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Abstract
Understanding national wood flows is essential for assessing the sustainability and efficiency of a forest-based bioecon-
omy, as well as evaluating its possible impacts on decarbonization processes. This study develops a comprehensive 
material flow analysis model for Italy’s forest-wood sector in 2018 using the Italian Lumber Exchange (ILEX) model, by 
integrating a wide range of data from secondary sources (national and international official statistics) and some primary 
sources of information. A system dynamics approach is applied to harmonize upstream and downstream flows, quantify 
hidden flows, and convert economic values into physical ones. The model extends the mapping of wood flow to include 
emerging sectors, such as green chemistry, and post-consumer product recycling. It also estimates bioenergy consump-
tion and the removals of fuelwood associated with that. The results of the model show that the total removals of Italian 
forests in 2018 amounted to 17.26 million m3, of which approximately 87.1% consisted of fuelwood. Nearly 90.0% of the 
sawnwood, veneer, and plywood supply in the Italian market depends on imported wood, either directly through imports 
of these products or indirectly through imports of industrial roundwood used as raw material for their production. In 
contrast, the panel sector uses 66.1% recycled wood, while the paper sector relies on 57.1% recycled paper. To our best 
knowledge, this work provides the first complete and operational representation of Italy’s forest-wood value chain and 
could serve as a decision-support tool for researchers, policymakers, and practitioners seeking to enhance climate and 
resource-use policy in the wood sector.
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(Jonsson et al. 2021). However, the rising demand for wood, 
driven by population growth, urbanization, and industrial 
expansion, can increase pressures on forest resources lead-
ing to sustainability and resource efficiency concerns (Brack 
2018).

Sustainable forest management seeks to balance wood 
production with biodiversity conservation, carbon storage, 
and other ecosystem services (Santopuoli 2012). However, 
sustainability also depends on how wood is used along the 
value chain, including efficient processing, waste reduction, 
and recycling of secondary materials and post-consumer 
wood-based products (Näyhä 2019). On this note, circu-
lar approaches aim to prioritize added-value uses of wood 
before reuse, recycling, and eventual energy recovery (cas-
cading approach), improving resource efficiency, valuing of 
wood products and climate performance (Gallego-Schmid 
et al. 2020; Lazaridou et al. 2021; Stegmann et al. 2020).

The development of effective policies and management 
choices for the forest-wood sector requires reliable and 
comprehensive information on wood flows along the value 

1  Introduction

Wood-based industries are fundamental to both global 
and national economies, supplying materials for construc-
tion, furniture, packaging, pulp and paper, bioenergy, and 
emerging bio-based products (Aggestam and Giurca 2022; 
Johannes Verkerk et al. 2021; Teischinger et al. 2023). They 
support employment and economic growth and can con-
tribute to decarbonization by substituting fossil-based and 
emission-intensive materials with renewable alternatives 

http://crossmark.crossref.org/dialog/?doi=10.1007/s00107-026-02428-y&domain=pdf&date_stamp=2026-6-2
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chains. Material flow analysis (MFA) has increasingly been 
applied to assess wood resource use and circular bioecon-
omy strategies at national, regional and global level (Khan 
et al. 2024; Wang et al. 2025; Wang and Haller 2024; Yayla 
et al. 2025). However, despite the growing body of litera-
ture, several methodological and data-related challenges 
remain. In particular, limitations persist in the allocation of 
semi-finished wood products to final use sectors, the detec-
tion and quantification of hidden flows, such as unrecorded 
fellings or informal recycling, and consistency of conver-
sion factors used to estimate physical flows across process-
ing stages (Khan et al. 2024; Klinglmair et al. 2016; Liu 
et al. 2020). Innovations in products and processing tech-
niques connected to the recent development of the bioecon-
omy are exacerbating these problems. These challenges 
complicate efforts to develop balanced and comprehensive 
models of national wood flows and limit the ability to evalu-
ate resource efficiency, circularity, and climate mitigation 
potential.

When modelling wood material flows, one major gap 
concerns the distribution of semi-finished wood products 
across final-use sectors. While certain processing sectors 
such as sawmilling, panel production, and pulp and paper 
manufacturing are well documented, the allocation of their 
output materials to final consumption categories, such as 
construction, furniture, packaging, paper products, and bio-
energy, as well as to any intermediate processing of primary 
products, remains uncertain (Verkasalo et al. 2020). Within 
this context, it is essential to distinguish between primary 
manufacturing, which involves the conversion of round-
wood into semi-finished products (e.g., sawnwood, wood-
based panels, pulp), and secondary manufacturing, where 
these materials are further processed into finished products 
(EC, 2023). For instance, while it is well known that a sig-
nificant portion of sawnwood is used in structural applica-
tions (Asdrubali et al. 2017), the proportions allocated to 
furniture, interior fittings, and packaging materials are often 
poorly quantified. Similarly, the specific shares of particle-
boards and fiberboards used in furniture manufacturing ver-
sus construction applications and packaging remain largely 
unclear (Khan et al. 2024).

A second challenge in wood material flows modelling 
lies in the availability of reliable conversion factors and 
sector-specific data. Differences in wood species, process-
ing technologies, and production efficiencies can lead to 
substantial variation in conversion coefficients across stud-
ies and regions (Ofoegbu et al. 2014; Timofte et al. 2012). 
These inconsistencies complicate the establishment of stan-
dardized parameters for material flow modelling and can 
affect the reliability of wood flow assessments (Fischer-
Kowalski et al. 2011). Additionally, inconsistencies in trade 
data, classification systems, and reporting methodologies 

further complicate efforts to align production, consumption, 
and waste management statistics (Fischer‐Kowalski et al., 
2011).

Given the complexity of the forest-based wood value 
chain and the presence of data gaps, expert inputs are often 
required to validate assumptions and improve model reli-
ability. However, systematic approaches for incorporating 
expert knowledge into material flow models remain limited 
(Buchholz et al. 2007).

