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Abstract

Wood and wood-based products are increasingly recognized for their renewability and carbon
storage capacity, supporting sustainable development and circular economy goals in the EU. This
paper systematically reviews material flow analysis (MFA) practices applied to wood resources in
the European Union (EU) and Switzerland, covering 42 studies from 2000 to 2024. The review assesses
how MFA is conducted, including scopes of system boundaries, data sources, unit consistency, flow
representation, and handling of uncertainty. Results show that while volume-based units and Sankey
diagrams are commonly used, there is significant variation in terminology, data quality, and
methodology. Challenges include limited access to reliable data, inconsistent spatial and temporal
scales, and diverse data processing risk levels. The study highlights the need for harmonized
methods, standardized units, and open data platforms to improve data quality and comparability.
Clear guidelines and a unified framework are essential for advancing MFA as a tool for policy
support, resource efficiency, and climate change mitigation. This review demonstrates that further
collaboration and methodological consistency are crucial to unlocking the full potential of wood MFA
in sustainable resource management.

Keywords: material flow analysis (MFA); wood resources; wood products

1. Introduction

The significance of wood and wood-based products is increasingly acknowledged, particularly
considering their environmental properties such as renewability and carbon storage capacity. In
addition to carbon stored in forests and wood products, long-lasting final applications like building
materials and furniture also serve as reliable forms of carbon sequestration for decades. In the context
of sustainable development and the circular economy, forestry as well as the wood processing
industries are important elements in promoting resource efficiency, waste reduction, and related
objectives. The importance of wood resources is reflected in key European Union policy frameworks,
including the EU Bioeconomy Strategy [1] and the European Green Deal [2]. The Bioeconomy
Strategy highlights both the environmental and economic benefits of engineered wood use in the
construction sector, particularly due to their lower greenhouse gas emissions compared to non-
renewable materials such as steel and concrete. It also notes the high potential of wood supply, with
84% of the EU forest area considered available for wood production. The European Green Deal,
meanwhile, sets a target to reduce greenhouse gas emissions by at least 55% by 2030, through
legislation such as the “Regulation on Land Use, Forestry and Agriculture” and the “New EU
Emissions Trading System for buildings and road transport fuels.” Both documents emphasize the
need for sustainable natural resource management and identify wood as a viable substitute for fossil-
based and carbon-intensive materials.
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To meet these extraordinary goals, an analytical framework is needed to monitor the availability
of wood materials, the production and utilization of wood products, and the management of wood
waste throughout the entire lifecycle. Material flow analysis (MFA) is a methodological framework
for quantifying the flows and stocks of materials within defined systems. As a tool for macro-level
evaluation, MFA has been widely applied in fields such as waste management, industrial ecology,
and sustainability science. A common standard for MFA has existed since 2016, known as The
Handbook of Material Flow Analysis [3]. However, while the application of MFA to wood resources
began as early as the 1990s (e.g., Buchanan et al, 1999 [4]), a standardized and consistent
methodological framework for wood-specific MFA is still lacking. This absence makes comparison
between studies difficult and limits the development of a systematic understanding of wood flows.

In support of a more standardized procedure, Joosten et al. (1999) [5] developed a method called
STREAMS, which stands for Statistical Research of the Analysis of Material Streams. However, the
method was not widely adopted. The authors also predicted that such analyses would become
increasingly difficult in the future due to observable trends in which statistical offices are collecting
a decreasing amount of physical material flow data. Based on a literature review, Marques et al. (2020)
[6] emphasized the need for harmonization in MFA studies, the relevance of MFA for policy and the
circular economy, and challenges in existing research, such as inconsistent terminology and limited
attention to cascading uses. They proposed a five-step methodology and offered suggestions to
improve the understanding of wood-based biomass MFA.

