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International Society for Industrial Ecology (ISIE) – Topical Section 
for Research on Socio-Economic Metabolism (SEM) 

ISIE-SEM Section Board 

 

Guidelines for Data Modeling                           

and Data Integration for Material Flow 

Analysis and Socio-Metabolic Research 

 

Version 1.0 of June 2021 

 

Prepared by Stefan Pauliuk together with the 2020/21 ISIE-SEM board members: 

Hiroki Tanikawa, Tomer Fishman, Stefan Giljum, Helen Hamilton, Gang Liu, Kazuyo 

Matsubae, and Peter Paul Pichler. Refined during several rounds of peer review 

within the ISIE-SEM section and beyond. The following colleagues provided detailed 

feedback and additional suggestions: Gian Andrea Blengini, Florian Dierickx, Tomer 

Fishman, Arturo de la Fuente, Rick Lupton, Fabrice Mathieux, Stephan Moll, Philip 

Nuss, Simon Schulte, and Christina Torres de Matos. 

The responsibility for the final version, and any shortcomings and inconsistencies it 

may have, lies with the ISIE-SEM board. 

 

Mandate from the SEM Section founding document 

The scoping section of the founding document of the ISIE-SEM section 

(https://is4ie.org/sections/metabolism/resources)) stipulates the following mandate 

for its work: 

 Facilitate cooperation in collection, storage, and publication of local and 

national statistical data on materials, energy, water, waste, and emissions 

 Facilitate advancement of methods for analyzing the dynamics of physical 

interactions between socio-economic-environment systems and their drivers on 

multiple scales 

 Facilitate efforts for standardization and harmonization of methods and 

procedures 

The 2020/21 ISIE-SEM section board compiled this document in accordance with its 

mandate to provide guidelines for data modelling and integration, which shall help 

SEM researchers and practitioners to understand, re-use and share their data 

effectively.  

https://is4ie.org/sections/metabolism/resources
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Data Opportunities and Challenges 

A large number of datasets are being compiled and produced as part of MFA research, 

but many of them are not available or cumbersome to extract — either because of their 

format (e.g., pdf), or because they lack systems context. 

For this reason, researchers often have to spend too much time searching for, 

formatting and interpreting data sets, which means that valuable time is lost in 

evaluation, quality control, uncertainty analysis and documentation of their own data 

products. 

Progress in research (e.g., comparative studies), link to other fields (e.g. climate 

scenario modelling), and dissemination (such as policy-relevant work) requires data 

integration built on easy access, combination, re-use, and update of existing datasets. 

 

Vision 

As a community, we strive to become better at integrating (i.e., combining, reusing, 

improving, sharing, archiving) our data. 

We can find a healthy balance between standards that are too restrictive and too loose. 

We develop and apply standards that allow for both flexible research design and the 

development of a cumulative knowledge base. 

We prepare our research data and results for automatic (computer-assisted) scanning 

and post-processing in the future. 

 

What is already in place 

A number of documents and guidelines for consistent and cumulative MFA research 

already exists, and the aim of this document is to synthesize and amend their 

recommendations. 

 General MFA methodology, including stock and flow definitions (Brunner and 

Rechberger 2016) and the use of explicit system definitions 

 Recommendations of the MinFuture project regarding data exchange 

(Petavratzi et al. 2018), in particular: 

- Researchers and government authorities should consider describing their 

data with metadata about the system location of the measurements. -> 

Monitor systems, not isolated flows. 

- The definition of indicators can be enhanced through an explicit system 

definition. 