To contribute addressing the above-reported challenges, 
this study developed a comprehensive modelling frame-
work designed to analyze wood material flows in various 
wood-based value chains in Italy. To achieve this goal, the 
study pursued the following objectives:

1.	 Mapping key components of the forest sector, including 
inputs, outputs, and material flows and quantifying rel-
evant data to support the model.

2.	 Identifying and addressing data gaps and uncertainties to 
improve the accuracy of the model.

3.	 Validating the model under baseline conditions, ensuring 
its alignment with observed trends and experts’ assess-
ment, as well as testing it via a sensitivity analysis.

A system dynamic (SD) model has been developed to rep-
resent wood-based material flows using Italy, a leading 
country in wood processing (Panico et al. 2024), as a test 
case. SD modeling is a well-established methodology for 
analyzing complex systems characterized by interdepen-
dencies, feedback loops, and changes over time, includ-
ing time-lag effects (Jones 2014; Oehmen et al. 2015). It is 
particularly useful to model the wood value chain, where 
interaction between forest resources, processing industries, 
trade, and consumption creates dynamics that evolve over 
time (Enayati Shiraz et al. 2021; Szarka et al. 2018).

The model, designated as Italian Lumber Exchange 
(ILEX), integrates official statistics, trade data, sector-spe-
cific information, and expert knowledge to reconstruct the 
various forest-wood value chains. By improving the repre-
sentation of downstream allocation, conversion factors, and 
hidden flows, the model provides a consistent framework 
for analyzing national wood flows and supporting evidence-
based decision-making in the forest-based bioeconomy.

The remainder of the paper is structured as follows: Sect. 
2 introduces the methodology, detailing the SD model-
ling, data sources, conversion factors, key assumptions and 
parameterization. Section 3 presents the results and discus-
sion, focusing on the key findings and limitations. Finally, 
Sect. 4 draws conclusions and recommendations for future 
research.
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2  Materials and methods

This section reports details about the methodological 
approach adopted for this study, including the input data 
sources (2.1), conversion coefficients (2.2), model develop-
ment (2.3), model rationale and structure (2.4), expert-based 
refinement (2.5), and validation (2.6).

2.1  Input data sources

We integrated multiple data sources to develop a compre-
hensive mass flow model for wood material flows, cover-
ing production and trade across different phases of the wood 
value chain:

1.	 Forest resources: the data from the National Inventory 
of Forests and Forest Carbon Pools (Inventario Nazio-
nale delle Foreste e dei Serbatoi Forestali di Carbonio, 
INFC) has been used to estimate the available domestic 
forest stock; the year 2018 has been assumed as the ref-
erence year for the INFC (Gasparini et al. 2021). This 
data provides a baseline for the assessment of potential 
domestic wood supply and removals.

2.	 Wood harvesting: roundwood production data were 
obtained from the United Nations’ Food and Agriculture 
Organization (FAO) Statistical databases (FAOSTAT), 
which track global forest statistics and provide a com-
prehensive overview of national wood harvesting levels 
(FAO, 2025). FAOSTAT data report actual removals 
rather than fellings.

3.	 Wood use for bioenergy: data on national wood con-
sumption for bioenergy was derived from the Ital-
ian Association of Agroforestry Energy (Associazione 

Italiana Energie Agroforestali, (AIEL, 2023), covering 
the demand for firewood in both residential and industrial 
heating. Additional insights on biomass use for district 
heating and large power plants were gathered from the 
Italian Renewable Energy Producers Federation (Feder-
azione Italiana Produttori di Energia da Fonti Rinnov-
abili, FIPER (2023), the Joint Wood Energy Enquiry 
promoted by the United Nations Economic Commission 
for Europe (UNECE) and FAO (UNECE-FAO 2023), 
and the Italian Ministry of Agriculture, Food Sovereignty 
and Forests (Ministero dell’Agricoltura, della Sovranità 
Alimentare e delle Foreste, MASAF) (CREA, 2019).

4.	 First processing: first-stage wood processing (e.g., saw-
milling, panel manufacturing, pulping) relied on produc-
tion and trade data from FAOSTAT (FAO, 2025) and 
Assocarta, i.e. the trade organization representing pulp, 
paper and paperboard manufacturing companies in Italy 
(Assocarta, 2019). These datasets provide insight on the 
transformation of raw materials into semi-finished prod-
ucts, including sawnwood, veneer, plywood, panels, and 
pulp.

5.	 Final industrial processing: final wood product manu-
facturing has been analyzed based on data on semi-
finished products and their distribution across final-use 
sectors, including building, furniture, packaging, and 
others. As official statistics do not systematically report 
this distribution, the allocation was estimated through 
expert-based inputs (Sect.  2.5).

	 For the paper sector, the allocation of semi-finished 
pulp across paper and green chemistry application has 
also been estimated through expert-based inputs (Sect. 
2.5). Data from Assocarta was used to cross-check 
with estimates to ensure consistency and completeness 
(Assocarta, 2019).

6.	 Recycling: the recycling of wood-based materials has 
been primarily assessed using data from FAOSTAT. An 
empirical approach based on industry consumption was 
applied to estimate the demand for recycled wood for 
each industry. By analyzing the total wood input for dif-
ferent industries, such as the share of recycled wood used 
in particleboard production, the total volume of recycled 
wood was estimated. For paper recycling, data from 
FAOSTAT were utilized to quantify the recycled fiber 
content and validate material flow assumptions (FAO, 
2025).

Table 1 presents an overview of the primary data sources 
considered in each phase of the wood value chain analysis.