Nevertheless, the lack of a universal standard has led to difficulties in comprehension, and the
importance of improving data quality and methodological consistency is increasingly recognized by
scholars in the field. Alongside the growing use of wood in the EU, meaningful cross-country
comparisons are needed, but these will only be possible with a sufficiently standardized framework.
Clearly, the development of a general framework for wood-specific MFA is still in its early stages.
Greater attention and further contributions are required. This paper aims to systematically review
current practices in the material flow analysis of wood resources. It was intended to assess how these
practices are applied, what methodological trends are emerging, and where there are opportunities
for standardization and improvement.

2. Materials and Methods

To establish a comprehensive understanding of current practices in wood resource management,
a systematic literature review was conducted, focusing on MFA studies within the European Union
and Switzerland. This geographic scope was chosen due to shared policy frameworks and regional
characteristics. The review gathered peer-reviewed journal articles, conference papers, and relevant
reports published between 2000 and 2024, all written in English. The search strategy employed
combinations of keywords such as “wood” or “wood resource”, and secondarily “forest” or “forest
biomass”, with “material flow analysis (MFA)” or “flow”, applied to titles, abstracts, and author-
specified keywords. Publications were selected based on their relevance to MFA in the wood sector
within the defined geographic area.

Studies focusing on MFA in unrelated sectors, such as metals, plastics, or electronic waste, as
well as those conducted outside the EU and Switzerland, were excluded. However, some Life Cycle
Assessment (LCA)-oriented papers and single-stage studies were retained where they offered
relevant insights into wood-related MFA. A total of 42 studies (see Table 1) were selected for in-depth
analysis.
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Table 1. Selected papers and publications (countries abbreviated by Top-Level Domain).

No Country First Author Year Title

1 AT Dsubur 2017 A fuzzy set—.based approach to data reconciliation in material
flow modeling [7]
Evaluation of modeling approaches to determine end-of-life
2 AT Dzubur 2018 flows associated with buildings: A Viennese case study on
wood and contaminants [8]

Quantification of future availabilities of recovered wood from

AT Kalch 2017

3 alcher 0 Austrian residential buildings [9]

4 AT Kalt 2015 B.1omas‘s strearr}s n Austrl‘a: Prawmg ;'a complete picture of
biogenic material flows within the national economy [10]

5 CH Bergeron 2014 Assessment of the coherence of the Swiss waste wood
management [11]
E li i £

6 CH Bergeron 2016 NeT8Y and climate impact assessment of waste wood recovery
in Switzerland [12]

7 CH Mehr 2018 Envu'c?nm‘entally optimal wood use in Switzerland —
Investigating the relevance of material cascades [13]

8 CH Suter 2017 Life cycle impacts and benefits of wood along the value chain
[14]
Carbon accounting in harvested wood products: Assessment

9 Cz Jasinevi¢ius 2018 using material flow analysis resulting in larger pools
compared to the IPCC default method [15]

10 DE Bésch 2015 ?hysmal input-output accounting of the wood and paper flow
in Germany [16]

11 DE Cote 2015 Anthropo'gemc carbon stock dynamics of pulp and paper
products in Germany [17]
The ti f int of th i — f th

12 DE Egenolf 2021 e timber footprint of the German bioeconomy — State of the
art and past development [18]
Estimation of wood removals and fellings in Germany: A

13 DE Jochem 2015 calculation approach based on the amount of used roundwood
[19]

14 DE Knauf 2015 [A;)l]analysm of wood market balance modeling in Germany
The wood market balance as a tool for calculating wood use's

15 DE Knauf 2016 climate change mitigation effect—An example for Germany
[21]
Monitoring sustainability effects of the bioeconomy: A

16 DE Schweinle 2020 material flow based approach using the example of softwood
lumber and its core product epal 1 pallet [22]

17 DE Szarka 2021 Biomass flow in bioeconomy: Overview for Germany [23]

18 DE Szichta 2022 Potentials for wc')od Cas.cadmg: A model for the prediction of
the recovery of timber in Germany [24]

19 DE Taskhiri 2016 Sustamablfz 'log?stlcs network for wood flow considering
cascade utilisation [25]

20 DE Wang 2004 Dynamic material flow analysis of wood in Germany from

1991 to 2020 [26]