- The MFA academic community plays an important role in the development 

of tailored training courses and tools for the work with data in a system 

context. 
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 Call for more data transparency in IE research (Hertwich et al. 2018) and a new 

practice at JIE that the data behind all plots must be submitted in machine-

readable form: 

https://onlinelibrary.wiley.com/page/journal/15309290/homepage/forauth

ors.html#_Toc1992405  

 General data model for MFA (Pauliuk et al. 2019), based on multi-dimensional 

data cube model (https://en.wikipedia.org/wiki/OLAP_cube) and data 

commons prototype (http://www.database.industrialecology.uni-

freiburg.de/) with a larger number of formatted MFA datasets and reports of 

difficulties that can occur when formatting data 

(http://www.database.industrialecology.uni-

freiburg.de/resources/DataModel_SEM_IEDC_FAQ.pdf) 

 A large number of openly available datasets, including the Yale Stocks and 

Flows database (Myers et al. 2019), the recently published building material 

composition database (Heeren and Fishman 2019), the Metabolism of Cities 

database (https://metabolismofcities.org/resources/data/datasetoverview), 

or the UNEP IRP MFA database (https://www.resourcepanel.org/global-

material-flows-database) can already be used by the community. They were 

mapped to a general data model and are (partly) available in the new format 

(Fig. 1), which gives an example of how data exchange in the community can 

look like.  

 BONSAI – The Big Open Network for Sustainability Assessment Information: 

A network of researchers dedicated to creating an open source database and 

toolchain for supply chain analysis, more specifically integrating input-

output/supply-and-use data with product-specific process flow data. For more 

information, visit https://bonsai.uno/.  

 Research done by the European Commission on developing a harmonized 

reporting scheme for flows and stocks of raw materials. 36 studies were 

published so far, building on a common MFA-based methodology 

https://rmis.jrc.ec.europa.eu/uploads/Final_2015_MSA_Report.pdf  

https://publications.jrc.ec.europa.eu/repository/handle/JRC118827 (DOI: 

10.2760/374178) 

https://rmis.jrc.ec.europa.eu/uploads/material_system_analyses_battery_21

102020_online.pdf (DOI: 10.2760/519827) 

 The EUROSTAT 2018 Handbook on economy-wide material flow accounts: 

https://ec.europa.eu/eurostat/documents/3859598/9117556/KS-GQ-18-006-

EN-N.pdf/b621b8ce-2792-47ff-9d10-067d2b8aac4b?t=1537260841000  

 SDMX for the System of Environmental-Economic Accounting (SEEA), which 

includes energy and raw material flows: 

https://sdmx.org/?page_id=8785  SDMX stands for the global initiative to 

improve Statistical Data and Metadata eXchange. 

 

  

https://en.wikipedia.org/wiki/OLAP_cube
http://www.database.industrialecology.uni-freiburg.de/
http://www.database.industrialecology.uni-freiburg.de/
http://www.database.industrialecology.uni-freiburg.de/resources/DataModel_SEM_IEDC_FAQ.pdf
http://www.database.industrialecology.uni-freiburg.de/resources/DataModel_SEM_IEDC_FAQ.pdf
https://metabolismofcities.org/resources/data/datasetoverview
https://www.resourcepanel.org/global-material-flows-database
https://www.resourcepanel.org/global-material-flows-database
https://bonsai.uno/
https://rmis.jrc.ec.europa.eu/uploads/Final_2015_MSA_Report.pdf
https://publications.jrc.ec.europa.eu/repository/handle/JRC118827
https://rmis.jrc.ec.europa.eu/uploads/material_system_analyses_battery_21102020_online.pdf
https://rmis.jrc.ec.europa.eu/uploads/material_system_analyses_battery_21102020_online.pdf
https://ec.europa.eu/eurostat/documents/3859598/9117556/KS-GQ-18-006-EN-N.pdf/b621b8ce-2792-47ff-9d10-067d2b8aac4b?t=1537260841000
https://ec.europa.eu/eurostat/documents/3859598/9117556/KS-GQ-18-006-EN-N.pdf/b621b8ce-2792-47ff-9d10-067d2b8aac4b?t=1537260841000
https://sdmx.org/?page_id=8785
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Figure 1: Current (February 2021) status of the Industrial Ecology Data Commons Prototype, which 

contains ca. 1.1 million data points in 180 datasets. Some data cannot be entered into the current 

prototype due to their size (e.g., EXIOBASE) or due to license restrictions (e.g., ecoinvent), but a 

mapping of these different data formats to the common data model has been established. 

