studied. 
This imbalance in attention may be because cereals, vegetables, and 
meats are major nutritional sources for humans (Cocking et al., 2020). 
Additionally, their significant impacts, such as GHG emissions from 
meat and dairy production (Notarnicola et al., 2017; Scarborough et al., 
2023), high FLW levels like cereal loss (Jiang et al., 2023), and health 
concerns related to processed meats and refined cereals (Fadnes et al., 
2023), may also drive the extensive exploration of these food categories 
in MFA research. However, potatoes and other roots/tubers can help 
meet increasing food demand while reducing the total impact of staple 
crops on carbon, land, and water by up to 25 % (Liu et al., 2021); 
similarly, dairy losses, such as the more than 6.8 billion litters of raw 
milk lost in Canada since 2012 (Elliot et al., 2025), warrant greater 
research attention on these overlooked categories. More importantly, we 
found that food categories were commonly analysed in an aggregation 
manner rather than as single food categories. In fact, focusing on a single 
food category enables a deeper understanding of its supply chain char
acteristics, which often vary significantly across different food cate
gories. For instance, vegetables can be distributed for consumption 
immediately after harvesting (Xue et al., 2021), whereas dairy products 
require additional processing procedures before they are ready to eat 
(Sonesson and Berlin, 2003). Based on devoted research on a single food 
category, tailored actions for transforming food systems specific to each 
category can be identified. In addition, current MFA research on single 
food categories is not only limited in quantity but also faces challenges 
in research in-depth, for example, limited use of primary data, rare 
coverage of the entire FSC, and less inclusion of key food issues like FLW 
(Fig. 4c). To advance the understanding of food systems, we call for 
higher resolution research that focuses on single food categories, em
ploys reliable data sources (e.g., primary data), covers all supply chain 
stages, and includes food system transformation priorities like FLW. Of 
course, this does not imply that broader coverage studies encompassing 
multiple food categories are unnecessary, as potential interactions be
tween strategies targeting specific food categories or FSC stakeholders 
may be better covered in a broader manner.

Integrating substance and food flow analysis is valuable yet still 
rare. Existing studies primarily focus on two groups of indicators to 
quantify material flows within food system: food and substance. These 
two groups of indicators contribute to the understanding of food systems 
from different perspectives, but they are rarely combined in a single 
study. Specifically, food flow quantification mainly provides insights 
into where food is produced, distributed, consumed (Liu et al., 2023; 
Xue et al., 2021), as well as lost and wasted (Jiang et al., 2023), 
informing FSC efficiency improvement. Quantifying substance flows, in 
comparison, sheds light on the entry, transformation, deposition, and 
loss of key substances within the food system. This allows for the 
exploration of specific issues such as nutrient efficiency (Rothwell et al., 
2022), substance circularity (Van Der Wiel et al., 2021), manure man
agement, and ecosystem conservation (Wu et al., 2016). However, the 
food and substance flows in existing agrifood MFAs were often examined 
independently. Integrating their quantification could support the dual 
goals: reducing environmental impacts through substance flow analysis, 
and ensuring food security by efficiently managing supply chain via food 
flow tracking. Accordingly, we recommend integrating these ap
proaches in future studies.

Limited use of primary data. From the data perspective, this review 
found that current agrifood MFAs heavily relied on secondary data (for 
instance literature data) rather than primary data. Secondary data used 
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across studies tend to be coarse in resolution, limiting their ability to 
capture local variations and differences (Biswas et al., 2024). And when 
multiple secondary data sources were applied, their data collection 
methods might be differed and could potentially introduce inconsistence 
in the data analysis. This study suggested future research involving a 
robust data harmonization process when incorporating secondary data, 
especially those from multiple sources. In addition, we found that even 
when primary data were used, it was limited to particular topics like 
FLW estimation), primarily focused on specific FSC stages such as public 
and household consumption (Xing et al., 2021), and typically covered 
small spatial boundary levels such as municipal or neighbourhood areas 
(De Sadeleer et al., 2020). Overall, the current data usage patterns pose 
challenges for conducting tailored strategies discussion with 
high-resolution solid data. A few primary data-based studies provide 
insights into improving data accuracy and collection efficiency, offering 
valuable guidance for future research. These studies utilized methods 
like surveys, interviews, and focus groups to collect detailed, up-to-date 
data, and were able to cover multiple FSC stages with large spatial 
boundaries (e.g., national level) (Guo et al., 2022; Papargyropoulou 
et al., 2016; Skaf et al., 2019). We also found that, to quantify different 
material flows, while secondary data was predominantly used for both 
substance flow quantification and food flow tracking, primary data was 
more frequently applied in food flow tracking (Fig. 6a). It would be 
beneficial to apply primary data broadly to all types of flow 
quantification.