How much wood do we use and how do we use it? Estimating
21 DK Brownnell 2023 Danish wood flows, circularity, and cascading using national
material flow accounts [27]

An assessment of side-stream generation from Finnish forest

22 FI H 2018
assan industry [28]

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.0003.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 September 2025 d0i:10.20944/preprints202509.0003.v1

4 of 15

Estimating the material stock in wooden residential houses in
Finland [29]

Material flow analysis to evaluate supply chain evolution and
24 FR Layton 2021 management: An example focused on maritime pine in the
Landes de Gascogne forest, France [30]

23 FI Nasiri 2021

Material flow analysis of the forest-wood supply chain: A

25 IR Lenglet 2017 consequential approach for log export policies in France [31]

2% HU Polgar 2023 Ce}r.borT foc?tprmt and sustainability assessment of wood
utilisation in Hungary [32]

27 1E Donlan 2012 Carbon storage in harvested wood products for Ireland 1961-
2009 [33]

28 NT Hekkert 2000 Analysis of the paper and wood flow in The Netherlands [34]

29 PT Gongalves 2021 Mafterlal ﬂo.w analysis of forest biomass in Portugal to support
a circular bioeconomy [35]
Contribution towards a comprehensive methodology for

30 PT Marques 2020 wood-based biomass material flow analysis in a circular
economy setting [6]

31 SI Piskur 2007 Roundwood flow analysis in Slovenia [36]

32 SK Gejdos 2015 Valuation and timber market in the Slovak Republic [37]

33 SK Parobek 2008 Modell%ng of wood and wood products flow in the Slovak
Republic [38]

34 SK Parobek 2014 Analysis of Wood Flows in Slovakia [39]

35 SK Parobek 2016 Material flows in primary wood processing in Slovakia [40]

%6 EU Bais-Moleman 2018 Assessing wood use eff1'c1en'cy and greenhouse gas emissions
of wood product cascading in the European Union [41]

7 EU Mantau 2010 EUwood —Real potential for changes in growth and use of EU

forests. Final report [42]
38 EU Mantau 2012 Wood flows in Europe [43]
Wood flow analysis: Quantification of resource potentials,

3 EU Mantau 2015 cascades and carbon effects [44]
40 EU Pilli 2015 EU mitigation potential of harvested wood products [45]
Supply of wood processing residues— A basic calculation
41 EU Saal 2022 approach and its application on the example of wood
packaging [46]
A market inventory of construction wood for residential
42 EU Sikkema 2023 building in Europe: In the light of the Green Deal and new

circular economy ambitions [47]

These studies were examined to extract information on the structure, scope, and methodological
approaches applied in wood MFA. A content analysis framework was used to assess several
evaluation criteria: geographical and temporal coverage, system boundaries, data sources and
quality, flow representation techniques, and the treatment of uncertainty. To ensure clarity and
comparability across studies, these criteria were organized into Table 2, which outlines the purpose
and specific aspects analyzed under each category. For example, regarding data sources and quality,
an assessment was made of whether the studies used primary or secondary data, how missing or
inconsistent information was addressed, and whether methodological choices were clearly explained.
In terms of flow representation, we compared the visualization tools used and evaluated how
effectively they conveyed the system structure and material balance. For uncertainty and
assumptions, we examined how assumptions were described and handled. Each study was reviewed
using these criteria to identify methodological similarities, differences, and potential gaps.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.0003.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 September 2025 d0i:10.20944/preprints202509.0003.v1

5 of 15

Table 2. Evaluation criteria used for content analysis of selected studies.