 

 

ISIE-SEM Section Recommendations for Data Sharing  

The ISIE-SEM section board endorses the following list of recommendations for data 

sharing in the global MFA community, covering the six central steps in practical MFA 

research: data formatting, system definition, indicator definitions, use of common 

classifications, uncertainty and sensitivity analysis, and documentation of data provenance 

(Table 1). For each step, best practice examples are provided in the Guidelines below. 
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Table 1: List of recommendations for data transparency and sharing in the global MFA community. 

Category Future substandard practice Future best practice 

Data format 
(Guideline I) 

Data not available or in pdf 
only 

Data available in .xlsx, .csv, or permanent 
database 

System 
definition/ 
data model 
(Guideline II) 

No explicit system definition. 
Data cannot be properly 
allocated in system. Terms 
like ‘recycled flow’, 
‘produced output’, ‘stock 
inventory’, or ‘lifetime 
process’ are used but not 
properly defined. 

Complete and explicit system definition: With 
geographical and temporal scope, material scope, 
list of processes with descriptive labels, all flows 
defined between two processes and all stocks 
defined as residing in one process.  
For flows and stocks, the commodity they consist 
of (final products, scrap, …) is also indicated.  

Indicator 
definitions 
(Guideline III) 

Indicators like ‘input 
efficiency’, ‘system 
efficiency’ or ‘recycling rate’ 
are used but defined 
nowhere. 

For each indicator, a definition equation is 
provided that shows how the indicator is 
calculated from system variables (stocks and 
flows) that in turn are well-defined as above. 

Common 
classifications 
(Guideline IV) 

All processes and materials 
have their own project-
specific label, including 
specific spelling (‘gypsum 
plaster board’ vs. ‘gypsum 
plasterboard’ vs. ‘Gypsum 
Plaster-Board’ etc.) 

Link your process, material, and commodity 
labels to established classifications wherever 
possible. Use custom labels only when necessary 
and explain how custom labels link to existing 
classification. The following GitHub repository 
contains a list of classifications that can be used 
for this purpose: 
https://github.com/IndEcol/SEM_classifications  

Uncertainty 
and sensitivity 
analysis 
(Guideline V) 

Data uncertainty is not paid 
much attention to. A 
sensitivity analysis of the 
impact of variations of the 
most central parameters on 
the main indicators is not 
performed 

Always discuss the uncertainty of your central 
data points and provide uncertainty distributions 
or at least plausible ranges for the most crucial 
parameters. Perform a sensitivity analysis of the 
impact of these parameter ranges on the main 
indicators calculated.  

Data 
provenance  
and 
traceability 
(Guideline VI) 

Limited traceability of 
quantitative results: Often, 
for figures and individual 
numbers quoted in a text, it 
is not clear exactly which 
dataset and model run they 
result from. The source of 
data sets is cited but the 
exact version or exact 
location of where these data 
can be found in the source is 
not documented.  

The exact locations or identifiers (in documents 
or databases) of all data used are documented, as 
well as the modification and processing of the 
data into numerical results. — This is relevant to 
ensuring exact reproducibility of results, checking 
correctness and updating (modular) calculations, 
and supporting the re-use of data, because if two 
MFAs are actually based on the same underlying 
data, they are not providing independent 
information. 

Data 
taxonomy 
(Guideline VII) 

No coherent open standards 
or practices for organizing 
and documenting MFA data 
exist. 

Scholars use a hierarchical scheme for organizing 
MFA data, system info, and metadata (MFA 
system taxonomy). This scheme contains all the 
information necessary to describe an MFA 
system completely in a structured and machine-
readable manner. Standard labels and data tags 
are used where possible, custom tags are used 
where necessary. 

https://github.com/IndEcol/SEM_classifications
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Guideline I: Best practice for data formats 

 

The ISIE-SEM section board recommends following the guidelines on data formatting 

supplied by the ISIE task force on data transparency (Hertwich et al. 2018): 

 

“The system is described such that it can be read and understood by humans in 

plain text files. Examples of such file formats include plain text, csv, json, and 

xml files, but compressed versions of these formats are also accepted, such as 

xlsx and ods spreadsheet formats, but not the proprietary xlsb or xls formats. 