Table 1  Data sources for the wood flow model
Phases Production Data Sources Trade Data 

Sources
1. Forest 
resources

INFC -

2. Wood 
Harvesting

FAOSTAT for roundwood FAOSTAT

3. Wood use for 
energy

AIEL for bioenergy, FIPER for 
district heating, MASAF for large 
power producers, and UNECE

FAOSTAT

4. First 
processing

FAOSTAT, Assocarta FAOSTAT, 
Assocarta

5. Final indus-
trial processing

Istat (Production of processed 
products); Assocarta and Istat (final 
paper production)

Comtrade 
(Import and 
Export of 
final sector 
products), 
Assocarta

6. Recycling Empirical method, FAOSTAT, 
validated with Rilegno; Asso-
carta (paper, cross-checked with 
FAOSTAT)

FAOSTAT
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2.2  Conversion factors

The application of conversion factors required pre-process-
ing to ensure accurate estimation of raw material inputs and 
the wood content of finished products. All quantities were 
expressed in cubic meters of wood fiber equivalent (m3(f)), 
representing the actual wood material contained in a product 
after removing non-wood components such as adhesives, 
water, and other additives. This standardization enables 
consistent comparisons across datasets by converting pro-
duction, import, and export data into a uniform metric.

The overall approach consists of the following steps:

1.	 Average coefficients were assessed to estimate the 
amount of raw materials required for the production of 
semi-finished wood products (FAO 2020).

2.	 Quantities originally reported in tons or cubic meters 
were converted into m³(f) using product-specific density 
factors. These conversions account for assumed moisture 
content as well as the contribution of adhesives and other 
additives to total mass and volume (Weimar 2011).

3.	 The proportion of non-wood materials (e.g., glues, water, 
additives) was subtracted (FAO 2020) resulting in the 
actual volume of wood material contained in each prod-
uct unit (m3(f).

4.	 Conversion factors were calculated as the ratio between 
the original values reported in FAOSTAT and the cor-
responding preprocessed production values expressed in 
m3(f).

5.	 Adjusted coefficients were derived as the ratio between 
total input wood and the volume of wood fibers. These 
coefficients enable the conversion of finished products 
back into required raw material inputs, accounting for 
material losses and process efficiencies.

Each semi-finished product was adjusted according to 
its specific composition and processing characteristics. 
Assumptions regarding material loss, density variation, and 
additive content were applied to refine conversion factors, 
as summarized in Table S2 within the Supplementary Mate-
rial. The conversion factor for recycled paper was applied 
to estimate the amount of recycled pulp obtained from 
recovered paper, reflecting the average yield in European 
recycling processes (FAO 2020). Additionally, factors for 
converting recycled pulp and paper products from metric 
tons into wood fiber equivalents (m3(f) were derived from 
Jochem et al. (2021). Products used primarily for energy 
purposes, such as wood pellets, wood residues, and wood 
chips and particles were converted into m3(f) using coef-
ficient factors from mass (tons) or volume (m3) (Bösch et 
al. 2023).

2.3  Model development

2.3.1  Model component and participatory system 
dynamics modelling

The ILEX model has been developed following a system 
dynamics modelling approach and implemented using Ven-
sim Decision Support System, a software platform designed 
for dynamic simulations (Jones 2014). The model repre-
sents the wood value chain as a system of stock and flows, 
where stocks are the accumulation of wood materials at 
various stages (e.g., forest, sawmills, pulp mills etc.) and 
flows describe the movement of materials between different 
stocks. Feedback mechanisms are explicitly incorporated to 
simulate real-world interactions, so output of one industry 
serves as the input for another, linking different stages of the 
wood value chain. Trade dynamics (import/export) are also 
factored into the model.

The ILEX model builds on different blocks correspond-
ing to key wood industry/use and product nodes as the cir-
cularity framework for forest-based industries proposed by 
(UNECE, 2022). A short description of the main blocks is 
provided below, while a complete list of the sector, semi-
finished products, by-products, and final-use categories 
considered in the model is provided in Table S3 within the 
Supplementary Material. 

1.	 Added-value products industry includes sawnwood, 
veneer, and plywood production. These products are 
primarily derived from roundwood, which serves as 
the main input for the manufacturing processes. The 
consumption of roundwood was calculated based on 
sector-specific coefficients that define the wood required 
to produce each type of added-value product. A mate-
rial loss of approximately 1% of input quantities was 
assumed for sawnwood, including both conifer (C) and 
broadleaf (BL) production. This value reflects minor 
unrecorded losses during processing, such as sawdust, 
trimming, and other residues not captured in official pro-
duction statistics. The losses are estimated on a “under-
bark” basis, consistent with the reported roundwood 
inputs, while veneer and plywood production processes 
were assumed to have negligible losses.

	 By-products generated from the production of added-
value products, such as wood residues, are also factored 
into the model. Their quantities were estimated based on 
the amount of input materials consumed and production 
output of sawnwood, veneer, and plywood, adjusted for 
losses incurred during processing. To calculate the by-
products Eq. (1) was used:
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	 Bp = Rwdit− Phavp− Lhvap� (1)

	 where:
	 Bp = By-products.
	 Rwdi = Roundwood input.
	 Phavp = Production of added-value products.
	 Lhavp = Losses occurring during the production of 

added-value products.

2.	 Panels industry encompasses the production of particle-
boards, medium density fiberboards (MDF), high-density 
fiberboards (HDF), and other wood-based panels. These 
products are primarily made from a combination of fresh 
and recycled wood, with material inputs determined 
based on industry-specific compositions. Unlike the 
added-value products industry, this sector was assumed 
to produce no net production losses. This assumption 
reflects the sector’s strong circularity as internally gen-
erated residues (e.g., chips, fines, offcuts) are routinely 
reintroduced into the production process. As a result, 
most by-products are retained within the system rather 
than discarded (UNECE, 2022).