Evaluation Criterion = Purpose Specific Aspects Analyzed
Geographical and Understand spatial and historical =~ Countries or regions covered,
temporal coverage scope of studies temporal range

Inclusion of forest resources,
processing stages, product use, end-
of-life

Data sources, unit consistency,

System boundaries Clarify purposes and completeness
of material flow systems
Assess transparency, reliability, and

o conversion factors, estimation
comparability of data

methods, treatment of gaps

Use of diagrams, flow charts, tables;
level of detail and consistency in
visualization

Data sources and quality

Flow representation Evaluate clarity and
techniques comprehensiveness

Presence of sensitivity analysis,
Identify methodological validity and handling of uncertainties,
transparency documentation of assumptions,

reconciliation steps

Treatment of uncertainty

3. Results and Discussion
3.1. System Boundaries and Purposes

To clearly map out the complex relationships among the different stages of wood processing,
four stages were defined that encompass the entire material flow: Forestry, Manufacturing, Building,
and End-of-Life. Each stage represents a distinct phase in the life cycle of wood resources, from raw
material extraction to final disposal or reuse. The forestry stage involves the extraction of roundwood
from domestic or foreign forests. This stage reflects forest management practices, harvesting
intensity, and the initial availability of wood supply. The manufacturing stage covers the processing
of raw materials into semi-finished and finished wood products, including sawmilling, board
production, and the generation of by-products like wood chips. The building stage includes the
utilization of wood products in construction, renovation, and demolition, as well as related
applications like furniture manufacturing, where wood serves as structural components or interior
fittings. Finally, the end-of-life stage addresses the processes of material recycling, thermal recycling,
incineration without energy recovery, or landfilling of wood products after their useful life has
ended.

The selected papers collectively aim to advance the understanding and application of material
flow analysis in the wood sector across Europe. Some studies focus on improving MFA
methodologies through the development of standardized frameworks, enhanced data reconciliation
techniques, and better handling of uncertainties. Others map and quantify wood flows at national
and regional levels to support resource monitoring and strategic planning. Several papers evaluate
the role of wood in carbon storage and greenhouse gas mitigation to align with climate goals.
Additional research assesses the efficiency of wood use by exploring circular and cascading
utilization strategies. Finally, some studies provide insights into socioeconomic implications and
bioeconomy performance to provide a basis for policy decisions. To support clearer comparison and
synthesis of findings, the reviewed studies have been grouped into five main categories labeled A to
E, each reflecting a distinct purpose:

e A —Methodological Development and Standardization of MFA

e B -National and Regional Wood Flow Analyses

e  C-C(limate Change Mitigation and Carbon Accounting

e D - Resource Efficiency, Circularity, and Cascading Use

e  E-DPolicy Support, Strategic Planning, and Socioeconomic Implications

Table 3 summarizes the stages and purposes addressed in each paper.
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Table 3. Research stages and purposes in selected studies.
No Stage-1 Stage-I1 ' Sta.ge?III Stage-IV. Purpose
Forestry Manufacturing Building End-of-Life
1 Yes Yes Yes Yes A
2 Yes C
3 Yes B
4 Yes Yes Yes B
5 Yes Yes Yes Yes D
6 Yes Yes Yes Yes C
7 Yes Yes Yes Yes D
8 Yes Yes Yes E
9 Yes Yes Yes Yes C
10 Yes Yes Yes Yes A
11 Yes Yes A
12 Yes Yes D
13 Yes Yes A
14 Yes Yes Yes A
15 Yes Yes Yes C
16 Yes Yes Yes D
17 Yes Yes D
18 Yes Yes Yes Yes B
19 Yes Yes Yes Yes D
20 Yes Yes Yes B
21 Yes Yes Yes Yes B
22 Yes Yes D
23 Yes D
24 Yes B
25 Yes Yes Yes E
26 Yes Yes C
27 Yes Yes Yes Yes C
28 Yes Yes Yes A
29 Yes Yes B
30 Yes Yes Yes A
31 Yes Yes Yes E
32 Yes D
33 Yes Yes E
34 Yes Yes B
35 Yes Yes B
36 Yes Yes Yes D
37 Yes Yes Yes E
38 Yes Yes Yes B
39 Yes Yes Yes A
40 Yes C
41 Yes Yes A
42 Yes Yes E