The system description should also be machine readable in the sense that a 

relevant software can readily distinguish words from numbers, recognize table 

structures, etc. For example, a system description in a spreadsheet is machine 

readable, whereas a system description in PDF or word processing formats 

(.docx, .odt, etc.) is not.“ 

 

We encourage the MFA practitioners in the scientific community to make the results 

of their work available to other researchers in formats that can be read by humans and 

parsed by algorithms at the same time. MFA system variables and parameters can be 

stored and shared in plain text (.txt), .csv, .json, and .xml files, and compressed 

versions of these formats, such as .xlsx and .ods spreadsheet formats, are also accepted. 

For more info, please visit https://jie.yale.edu/data-openness-badges and see Mayer 

et al. (2019) for an example of complete, open, and machine-readable data supply. 

Whenever possible, data should be organized in a multi-dimensional data cube model, 

where an observation value is characterized by a unique combination of characteristics 

(data aspects). The most common format to represent this data model is a table, where 

each record (one row) represents one observation (data point). The observed quantities 

can have different aspects such as mass, time, origin, destination, physical, chemical, 

or economic properties etc., and these aspects form the columns of your table. For 

details and recommendations regarding the use of the data cube model for MFA and 

on modelling more complex data like process transfer coefficients or adding additional 

aspects to stocks and flows like regions and age-cohorts, see the general data model 

for MFA (Pauliuk et al. 2019). 

  

https://jie.yale.edu/data-openness-badges
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Guideline II: Best practice for explicit system definitions 

Explicit graphical system definitions following the MFA standard (Brunner and 

Rechberger 2016) shall be used in all published MFA studies. Examples can be found 

on https://en.wikipedia.org/wiki/Material_flow_analysis  

 

Figure A-II-1: Basic MFA system without quantification. For each system the material, temporal, and 

regional scope must be indicated. 

All transformation events shall be modeled as processes (boxes in Fig. A-II-1), and all 

exchange between processes as flows (arrows between boxes in Fig. A-II-1). Each 

process has a unique name that describes a process/event/activity and not a 

commodity. For example, ‘car manufacturing’ is a valid process name, but ‘cars’ is not. 

Contrarily, flows are commonly labelled with the commodity or material they carry. 

Processes (p) are numbered and each flow then can be labelled with the start and end 

process number. For example, in the figure above, Flow F3_1 flows from p 3 to p 1. 

Stocks always reside in a process, e.g. S3 is the stock of material in process 3.  

For each flow, the material scope must be clearly indicated. For example, for a flow of 

wood, it must be clear whether the numbers reported refer to the wood as is (with a 

given water content), the dry mass, or the mass of carbon only. For metal flows, it must 

be made clear whether the full weight is reported, including alloying and tramp 

elements, or the base metal only, like iron in the case of steel. 

The STAN MFA software (https://www.stan2web.net/) consistently applies and 

formats all stock and flow data to fit the standard MFA system structure. Best practice 

application include Rothwell et al. (2020) and Helbig et al. (2020) for the use of STAN 

MFA diagrams and Geng et al. (2021) and Westbroek et al. (2021) for the use of general 

explicit system definitions (though boundary/process numbers are partly lacking). 

When MFA diagrams are visualized in Sankey diagrams (Schmidt 2008; Cullen et al. 

2012), the underlying system definition should be clearly visible or documented.  

https://en.wikipedia.org/wiki/Material_flow_analysis
https://www.stan2web.net/
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Guideline III: Best practice for indicator definition 

 

For an MFA study with an explicit system definition, indicators can be defined by 

making their relation to the underlying system variables explicit. 

Calling indicators by colloquial names only risks that others may misunderstand their 

meaning and must be considered jargon. 

For example, an indicator named ‘total system output’ can be understood in many 

different ways. When locating it in Figure A-II-1 above, however, its meaning can be 

made explicit, e.g., by defining that 

Total_System_Output := F2_0 

(where the index 0 refers to the system environment) 

Many different terms are used to refer to various recycling flows and indicators. Again, 

the lacking link between the colloquial terms and an explicit system definition often 

leads to confusion. This is a typical data transparency problem that can be alleviated 

by following the best practice of MFA. 