	 Therefore, the model breaks down the total wood con-
sumption into three main input sources: fresh wood, 
recycled wood, and by-products, with country-specific 
percentages (i.e., proportions) allocated to each input 
source as per data from EPF (2019). The consumption 
of roundwood (i.e. fresh wood), recycled wood, and by-
products in the panels industry was calculated accord-
ing to Eqs. (2, 3 and 4):

	 Rwdc = Twc × Prwd� (2)

	 Rwc = Twc × PRw� (3)

	 Bpc = Twc × PBp� (4)

	 where:
	 Rwdc = Roundwood consumption.
	 Twc = Total wood consumption.
	 Prwd = Proportion of roundwood.
	 Rwc = Recycled wood consumption.
	 PRw = Proportion of recycled wood.
	 Bpc = By-product consumption.
	 PBp = Proportion of by-products.

3.	 Pulp and paper industry involves the conversion of 
wood into different types of pulp (chemical, mechani-
cal and semi-chemical) and paper products. The model 
considers both primary pulps, derived from roundwood, 
and residues from the wood-based industry, including 

transformation waste from paper products manufacturing 
and recycled paper, and tracks the losses during pulping 
and paper production processes. Recycled paper plays 
an important role in paper production and is included in 
the model as a primary input. As reported by UNECE, 
only about 38% of the total fiber material entering paper 
manufacturing originates from recycled sources, while 
the remaining share derives from virgin fibrous material 
(UNECE, 2022).

	 By-products produced during pulping were assumed to 
consist of black liquor (Bl) (95%) and losses (5%). This 
assumption reflects the well-established mass balance 
of pulping, where the dissolution of lignin and hemi-
cellulose yield Bl as the dominating organic by-product 
stream, whereas screening rejects, sludges, and evap-
oration residues represent only a minor share of total 
outputs. This distribution was therefore considered a 
realistic approximation for material-flow modelling in 
the absence of plant-specific data. Losses from the use 
of recycled paper and recycled pulp are also considered. 
As for the latter, they were calculated according to Eq. 
(5):

	 Lrp = Urpr− Prp� (5)

	 where:
	 Lrp = Losses from recycled pulp.
	 Urpr = Recycled paper input.
	 Prp = Production of recycled pulp.

4.	 Energy sector encompasses the use of wood as a fuel 
source, including wood pellets (WP), wood charcoal 
(WC), other agglomerates (OA), wood residues (WR), 
and wood chips and particles (WC&P). These products 
originate from either fuelwood or by-products gener-
ated during wood processing. To estimate the fuelwood 
production from forests, biomass consumption data 
were considered. The total consumption of biomass 
for energy accounts for the wood consumed in various 
energy facilities, such as district heating, power plants, 
and household and commercial units. This information 
was derived from studies by AIEL (2023); Ellul (2016); 
TERNA (2023).

	 For household and commercial units’ consumption, 
both procured and self-produced firewood from forests 
and other sources were considered. According to De 
Carli et al. (2020), in Italy 50.5% of firewood used for 
household were procured commercially, while 49.5% 
was self-produced. Among self-produced firewood, 
72% comes from unknown sources and 28% is sourced 
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from forests. Consequently, self-produced firewood 
from forests corresponds to 13.9% of total wood con-
sumption from forests. Based on these shares, a factor 
of 64.4% was applied to the household and commercial 
wood consumption originated from forest (Whc, f) to 
estimate the fraction, according to Eq. (6).

	 Whc,f = const × Whc� (6)

	 where:
	 Whc = Wood consumption in household and commercial 

units.
	 Const = The fraction of firewood which is self-produced 

and sourced from forests (0.644 or 64.4%).
	 Biomass consumption data for district heating, com-

bined heat and power (CHP) plants, and electric energy 
(EE) power plants were obtained from UNECE (Ellul 
2016). For CHP plants, data were available for the years 
2017 and 2019. Since data for 2018 were unavailable, 
biomass consumption for that year was estimated using 
cogeneration production figures from GSE (2023). 
For EE power plants, biomass consumption data were 
obtained for 2018 based on EE power production fig-
ures reported in GSE (2023).

	 The total fuelwood removals from forests (Rf), directly 
used for energy generation are estimated through Eqs. 
(7) and (8):

	 Wnf = (Bp + Bl + Rw) − Tn� (7)

	 Rf = [(Wdh + Wee + Whc,f ) − (Wnf )] + Tfw� (8)

	 where:
	 Wnf = Non-fuelwood consumption contributing to 

energy use.
	 Bp = By-products from domestic wood processing used 

for energy generation.
	 Bl = Black liquor generated from domestic pulping pro-

cesses for energy generation.
	 Rw = Recycled wood for energy generation.
	 Wdh = Total wood consumption originated from forest 

in district heating and cogeneration plants.
	 Wee = Total wood consumption originated from forest in 

electric energy (EE) power plants.
	 Tfw = Net trade (export-import) of fuelwood used for 

energy generation.
	 Tn = Net trade of WC, WP, WR, OA, and WC&P used for 

energy generation.

5.	 Final Use sectors comprise construction, furniture, pack-
aging, paper, energy, and green chemistry, while other 
uses represent the ultimate consumers of semi-finished 

wood products. These sectors significantly influence the 
demand for raw materials and by-products in the wood 
industry, thereby shaping the output of the wood flow 
model.

	 In the model, the final use sectors were linked to the 
apparent consumption of semi-finished products 
(added-value products and wood-based panels). Their 
demand was estimated based on the percentage distribu-
tion of these semi-finished wood products across final-
use sectors. These allocation shares were derived from 
expert-based inputs obtained through a consultation 
exercise via Delphi method (Sect. 2.5). Semi-finished 
products were converted into final processed products 
using transformation coefficients as defined by Riva et 
al. (2005). Distribution percentages were then applied 
to estimate the wood content in each final use sector. 
During this conversion, transformation residues were 
generated. These transformation residues from produc-
tion of final use products were then re-distributed across 
different semi-finished and final use sectors based on 
expert estimates.