While forestry, manufacturing, and end-of-life stages have received considerable attention in the
literature, the building stage remains comparatively underexplored, particularly regarding the
lifespan and long-term use of wood products. Many studies tend to stop at the point where wood is
processed into finished products, treating this as the final stage of the material flow. However, this
perspective overlooks the continued flow of wood as a resource. Material flow analysis typically
focuses on resources rather than just products. Most wood does not end its role once it leaves the
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manufacturing stage. Instead, a significant portion of wood materials flows into the building stage,
where they serve as various architectural components such as beams and panels, or as interior
elements like furniture. These applications often extend the life of wood for several decades, making
the building stage a key phase in the overall flow that should not be ignored. Moreover, wood used
in construction is frequently stored in long-term stocks, which has important implications for
resource efficiency and carbon storage potential. Therefore, to obtain a more holistic and
representative picture of wood resource flows, the building sector should be clearly defined and fully
integrated into the analysis. By doing so, researchers can better capture the temporal aspects of
material use and provide more accurate data for circularity assessments and sustainability planning.

In the literature on wood resources and material flow analysis, authors frequently introduce
their own terminology, concepts, and categorical boundaries to describe specific processes, products,
or sectors. Terms such as “building timber industry” [7], “building finish” [11], and “massive house”
[13] are examples of self-defined expressions that appear in the building stage of selected papers.
Tailored to the focus of individual studies, these terms give researchers flexibility to achieve their
unique goals, but they can also create ambiguity or inconsistency when comparing across studies. In
contrast, international organizations and governmental agencies, such as national statistical offices,
typically provide standardized product names and definitions [48]. These official definitions are
designed to ensure consistency in reporting and data aggregation across time and space. Referring to
such sources improves not only the clarity of an article but also its alignment with widely accepted
data systems and policy frameworks. This, in turn, enhances the reliability and comparability of
research findings. Problems arise when terms commonly used in research cannot be found in official
sources. This disconnect can lead to confusion for readers unfamiliar with the term or complicate
efforts to match results with similar studies. Therefore, using self-defined terms is generally
discouraged unless unavoidable. When such terms are necessary, they should be clearly defined in
the text and consistently labeled in tables and figures. Providing definitions, explanations, or
references to similar established terms can greatly improve understanding.

3.2. Data Processing

In terms of data collection, most studies tend to source their raw data primarily from
governmental or institutional publications, which are generally considered the most reliable and
accessible. These include statistics from authorities such as national forest agencies, forest inventories,
national statistical offices, or ministries of the environment [6]. After that, researchers often turn to
academic literature, existing databases, interviews with factories, and expert estimations to fill in data
gaps. These secondary sources play an important role, especially when official statistics are
unavailable or not detailed enough to meet the needs of a specific study.

As shown in Table 1, research on the material flow analysis of wood resources began in the early
2000s, gained prominence after 2015, and has continued to attract growing attention in recent years.
This reflects increasing awareness of the importance of tracking wood flows for environmental
planning, resource management, and bioeconomy development. However, one of the key challenges
faced by researchers in this area is the lack of easily accessible, high-quality data. Most studies rely
heavily on official government statistics, such as annual roundwood removal data in Germany [26],
as these serve as the foundation for flow estimations. While large institutions such as the Food and
Agriculture Organization of the United Nations (FAO) [48] and national statistical agencies provide
a wide range of data on wood products, much of the detailed or sector-specific information required
for a complete MFA remains difficult to obtain. Unlike life cycle assessment (LCA), which often
focuses on clearly defined units like individual buildings or products, MFA of wood resources is
typically conducted at a broader, macro-scale level. Because of this, it requires comprehensive data
across multiple sectors and regions, which is not always readily available. Some studies [42-44] have
attempted to fill data gaps by conducting telephone or on-site interviews to estimate national wood
flows. While valuable, these efforts were usually one-time projects and required significant time and
effort. It is unrealistic to expect all researchers, particularly those working in academic settings with
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limited funding, to carry out this kind of intensive data collection on a regular basis. Given these
limitations, university researchers have only limited capacity to directly improve the overall data
situation. The most practical solution is to encourage government agencies to collect and publish
more detailed and consistent data. Another option is to explore ways of gaining access to ongoing
governmental investigations or national-level surveys, either by requesting shared data or through
collaborative partnerships. Involving academic researchers in such efforts could help address key
data gaps while also strengthening the reliability and relevance of future MFA studies.