For example, an indicator ‘recycling efficiency’ can be defined as follows: 

Recycling_Efficiency := F3_1/F2_3 

Depending on the context and the actual case study, this indicator could also be 

defined as 

Recycling_Efficiency* := F3_1/F1_2 

Both versions can be meaningful in a given context, but they differ substantially and 

therefore, to be clear and explicit, MFA practitioners need to always link their 

indicators to the system variables (stocks, stock changes, and flows) in an explicit 

system definition. 

For an important practical example of scientific MFA indicator definition (for recycling 

metrics), see Graedel et al. (2011). Another very instructive example is the 

differentiation between different product lifetime indicators (Murakami et al. 2010; 

Oguchi et al. 2010). 
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Guideline IV: Best practice for use of common 

classifications for materials, products, and regions 

Using flexible terms for the materials, processes, and flows studies is a great advantage 

of MFA, as system definitions can be tailored to the problem at hand. The flexible use 

of names, however, makes data reuse and automatic data processing difficult, as 

incompatible names have to be matched manually (e.g., ‘steel’ and ‘Steel’, or ‘United 

States’ vs. ‘USA’) or the same names actually mean different material/commodity 

groups (e.g., ‘plastics’ in one study has a different scope than ‘plastics’ in another 

study). 

Such ambiguities are resolved by the use of common classifications for materials, 

products, processes, and regions. Examples of relevance to MFA research are the trade 

codes SITC and HS for commodities, the ISO region codes for countries, and the list of 

chemical elements and substances, of course. Using uniform labelling of items in the 

MFA systems makes data interpretation and re-use easier. It enables the machine-

processing of data, e.g., to create linked (open) data for future automated and semantic 

queries: https://en.wikipedia.org/wiki/Linked_data  and https://lod-cloud.net/ 

The ISIE-SEM section board recommends using common classifications for 

materials, substances, processes, commodities, and regions wherever possible. 

Specific recommendations are given below. Classifications change over time, so 

make sure you know which version you use and document the version information 

accordingly! 

As many MFA studies require a case-study-specific system definition and commodity 

and material resolution, they will often need to use more specific labels than what is 

available by default from the common classifications. Conversely, in some cases the 

common classifications distinguish labels based on features which are relevant to trade 

accounting, but not of interest to a MFA. Ideally, the custom labels would be linked 

back to the common classifications, by  

(i) Describing each custom label in great detail: material or commodity? One 

indicator chemical element only or a mix of substances? Water content? 

Specific alloys groups? Scope of industrial sector? Etc. 

(ii) Linking each custom label to a material, commodity, or process group of a 

common classification, and by explaining the relationship, for example: 

‘part of’ or ‘breakdown of HS Code 87033290 (passenger vehicles with diesel 

engine) into five different car segments’. Custom labels may also be linked 

to multiple classification codes where the distinctions made are not relevant 

to the MFA study. 

An inventory of classifications and correspondences between them for describing 

systems (processes, commodities, materials, etc.) in socio-economic metabolism is 

available in a public repository, where also the list of the individual classification 

items/labels/groups can be downloaded: 

https://github.com/IndEcol/SEM_classifications 

https://en.wikipedia.org/wiki/Linked_data
https://lod-cloud.net/
https://github.com/IndEcol/SEM_classifications
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Using classifications for country and region names as well as chemical elements and 

substances is particularly easy.  However, in practice there are no classifications 

available with sufficient detail for defining all processes and materials/commodities 

required for MFA research. This is an area where more work is needed, and the linked 

repository only provides general and aggregate classifications at this stage. 

Bold-face entries are included in the SEM GitHub classification repository at the time 

when this document was published. 

 

Classifications for materials: resources, chemical elements, 

engineering materials, commodities 

 Chemical elements, referred to by their atomic number, symbol, or name: 

https://en.wikipedia.org/wiki/List_of_chemical_elements  

 UN IRP classification for economy-wide MFA, classification for natural 

resources, available for 4, 13, 62, and 311 material/resource groups. 