	 Data from ISTAT (2018a) were used to determine the 
production value (in euro, €) for each final use sector. 
Since the production of final use products was reported 
in heterogeneous units (e.g., kilograms, tons, square 
meters, cubic meters, and pieces per set), directly con-
verting these physical units into comparable wood vol-
umes introduces significant uncertainty. To address this 
issue, sector-specific unit values (€/m³) were derived 
by relating the estimated wood content of production 
to its corresponding economic value. These unit values 
were then used to convert monetary trade data for pro-
cessed wood products into estimated physical quanti-
ties expressed in (m3(f). Since both production values 
and trade data refers to the same reference year (2018), 
the derived unit values represent sector-specific values 
rather than market prices for specific products. This 
approach minimizes potential bias related to price fluc-
tuations over time.

	 Trade values of processed wood products were sourced 
from the TradeMap and UN Comtrade databases. These 
data were extracted in monetary terms rather than in 
physical quantities, therefore, the previously calcu-
lated unit values were applied to convert trade values 
from monetary values to estimated physical quantities 
expressed in cubic meters of wood fiber equivalents 
(m3(f). Finally, these adjusted figures allowed us to 
derive the domestic consumption of processed wood 
products in each final use sector.

	 The model includes green chemistry, and other non-tra-
ditional material uses as an emerging final-use category 
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aligned with the European Union (EU) Bioeconomy 
strategy (Mishra et al. 2023). This sector captures 
material flows that were diverted from traditional uses 
towards high-value applications such as bioplastics, 
bio-based chemicals, and textile fiber applications that 
were not covered by the standard industrial and energy 
pathways.

	 The allocation of material flows to the green chemistry 
sector was informed by expert inputs through a Delphi 
survey (2.5). Specific wood-based materials considered 
include dissolving wood pulp used primarily for chemi-
cal and textile applications and a portion of sawmill-
ing and transformation residues that were not directed 
to conventional industrial and energy uses (Dias et al. 
2025; Dyunyasheva 2017).

	 To visualize and analyze national wood material flows 
generated by the ILEX model, Aiphoria1 was used, 
an open-source python tool specifically developed by 
the European forest Institute (EFI) for dynamic wood 
materials flow assessment and visualization (Orfani-
dou et al. 2026). Aiphoria builds on the Open Dynamic 
Material Systems Model (ODYM) package and enables 

1   https:​​​//gith​ub.​com/Europ​eanForestInsti​tute/aiphoria.

the creation of detailed Sankey diagrams by integrat-
ing production, import, export, and recycling data into a 
coherent flow-based representation (Pauliuk and Heeren 
2020).

2.4  Rationale and structure

The ILEX wood material flow model aims to develop a 
comprehensive framework to simulate wood material flows 
across various sectors of the forest industry in Italy (Fig. 1). 
Semi-finished wood products (i.e. sawnwood, veneer and 
plywood, panels, and pulp) denote the central products of 
the model because production and trade statistics for Italy 
were most consistently reported at this stage of the value 
chain. While MFA often starts from forest removals and 
proceed with a cascade (or top-down) approach to final 
products, we adopted a mixed approach combining bottom-
up and top-down modeling (Jochem et al. 2015). Forest 
removals statistics for Italy (as well as for other Southern 
European countries) do not rely on long-established and 
systematic forest monitoring systems, therefore data are 

Fig. 1  Conceptual structure of the wood material flow model. The 
diagram illustrates the information flows used in the bottom-up and 
top-down analyses. Arrows indicate data linkages rather than material 

flows. Semi-finished wood products (central boxes) serve as the core 
nodes connecting forest resources inputs (green), industrial transfor-
mation processes (grey), and final use sector (red)

 

https://github.com/EuropeanForestInstitute/aiphoria
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partially missing and often underestimated or not fully 
reliable (Pilli et al. 2025). Using semi-finished products 
as reference points allows the model to reconcile bottom-
up estimates of raw material demand with top-down esti-
mates of final consumption across sectors. A bottom-up data 
flow analysis quantifies the raw wood demand in different 
industrial sectors, tracing the wood resource demand for the 
production of semi-finished wood products back to their 
origin (e.g., forest harvesting and other sources) (Jochem 
et al. 2015). This analysis accounts for material use across 
the supply chain, including industrial residues, and recon-
ciles data inconsistencies where possible. A top-down data 
flow analysis estimates consumption from the production of 
semi-finished wood products (e.g. sawnwood, veneer, ply-
wood, panels, pulp, and paper) as well as their trade flows 
and linking the derived consumption to the final use sectors 
such as construction, furniture, packaging, paper and paper-
board, energy, and others.

The system boundary of forest resources was defined at 
removals, which represent the quantities entering industrial 
and energy uses. Fellings are not included, as comprehen-
sive data on total harvested biomass were not available and 
the model focuses on downstream material allocation from 
removals onward.

2.5  Expert-based refinement

While the currently available datasets provide a broad 
understanding of production and trade, uncertainties remain 
regarding the distribution of semi-finished wood products 
(e.g., particleboard, MDF, etc.) across industries. To fill 
these gaps and refine our model assumptions, we adopted 
an expert-based approach via the Delphi Method (Linstone 
and Turoff 1975). A total of 15 stakeholders were contacted, 
of which 12 agreed to participate. The selected panel of 
12 experts with robust competence, knowledge, and pro-
fessional experience in the wood and/or paper industry in 
Italy was identified via purpose sampling to cover all the 
targeted sectors and products (see table S4 in the Supple-
mentary Material for characterization of experts). Experts 
were preliminarily contacted via email to inform them 
about the survey, then the Delphi process followed a two-
step approach (Linstone and Turoff 1975; Niederberger and 
Renn 2023). In the first round, a questionnaire was distrib-
uted to gather insights on critical aspects such as the share of 
semi-finished wood products allocated to various final use 
sectors, conversion efficiencies, and sector-specific losses 
and by-products. Additionally, experts were asked to vali-
date specific processing assumptions and to highlight any 
discrepancies between theoretical distributions and real-
world industrial practices. The Delphi approach was used 
to estimate parameters for which statistical data were not 

fully available. These parameters are summarized in Table 
S5 within Supplementary Material, while the questionnaire 
used for the two rounds of the Delphi survey is provided 
within Supplementary Material (Appendix S1).