Many time scales, geographical ranges, and data sources used in this field are outdated, which
creates significant challenges for current research. In most cases, each study independently defines
its own spatial and temporal boundaries, often based on what data is available at the time or the
specific goals of the project. This results in inconsistencies that make it difficult to compare or update
findings across studies. For example, although some papers have created comprehensive flowcharts
of wood material flows in the European Union, such as the one presented in [44], these now contain
inaccuracies due to geopolitical changes, most notably the departure of the United Kingdom from
the EU. Similarly, older studies like [36], published in Slovenia 18 years ago, may have been highly
relevant and accurate at the time, but are unlikely to reflect the current state of wood flows in the
country. To evaluate today’s material flows in Slovenia or elsewhere, researchers would either need
to repeat the entire data collection and analysis process based on the previous study’s framework or
build a completely new analysis from scratch. In many cases, however, replicating earlier work is not
possible. There is often limited information available about the original data sources, and even when
sources are cited, the actual inventories or databases used may no longer be publicly accessible or
have since been discontinued. This lack of transparency and reproducibility weakens the long-term
usefulness of many studies and discourages efforts to build upon earlier research. To overcome these
issues related to inaccessible data, outdated study scopes, and irreproducible workflows, the
development of a shared, open-access database that collects material flow data related to wood
resources across different countries and time periods is recommended. This should be complemented
by a standardized methodological framework that outlines clear expectations for system boundaries,
inventory compilation, documentation, and visualization. By combining open data with a common
approach, future studies will become more consistent, comparable, and easier to update.

Various units were used across studies due to differences in purpose, data availability, personal
preference, and other factors. Particularly for wood products, both volume-based and mass-based
units are common, as shown in Table 4. Product names and definitions also varied, with many
abbreviations specific to individual papers.

Table 4. Units and quantity types in selected studies (material flows only).

No Unit symbol Unit name Quantity type
1 t/t dry matter tonnes of dry wood / matter mass

2 t metric tonne mass

3 m3 cubic meter volume
4 Mtary million tonnes of dry mass mass

5 Mt megatons mass

6 m3 cubic meter volume
7 m3 cubic meter volume
8 m? solid wood cubic meter solid wood equivalent volume
9 m? cubic meter volume
10 m3(f) (cubic meter) wood fiber equivalent volume
11 Mt million metric tons mass
12 m3 cubic meter volume
13 m3 cubic meter volume
14 Mm?3 million cubic meters volume
15 Mm?3 million cubic meters volume
16 t metric ton mass
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17 tDM tons of dry matter mass

18 m? SWE volume of solid wood equivalents volume
19 m? cubic meter volume
20 SWE solid wood equivalent volume
21 m? SWE cubic meter solid wood equivalent volume
22 m3 cubic meter volume
23 m? cubic meter volume
24 mS3 [f] wood fiber equivalent volume
25 m3 [f] wood fiber equivalent volume
26 m?3 cubic meter volume
27 m3 cubic meter volume
28 kt kiloton / kilotonne mass

29 m3(f) cubic meter of wood fiber equivalent volume
30 kton kiloton mass

31 m?3 cubic meter volume
32 m3 cubic meter volume
33 m? cubic meter volume
34 m3 cubic meter volume
35 m? cubic meter volume
36 tonne tonne wet weight woody raw material ~ mass

37 m? rwe roundwood equivalent volume
38 m? swe solid wood equivalent volume
39 m? swe solid wood equivalent volume
40 m?3 cubic meter volume
41 mf wood fiber equivalent volume
42 m? cubic meter volume