 Broad material categories as defined for the UMIS MFA data model (Myers et 

al. 2018). 

 EXIOBASE products https://www.exiobase.eu/index.php/about-exiobase  

 The Harmonized System (HS) is the most refined general commodity 

classification and more detailed than SITC (Standard International Trade 

Classification) (Fig. A-IV-I). 

https://unstats.un.org/unsd/tradekb/Knowledgebase/Trade-Statistics-

Coding-Systems?Keywords=Coding+system 

 Eurostat combined waste and material classification 
 

 

Figure A-IV-I: Overview of interlinked activity (process) and product (commodity) classifications. 

Source: https://ec.europa.eu/eurostat/ramon/miscellaneous/index.cfm?TargetUrl=DSP_GENINFO_CLASS_3 

 

https://en.wikipedia.org/wiki/List_of_chemical_elements
https://www.exiobase.eu/index.php/about-exiobase
https://unstats.un.org/unsd/tradekb/Knowledgebase/Trade-Statistics-Coding-Systems?Keywords=Coding+system
https://unstats.un.org/unsd/tradekb/Knowledgebase/Trade-Statistics-Coding-Systems?Keywords=Coding+system
https://ec.europa.eu/eurostat/ramon/miscellaneous/index.cfm?TargetUrl=DSP_GENINFO_CLASS_3
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Classifications for processes:  industries, activities, processes 

 For material cycle studies, the broad system processes as defined by UMIS 

MFA data model (Myers et al. 2018) and used in YSTAFDB (Myers et al. 2019) 

are available. 

 ISIC, the International Standard Industrial Classification 

https://en.wikipedia.org/wiki/International_Standard_Industrial_Classificat

ion  

 NACE, the statistical classification of economic activities in the European 

Community 

https://en.wikipedia.org/wiki/Statistical_Classification_of_Economic_Activi

ties_in_the_European_Community  

 GICS (for financial statistics), the Global Industry Classification Standard 

https://en.wikipedia.org/wiki/Global_Industry_Classification_Standard 

 EXIOBASE industries, https://www.exiobase.eu/index.php/about-exiobase    

 COICOP, CN, BEC, CPA, FAO, FCL, CPC, PRODCOM, and BDF 

nomenclatures, 

https://unstats.un.org/unsd/classifications/unsdclassifications/COICOP_20

18_-_pre-edited_white_cover_version_-_2018-12-26.pdf 

https://github.com/BONSAMURAIS/correspondence_tables/tree/master/c

orrespondence_tables/data/raw   

Classifications for regions: 

 For multi-national studies, the standard regional classifications ISO 3166-1, ISO 

3166-2, ISO 3166-3, and UN M49 should always be used. In particular, we 

recommend the use of ISO 3166-1 numeric, which gives a list of three-digit 

country codes identical to those developed and maintained by the United 

Nations Statistics Division, with the advantage of script (writing system) 

independence, and hence useful for people or systems using non-Latin scripts. 

When using ISO 3166 codes, check https://en.wikipedia.org/wiki/ISO_3166-3 

for legacy codes to see whether your country code is outdated, in which case a 

note should be supplied along with the dataset. 

 The classification database http://www.geonames.org/ provides additional 

classifications at the sub-national level, such as regions and cities, including the 

Nomenclature of Territorial Units for Statistics (NUTS). 

 ISO 3166-1 gives geographical locations but the data available usually refer to 

area of sovereignty. For example, French overseas territories and departments 

are distinguished from metropolitan France in ISO standards but national 

French data usually encompasses all of them. Data users need to pay attention 

to such differences and document them accordingly in their own work. 