In the second round, an anonymous summary of the 
responses from the first-round reporting aggregated results 
and areas of divergence was provided to participants who 
were then offered to reconsider their responses considering 
the group feedback. This iterative process allowed experts to 
confirm their initial choices or adjust their answers based on 
newly presented information, thus ensuring that final esti-
mates reflect both expert judgment and empirical evidence.

2.6  Model testing and validation

The ILEX model performance was evaluated through a 
comprehensive validation process using both national and 
international benchmarks (Sterman 2000). National data-
sets, such as those from Assocarta (for the paper sector), 
were used as reference values to validate wood flow esti-
mates. Additionally, production and trade were retrieved 
from international datasets, including FAOSTAT, to cross-
check the consistency of the model output. By comparing 
the model output with these external datasets, the estimated 
wood flows were aligned with the observed values to con-
firm that the model produces outputs of comparable magni-
tude and is therefore robust.

To further assess the robustness of the model, a sensitiv-
ity analysis was conducted (Marín-González et al. 2018). 
Both univariate and multivariate sensitivity analyses were 
performed using Vensim software to assess the impact of 
parameter variations on key output variables. In the sensitiv-
ity analysis, the selected parameters were varied by ± 10%, 
± 20%, and ± 30% with respect to their baseline values to 
evaluate their effect on key output variables.

Specifically, sawnwood production (BL and C) was cho-
sen as a focal parameter due to its central role in the ini-
tiation of downstream wood flows. Variation in sawnwood 
production was tested to observe the resulting changes both 
upstream, i.e., industrial roundwood and fuelwood remov-
als, and downstream, i.e., by-products generation and sawn-
wood import. The apparent consumption was kept constant 
during these simulations. Under this assumption, variations 
in domestic production are balanced through adjustments in 
trade flows to maintain the overall demand stable.
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3  Results and discussion

3.1  Results

This section first reports results that presents an overview 
of the MFA for wood products in Italy (3.1.1) and then pro-
vides details for each sector. Finally, results of the ILEX 
model robustness and sensitivity analysis are presented 
(3.1.2).

3.1.1  Wood material flow for Italy

The MFA for wood in Italy is presented in Fig. 2. The dia-
gram provides a comprehensive visual summary of the 
national wood supply chain by tracing material flows from 
their primary sources, on the left, including roundwood 
removals from Italian forests, recycled wood and paper. 
These flows move through successive processing stages 
including panel production, pulp and paper manufacturing, 
and further transformation into four main final use sectors 
(building, furniture, packaging, and other uses), along with 
paper and green chemistry. The diagram also incorporates 
trade flows (imports/exports) and highlights the role of 
secondary raw materials, such as by-products and recycled 
streams, in supporting materials circularity.

Primary inputs for the Italian wood supply chain: A total 
volume of 17.26 million cubic metres of wood fiber equiva-
lent (Mm3(f)) is used as roundwood input for industrial and 
energy uses in Italy in 2018. The majority (15.04 Mm3(f), 
87.1%) is fuelwood, while the remaining 2.22 Mm3(f) is 
industrial roundwood (12.9%). To meet domestic demand, 

Italy also imports 3.86 Mm3(f) of industrial roundwood and 
1.01 Mm3(f) of fuelwood.

Added-value products industry: The wood product con-
sumed in sawmilling and in the veneer and plywood pro-
duction amounts to 3.88 Mm3(f). Approximately 45.6% of 
this input is available as by-products. Domestic production 
accounts for only 36.5% of total supply, highlighting the 
sector’s strong reliance on imports. The net trade balance 
is negative, with imports being about 7.2 times higher than 
exports (Table 2).

Panel Industry: The wood-based panel industry con-
sumes 6.67 Mm3(f) of wood inputs to produce particle-
boards, MDF/HDF panels, and other panels. The recycled 
wood totals 4.41 Mm3(f), equivalent to 66.1% of total wood 
inputs, while by-products represent another 25.5%. Interna-
tional trade plays a key role in balancing production and 
demand: imports of wood-based panel reach 2.84 Mm3(f), 
while exports amount to only 1.10 Mm3(f), making Italy a 
net importer of wood-based panels in 2018 (Table 3).

Pulp and paper industry: The pulp and paper industry 
in Italy processes approximately 15.3 Mm3(f) of wood-
based materials. The sector relies heavily on recycled paper 
(57.1% of total input) and imports of virgin pulp to meet 
production needs, while domestic industrial roundwood 
contributes to only a modest share: 0.84 Mm3(f). Domestic 
pulp production remains limited (0.75 Mm3(f)), and the sec-
tor’s demand is largely met through imports of virgin pulp 
(7.11 Mm3(f)), and paper and paperboard (8.44 Mm3(f)).

Material losses across the sector including those from 
pulping, recycled paper, and paper production are estimated 
at approximately 1.77 Mm3(f), corresponding to about 

Fig. 2  Overview of the material flow analysis of wood use along the value chain in Italy (2018) in Million cubic metres of wood fiber equivalents 
(Mm3(f))
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11.5% of total material inputs. A detailed breakdown of 
input-output flows and trade balance is presented in Table 4.