Wood products are typically measured in either cubic meters (product volume, wood fiber
equivalent, solid wood equivalent, or roundwood equivalent) or metric tons (wet matter or dry
matter). In general, volumetric units (31 out of 42) are more commonly used than gravimetric ones
(10 out of 42). The debate over whether to use volume-based or mass-based data has been ongoing
for a long time. Even scholars who adopted cubic meters in their studies have questioned whether it
might be more appropriate to use mass units, such as oven-dry tons, instead of volumetric units [21].
They argued that a mass-based approach would avoid potential complications related to moisture
content, shrinkage or swelling, and densification (e.g., in panel production), and would also facilitate
stronger correlations with biomass and carbon management. Volume units, they noted, could still be
derived afterward to meet the information needs of the forest-based industry. [27] also pointed out
that wood and wood products are often better understood when expressed in different units.
Different products are managed by different industries using their preferred units, which becomes
problematic when attempting to convert all of them into a single standardized unit. While there is no
absolute reason to replace metric tons entirely with cubic meters, it makes sense that most wood
product data published by authorities such as the FAO [48] are expressed in volumetric terms. Using
official statistics directly or relying on official conversion factors can save considerable time and
reduce the likelihood of human error. For consistency, only the use of volumetric units or gravimetric
units is recommended, as these are the predominant units across studies, although authors can still
add additional data in different units for their specific purposes. Although there are no complete
official conversion factors for all wood resources, those with official conversion factors should be
adopted wherever possible. Encouraging the use of standardized units is beneficial, especially for
inventory and reporting purposes.

Different levels of accuracy exist at various stages of data processing, reflecting the complexity
and potential for error that can arise throughout the analytical workflow. Typically, raw data
collected from diverse sources experience multiple stages of processing, often involving calculations
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that require conversion factors. These factors may be obtained from official publications issued by
governmental authorities, extracted from peer-reviewed academic papers, or sometimes determined
through estimations and assumptions when direct data are unavailable. Beyond the typical
uncertainty treatments applied in many scientific studies such as sensitivity analyses, there remains
a significant risk of human errors occurring during data input or output stages. Such errors may
result from simple typographical mistakes, misinterpretation of figures in reviewed papers, or the
adoption of overly basic or rough assumptions that fail to capture the complexity of the underlying
processes. Reference [27] emphasized the crucial importance of minimizing compounded errors by
directly referring to primary sources of data whenever possible. They argued that converting data
straight into the desired output units is preferable, rather than performing multiple intermediate
conversions through derived mass values such as tones or cubic meters, which can amplify
inaccuracies. This approach helps to reduce the risk of error accumulation throughout the conversion
chain. Additionally, they highlighted the necessity of critically evaluating the assumptions behind
any conversion process, especially when these are based on primary data, since incorrect or
unverified assumptions can lead to consistent errors in the results.

To better manage and communicate the varying degrees of uncertainty and risk in data
processing, a classification system consisting of five distinct levels of risk was proposed. Level 1
represents the use of raw data directly as collected, where the only potential source of error is human
error during data handling or entry. Level 2 applies when raw data are processed using official
conversion factors, which have been published and validated by recognized authorities. Level 3 is
assigned to situations where conversion factors are sourced from academic papers or literature,
which may vary in quality or relevance depending on the study context. Level 4 corresponds to cases
where data are not directly measured or published but estimated using certain logical reasoning or
indirect indicators, thereby increasing uncertainty. Finally, Level 5 covers the most uncertain
situations, where there is no clear or documented method for obtaining the data, and values must be
obtained purely based on assumptions without observational support. Ideally, data falling into
Levels 3 through 5 should be avoided or replaced with higher-quality information whenever possible,
given their higher uncertainty and risk of introducing error. Nevertheless, directly including these
risk levels in any data inventory or analysis framework serves an important purpose: it helps users
and other researchers understand the reliability and credibility of the dataset. It also draws attention
to areas where better, more accurate data collection is urgently needed to improve future analyses.
By transparently communicating these levels of risk, involved parties can make informed decisions
about the confidence they place in specific datasets and prioritize efforts to refine or replace lower-
quality data.