  

 

https://en.wikipedia.org/wiki/International_Standard_Industrial_Classification
https://en.wikipedia.org/wiki/International_Standard_Industrial_Classification
https://en.wikipedia.org/wiki/Statistical_Classification_of_Economic_Activities_in_the_European_Community
https://en.wikipedia.org/wiki/Statistical_Classification_of_Economic_Activities_in_the_European_Community
https://en.wikipedia.org/wiki/Global_Industry_Classification_Standard
https://www.exiobase.eu/index.php/about-exiobase
https://unstats.un.org/unsd/classifications/unsdclassifications/COICOP_2018_-_pre-edited_white_cover_version_-_2018-12-26.pdf
https://unstats.un.org/unsd/classifications/unsdclassifications/COICOP_2018_-_pre-edited_white_cover_version_-_2018-12-26.pdf
https://github.com/BONSAMURAIS/correspondence_tables/tree/master/correspondence_tables/data/raw
https://github.com/BONSAMURAIS/correspondence_tables/tree/master/correspondence_tables/data/raw
https://en.wikipedia.org/wiki/ISO_3166-3
http://www.geonames.org/
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Development of MFA-specific classifications: 

The SEM community should make an effort to develop own or modify/expand 

existing material classifications. This could happen initially by continuing to collect 

classifications that are being developed anyway by different projects until we have a 

broad enough view to try to standardize/merge them. One example for this ‘bottom-

up’ development are the broad material categories as defined for the UMIS MFA data 

model (Myers et al. 2018) and used by Helbig et al. (2020), for example. 

The usefulness of such efforts for an individual research project will depend on the 

scope of the study and the available resources. Studies of recycling systems or high-

resolution supply chains ask for more detailed nomenclatures. Even basic MFA-

relevant distinctions, such as the one between home, old, and new scraps, are made by 

researchers on a customary basis. The quality of end-of-life products is another 

important property not taken into account in current nomenclatures. Our community 

needs to extend current nomenclatures to cover more physical and engineering 

characteristics of products, parts, and materials, while keeping nomenclatures 

consistent with more aggregated accounting systems. 
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Guideline V: Uncertainty and sensitivity analysis 

The data used for MFA studies are inherently uncertain, and so are the results. MFA 

researchers and practitioners need to be aware of the magnitude of the uncertainty of 

their input data. They should document their knowledge and test for the robustness 

of their main indicators and qualitative conclusions regarding this uncertainty.  

The most basic way of such a test, a sensitivity analysis, should be part of every MFA 

study. For a sensitivity analysis, the material flow analysis is repeated with different 

plausible input data values. For example, Müller et al. (2011) re-calculate steel stock 

estimates for different plausible building lifetimes.  

The STAN MFA software (https://www.stan2web.net/) allows for recording the 

uncertainty of all input parameters. It also contains features for reconciling conflicting 

input data and for propagating the uncertainty to unknown system variables 

determined by mass balance.  

The applicability of more comprehensive and systematic uncertainty assessment 

frameworks, such as the one presented by Laner et al. (2014) and applied by Laner et 

al. (2016), should always be investigated for scientific MFA studies.  

A global sensitivity analysis (Džubur et al. 2017) can be used to decompose the 

variance of the MFA model output into fractions caused by the uncertainty or 

variability of input parameters. Incremental uncertainty reduction of MFA indicators 

using Bayesian inference (Lupton and Allwood 2018) allows the practitioner to depart 

from incomplete data and then systematically reduce uncertainty by adding more 

information. 

 

  

https://www.stan2web.net/
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Guideline VI: Data provenance and traceability 

The data used for quantitative research undergo many transformations. First, they are 

extracted from their sources (sometimes manually, by reading and re-typing them!), 

then revised, amended, reformatted/reshaped, combined, stored in different formats, 

and finally used for calculating model results or indicators or for plotting them or 

presenting them in some other form. Model and calculation results are processed into 

scientific output, typically, by plotting aggregated or selected results or by reporting 

central numerical results in scientific reports and papers.  

In principle, an Excel workbook (stored as .xlsx file) contains and documents all the 

above-mentioned steps in an open file format, starting from data queries and ending 

with internal plots and summary tables. In practice, however, such workbooks quickly 

get messy, do not offer enough computational capabilities, and cannot handle the 

given data volume. For many research applications, different tools and combinations 

of tools need to be used anyhow.  