Green chemistry and other uses: There is no domestic 
production of dissolving wood pulp in Italy, a key input 
for green chemistry application. A small volume (0.002 
Mm3(f)) is imported, with zero exports, resulting in appar-
ent consumption equal to the import volume. Based on the 
sector-specific allocation shares obtained through the Del-
phi process, a notable share of sawmilling residues, approx-
imately 0.22 Mm3(f), is directed toward green chemistry 
and other innovative uses. In addition, transformation resi-
dues from wood-based industries contributes another 0.39 
Mm3(f), while the final paper and paperboard sector sup-
plies an additional 0.12 Mm3(f). These streams collectively 
represent the main bio-based resource flow available for 
Italy’s emerging green chemistry sector.

Bioenergy: Total wood consumption for bioenergy pro-
duction amounts to 36.24 Mm3(f), distributed among three 
main categories: power plants (3.57 Mm3(f), corresponding 
to 9.9% of total consumption), district heating and cogenera-
tion plants (5.38 Mm3(f), 14.8%), and household and com-
mercial heating (27.29 Mm3(f), 74.3%). Consumption by 
the household and commercial units is almost equally split 
between self-produced (13.51 Mm3(f)) and purchased fire-
wood (13.78 Mm3(f)). Of the self-produced firewood, 4.46 
Mm3(f) (33.0%) originates from forests, while 9.05 Mm3(f) 

(67.0%) comes from non-forest sources, classified as wood 
for energy from areas outside forests. Approximately 27.19 
Mm3(f), equivalent to 75.0% of total wood consumption for 
bioenergy, is derived from domestic forest-based sources, 
including direct fuelwood removals (15.01 Mm3(f), 41.4%) 
from Italian forests and industrial by-products (5.31 Mm3(f), 
14.6%). The detailed breakdown of forest-based contribu-
tion to the bioenergy sector is presented in Table 5.

Final use of wood products: The total flow of seven semi-
finished wood products (sawnwood (C and BL), veneer, 
plywood, particle board, MDF/HDF, and other panels) into 
the final use sectors amounts to 13.54 Mm3(f). These prod-
ucts are transformed into final goods across four major sec-
tors: building (2.90 Mm3(f), corresponding to 21.4% of the 
total final goods volume), furniture (4.93 Mm3(f), 36.4%), 
wood packaging (1.90 Mm3(f), 14.0%), and other uses 
(0.76 Mm3(f), 5.6%). During this transformation process, 
approximately 3.05 Mm3(f) of sector-specific residues are 

Table 2  Summary of material flows in the added-value wood products 
industry (2018)
Category Value 

(Mm3(f))
Notes

Total wood input (Industrial 
roundwood)

3.88 Includes all 
feedstock

By-products generated 1.77 45.6% of total input
Material losses 0.03 < 1% of output
Total added-value products 
output (breakdown per input 
type reported below)
Sawnwood (C) 0.96 24.7% of total output
Sawnwood (BL) 0.52 13.4% of total output
Veneer 0.16 4.1% of total output
Plywood 0.44 11.3% of total output
Total production output 2.08 Sum of all added 

value output products
Imports (sawnwood, veneer and 
plywood)

5.53 Higher than domestic 
production

Exports (sawnwood, veneer and 
plywood)

0.77 Limited relative to 
imports

Apparent consumption (sawn-
wood, veneer and plywood)

6.84 Production + imports 
- exports

Net imports 4.76 Imports - exports
Import dependency rate (%) 69.9 Net imports/apparent 

consumption
Share of domestic production 
(%)

30.4 Production/apparent 
consumption

Table 3  Summary of material flows in the wood-based panel industry 
(2018)
Category Value 

(Mm3(f))
Description

Total wood input
(breakdown per input type 
reported below)

6.67 Includes industrial 
roundwood, recycled 
wood, by-product and 
transformation residues

Industrial roundwood 1.29 19.3% of total input
Recycled wood 4.41 66.1% of total input
Sawmilling by-products 0.22 3.3% of total input
Transformation residues 0.75 11.3% of total input
By-products generated 1.70 25.5% of total input 

(reused within the 
same processes)

Panel output
(breakdown per output type 
reported below)
Particleboards 3.46 51.9% of total output
MDF/HDF 1.33 19.9% of total output
Other panels 0.18 2.7% of total output
Total production output 4.97 Sum of all panels 

output products
Imports (particleboards, 
MDF/HDF panels, and other 
panels)

2.84 57.1% of domestic 
production

Exports (particleboards, 
MDF/HDF panels, and other 
panels)

1.10 Lower than imports

Apparent consumption 6.71 Production + imports 
- exports

Net imports 1.74 Imports - exports
Import dependency rate (%) 25.9 Net imports/apparent 

consumption
Share of domestic produc-
tion (%)

74.1 Production/apparent 
consumption

Recycling rate (%) 66.1 Recycled wood/total 
wood input
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generated, representing about 22.5% of total semi-finished 
products’ inputs. When accounting also for imports (1.46 
Mm3(f)) and exports (1.85 Mm3(f)), the domestic consump-
tion of final wood products amounts to 10.10 Mm3(f).

Final use products also include paper-based products, 
with a total apparent consumption estimated at 18.18 
Mm3(f), which undergoes further processing to produce 
16.25 Mm3(f) of processed paper and paperboard products. 
The processing generates 1.93 Mm3(f) of transformation 
residues, equivalent to about 10.6% of inputs. Trade plays 
an important role: imports of processed paper and paper-
board accounts for 7.75 Mm3(f), while exports amount to 
7.47 Mm3(f). After accounting also for trade flows, the total 
domestic consumption of processed paper and paperboard 
amounts to 14.53 Mm3(f) (Table 6).

A detailed breakdown of the relative contributions of 
domestic primary wood, net trade, and recycled material 
across the main system and sectoral levels is presented in 
Figure S1 within Supplementary Materials.