3.3. Outputs and Applications

Most of the reviewed papers include tables and figures to improve the clarity and accessibility
of their analytical results. These visual aids help break down complex data into more understandable
formats, making it easier for readers to locate key findings. In addition to infographics, some studies
take it further by providing extra links or references, encouraging readers to explore related materials
or datasets for deeper insights. Among the various types of graphical representations used, the
Sankey diagram stands out as the most common method to show the flow of wood resources through
the different stages of the material lifecycle. Sankey diagrams are widely favored because they
visually show the size of material flows using arrows, where the thickness corresponds directly to
the volume or quantity being represented. This clear design enables viewers to quickly identify major
streams within the system. Despite their popularity, a notable limitation is the lack of consistency in
how these diagrams are created across different studies, which makes direct comparison difficult.
Variations in graphical standards, including layout orientation, color schemes, node and link styling,
scaling ratios, and software tools, can cause inconsistencies that make interpretation confusing. This
issue becomes particularly noticeable when diagrams illustrate complex systems involving multiple
categories of wood products, as the intersecting flows and numerous branches can overwhelm the
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viewer. Navigating the path of a single flow line within a single diagram is often a challenge;
comparing two diagrams at the same time, each designed with different conventions, makes the
difficulty even greater.

Recognizing these interpretive challenges, especially for audiences not in this field or less
familiar with complex visualizations, it was considered that Sankey diagrams remain the preferred
format for visualizing material flow outputs. However, to improve their effectiveness and usability,
several suggestions were proposed. First, it is essential to develop and adopt standardized design
guidelines that specify consistent rules for diagram direction, color usage, node and link appearance,
inclusion of illustrative icons, and proportional scaling. Second, the complexity of each diagram
should be managed by limiting the number of nodes and connections to a level that remains visually
clear; when necessary, the flow system can be divided into multiple, focused diagrams that highlight
specific parts. Third, using additional visual elements such as product-specific icons to identify wood
categories and enlarged nodes to highlight stock volumes can help guide interpretation and provide
clearer context. Figure 1 demonstrates an example where such enhancements improve the readability
and informative value of a Sankey diagram.
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Figure 1. Example of a diagram recommended for use [50].

5. Conclusions

This study systematically reviewed material flow analysis practices related to wood resources
within the European Union and Switzerland from 2000 to 2024. The findings reveal that while MFA
is a powerful tool for quantifying the flows and stocks of wood materials, its current application
remains fragmented and inconsistent. Considerable differences in methodological approaches
remain across studies, including but not limited to differences in scope, terminology, data sources,
units of measurement, and visualization techniques. These inconsistencies reduce the comparability
of results, limit policy relevance, and challenge efforts to assess wood use in the broader context of
sustainable development and circular economy strategies. The review highlights a variety of critical
gaps: the building stage is often underrepresented despite its importance in long-term carbon storage;
many studies rely heavily on outdated or incomplete data; and elements such as conversion factors
are not always transparently documented. While efforts such as the development of frameworks like
STREAMS [5] and proposals for stepwise method-ologies have contributed valuable insights [6], a
universally accepted standard for wood-specific MFA has yet to emerge. To address these challenges,
this paper emphasizes three key directions for future work: (1) the harmonization of methodological
approaches, including clearer definitions, standardized units, and classification levels for data
reliability; (2) the establishment of an open, regularly updated database for MFA of wood resources
to ensure transparency, reproducibility, and accessibility; and (3) stronger collaboration among
researchers, statistical authorities, and policymakers to improve data availability and coordinate
analytical efforts with policy goals. In this context, developing a standardized methodological
framework, as has been done in Life Cycle Assessment, may be a necessary first step. This would
involve, for example, common rules for defining terminology, setting system boundaries, and
promoting the use of tools such as Environmental Product Declarations where applicable. Ultimately,
advancing the quality and consistency of MFA of wood resources will enhance its utility as a decision-
support tool and strengthen its role in shaping a more sustainable, resource-efficient, and climate-
adaptive future.
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