Code notebooks such as Jupyter notebooks (https://jupyter.org/) or R Markdown 

documents (https://rmarkdown.rstudio.com/) are another way of combining 

calculations and their documentation and are increasingly used by MFA researchers. 

They can be integrated into reproducible workflows using packages such as rrtools 

(https://github.com/benmarwick/rrtools). 

LaTeX typesetters like overleaf (https://en.wikipedia.org/wiki/Overleaf) allow for 

importing numbers and tables into text documents via plain text import or hyperlinks, 

allowing for automatic updating. For example, a Python or R script can generate a .tex 

file coding a table with numeric results in it, which is then inserted into the final text 

during each recompilation of the LaTeX document from its source code. Next to 

convenient updating, the link between text document and model code via a .tex file 

allows for tracing the information flow from the model to the paper.  

Documenting data flows across different tools requires special attention. Such 

documentation should be automated and part of the working routine, such as keeping 

a lab journal in the biosciences. Standardized nomenclature and machine-readable 

formats should be used wherever possible. Standardized data models such as the W3C 

specification PROV (https://www.w3.org/TR/2013/REC-prov-dm-20130430/) 

provide a well-defined terminology for entities, activities, and people involved in 

producing a piece of data.  

 

 

 

 

 

 

https://jupyter.org/
https://rmarkdown.rstudio.com/
https://github.com/benmarwick/rrtools
https://en.wikipedia.org/wiki/Overleaf
https://www.w3.org/TR/2013/REC-prov-dm-20130430/
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While documentation procedures are project-specific and have to be adapted to each 

tool chain, only general hints are given here. In particular, MFA researchers and 

practitioners should pay attention to the following steps: 

 Data sourcing: Document the exact locations or identifiers (in documents or 

databases) of all data used, plus the dataset’s version number (if any). 

 Data processing: Document the entire research flow: all modification and 

processing of the data into numerical results, both the different data 

treatment steps and the different tools and interfaces used.  

 Data visualization and reporting: Document exactly how the data were 

aggregated and visualized for a paper or report. Make sure that each number, 

figure, and table in your paper and the data therein can be traced back to the 

very model and data versions that were used to create those visuals in the 

first place.  

 Data archiving: Follow the best practice set by the journals you publish in 

(e.g., https://jie.yale.edu/data-openness-badges) and consider uploading 

datasets to public archives (e.g., Zenodo). 

These steps are crucial to ensuring exact reproducibility of results, checking 

correctness, updating (modular) calculations, and supporting the re-use of data. They 

also help establish informational independence, because if two MFAs are actually 

based on the same underlying data, they are not providing independent information.  

https://jie.yale.edu/data-openness-badges
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Guideline VII: MFA system taxonomy (under development) 

Below follows a proposal for a hierarchical scheme for organizing MFA data, system 

info, and metadata (MFA system taxonomy). This scheme gives an overview of the 

information necessary to describe an MFA system completely, and can serve as basis for 

the development of open MFA system databases and descriptors in xml or JSON 

format. Those formats should build on a basic structure, own features can be added 

where necessary. 

 

 MFA System dataset 

o Identification 
 UUID 

o Metadata 
 DOI of related paper, data sources, link to model code 
 For process data: technology type and geogr. scope 
 Authors, Institution, version, data of release, … 

o System definition 
 Regional scope (link to region class.) 
 Time frame 
 Material scope (link to material classification) 
 Layers of quantification and their units 
 Process list: (link to process classification) 

 UUID, name, activity 
 Flow list (link to process list)  

 Origin process, destination process, material 
 Stock and stock changes list (link to process list) 

 Process of residence, material 
 Graphical properties 

 Process and flow location on canvas, color codes, etc. 
o Flow data  

 For each layer: value, unit, uncertainty 
o Stock data 

 For each layer: value, unit, uncertainty  
o Stock changes data 

 For each layer: value, unit, uncertainty 
o Parameters/indicators 

 Parameter definitions (in terms of system variables) 
 Parameter data 

 For each parameter: value, unit, uncertainty (e.g., via a 
pedigree matrix like in life cycle databases) 
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