Short supply chains and FLW remain underexplored. To further 
the understanding of using MFA for food systems transformation, this 
review discusses two key issues where the application of MFA is still 
limited: short supply chains and FLW. First, short supply chains (e.g., 
urban FSC) play increasingly important roles in promoting food systems 
transition (Fei et al., 2023; Stein and Santini, 2022) but receive less 
attention in agrifood MFAs. Notably, the carbon footprint of food pro
duced through urban agriculture is six times greater than that of food 
produced by conventional agriculture (Hawes et al., 2024), highlighting 
the need for a deeper understanding of urban-produced food. Existing 
studies on short supply chains using MFA were limited to case studies at 
experimental sites (Chance et al., 2018) or focus on specific topics such 
as food flow tracking (Corbin et al., 2021). Expanding the use of MFA in 
short supply chains studies is strongly recommended. On the other hand, 
addressing FLW plays a core role in transforming food systems (EU, 
2020; FAO, 2014), which can benefit from a systemic physical under
standing on their estimations (Caldeira et al., 2021; Garcia-Herrero 
et al., 2018). Our review gave special attention to FLW studies using 
MFA and found that their distribution across FSC stages was uneven 
(Table S4). Only a few studies estimated FLW for the entire FSC 
(Caldeira et al., 2021; Dong et al., 2022; Garcia-Herrero et al., 2018; 
Jiang et al., 2023), while a significant portion of FLW studies focused 
only on the public and household consumption stage (Betz et al., 2015; 
Favis et al., 2022; Kasavan et al., 2021; Sha’ari et al., 2023). In contrast, 
the processing and manufacturing stage, a major contributor to FLW 
(Dong et al., 2022; Eurostat, 2023), was rarely examined across studies. 
Additionally, existing FLW quantifications using MFA largely rely on 
literature data, which can pose challenges in achieving accurate results 
due to potential variations in their data collection methods and differ
ences in FLW definitions. Therefore, addressing the FLW issue requires a 
comprehensive framework that spans the entire supply chain and em
ploys robust data collection methods. Frameworks proposed by Caldeira 
et al. (2021) and Garcia-Herrero et al. (2018) exemplify efficient ap
proaches for estimating FLW. In particular, the Nutritional Food Losses 
and Waste Footprint index proposed by Garcia-Herrero et al. (2018)
offers valuable insights to support FLW reduction decision-making.

Policy implications and limitations. MFA is currently integrated 
into economic and environmental policy instruments, such as EU 
Regulation 691/2011 on environmental-economic accounting 
(European Commission, 2011) and the UN Environment Programme’s 
guidance on economy-wide MFA of natural resources (UNEP, 2021), but 

a dedicated food system framework to enforce and operationalize MFA is 
still lacking. Establishing such a framework would help standardize 
metrics within the food system, foster interdisciplinary collaboration, 
and provide targeted solutions for food systems transformation. High 
quality data is crucial for a solid physical understanding. Presently, 
several EU regulations mandate data reporting, which boost targeted 
data collection but might lack harmonization and transparency. For 
example, data on resource use and environmental impacts, which are 
mandatorily reported by meat and dairy practitioners under the Indus
trial Emissions Directive (2010/75/EU) (European Commission, 2010) 
could be valuable for meat and dairy MFAs. However, in practice, data 
collection efforts across countries and sectors often lack a harmonized 
framework, leading to potential inconsistencies in subsequent data 
analysis. Meanwhile, the limited public accessibility of reported data 
restricts its ability to contribute effectively to research advancements. In 
pursuit of sustainable food system transition, policymakers should 
consider establishing standardized frameworks that: 1) harmonize data 
collection and reporting across FSC stages and products, 2) mandate 
interoperable data sharing to enhance comparability, and 3) regulate 
regular data update to ensure reliability. Including all these implications 
into policy improvement will help effectively transform food systems. It 
is worth noting that our review only focused on biomass-related material 
flows within food systems (in the form of substance, food, and 
bio-nutrient flows). Non-biomass flows within food systems (like 
microplastic flows) are not considered because their attribution and 
quantification also rely on external systems, such as the construction 
system. To assess all material flows within food sytems more compre
hensively, particularly by including the non-bioms joint persher systems 
should be adopted. In addition, wd articles, ich may iasingly used in the 
literature and also non-English language studies. All these potential 
literatures, once included in the review, can further improve the 
robustness of the results and discussion.
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Xue, L., Cao, Z., Scherhaufer, S., Östergren, K., Cheng, S., Liu, G., 2021. Mapping the EU 
tomato supply chain from farm to fork for greenhouse gas emission mitigation 
strategies. J. Ind. Ecol. 25 (2), 377–389. https://doi.org/10.1111/jiec.13080.

Xue, L., Liu, G., Parfitt, J., Liu, X., Van Herpen, E., Stenmarck, Å., O’Connor, C., 
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