Table 4  Summary of material flows in the pulp and paper industry 
(2018)
Category Value 

(Mm3(f))
Description

Total wood input for pulp
(breakdown per input type 
reported below)

1.02 Includes all feedstock

Industrial roundwood 0.84 82.4% of total input
Sawmilling by-products 0.13 12.7% of total input
Transformation residues 0.05 4.9% of total input
By-products generated (mostly 
energy use)

0.27 95.0% used for energy 
(e.g., black liquor)

Total pulp output
(breakdown per output type 
reported below)
Chemical wood pulp produced 0.04 3.9% of total output
Mechanical/semi-chemical 
wood pulp

0.71 69.6% of total output

Total production pulp output 0.75 Sum of all pulp output 
products

Recycled paper input 8.74 6.18 consumed
Import 0.69
Export 3.25
Recycled pulp output 5.19 Adjusted via conver-

sion coefficient
Recycled pulp losses 0.99 Other additives (e.g., 

fillers)
Recycled pulp consumption 5.20 After 0.01 imports
Non-fibrous material input 2.64 Used in paper 

production
Total input to paper production 15.30 Chemical + recycled 

pulp + additives
Total production of paper and 
paperboard output

14.54 Sum of all paper and 
paperboard output 
products

Paper production losses 0.76 5.0% of total input
Imports (paper and 
paperboard)

8.44

Exports (paper and 
paperboard)

5.16

Total losses 1.76 Includes all pulp, 
paper, and recycled 
material losses

Apparent consumption (paper 
and paperboard)

17.82 Production + imports 
- exports

Net imports (paper and 
paperboard)

3.28 Imports - exports

Import dependency rate (%) 18.4 Net imports/apparent 
consumption

Share of domestic production 
(%)

81.6 Production/apparent 
consumption

Recycling rate (%) 57.1 Recycled paper/
total input to paper 
production

Table 5  Summary of material flows in the bioenergy sector (2018)
Category Value 

(Mm3(f))
Description

Total wood input for 
bioenergy
(breakdown per input type 
reported below)

36.24

Direct fuelwood removals 
from forest

15.01 41.4% of total inputs 
(Including exports 0.02)

Non-forest self-produced 
firewood

9.05 25.0% of total inputs; 
from areas outside forests

By-products (sawmilling, 
panel)

2.88 7.9% of total input; 
secondary sources

Black liquor 0.26 0.7% of total inputs; by-
products of pulping

Transformation residues 
(wood sector)

1.95 5.4% of total input

Transformation residues 
(paper sector)

0.22 0.6% of total input

Net import (import-export) 6.87 18.9% of total inputs; 
wood Products for energy

Total bioenergy 
consumption
(breakdown per consump-
tion type reported below)

36.24 Sum of household, 
district heating & CHP, 
power plants

Household & commercial 
heating

27.29 75.3% of total consump-
tion; self-produced + pro-
cured firewood

District heating & CHP 5.38 14.8% of total 
consumption

Energy power plants 3.57 9.9% of total 
consumption

Import dependency rate (%) 18.9 Net imports/total 
consumption

Share of forest-based sup-
ply (%)

41.4 Direct fuelwood remov-
als/total consumption

Share of non-forest supply 25.0 Wood from outside 
forests

Share of secondary sources 
(%)

14.6 By-products + transfor-
mation residues + black 
liquor
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3.1.2  Model robustness and sensitivity

Results of the model robustness and sensitivity analysis are 
reported below, differentiating between univariate and mul-
tivariate analysis.

Univariate sensitivity analysis: Table S6 in the Supple-
mentary Material summarizes the results of the univariate 
sensitivity analysis. An increase in sawnwood (BL) produc-
tion leads to proportional rises in by-product generation (up 

to + 30%) and industrial roundwood inputs (up to + 14%), 
while imports declined by 18%. This reflects the internal 
structure of the model, where apparent consumption is kept 
constant and changes in domestic production are balanced 
through adjustments in trade flows.

As sawnwood production increases, additional input 
demand is first met by mobilizing domestic industrial 
roundwood and by-products, reducing the need for imported 
roundwood. The increased availability of by-products (e.g., 
wood residues, wood chips and particles) results in a slight 
reduction in fuelwood removals (−1%). When sawnwood 
(BL) production decreases, by-products drop (up to −29%), 
imports rise (up to + 18%), and industrial roundwood 
removals decline (−14%), while fuelwood removals slightly 
increase (+ 1%).

Similar patterns are observed for sawnwood (C). Higher 
production increases by-products (up to + 30%) and indus-
trial roundwood removals (up to + 24%), while imports 
decrease (up to −8%). Conversely, reductions in production 
lowers by-products and industrial roundwood removals, 
while imports increase.

As household wood for energy demand increases from 
+ 10% up to + 100% relative to the baseline, roundwood 
removals from forests increase progressively by + 0.2% to 
+ 105.8%, while the share of wood sourced from non-forest 
areas (other sources) increases by + 0.2% to + 99.9%.

Multivariate sensitivity analysis: In addition to univariate 
sensitivity analysis, multivariate sensitivity analysis is per-
formed to assess the system’s response to changes in energy 
demand and industrial production. Household and com-
mercial energy consumption is increased from + 10% up to 
+ 100% of the baseline to evaluate the system’s response in 
terms of sourcing wood from roundwood inputs for wood 
value chain in forests and non-forest areas. This analysis is 
designed to assess the system’s capacity to meet rising fuel-
wood demand while remaining within the sustainable limits 
of forest increment, thereby identifying the maximum fea-
sible level of fuelwood removals that the forest can support 
without exceeding its ecological potential.

Furthermore, two production scenarios are tested. In the 
first scenario, the production of sawnwood (BL and C) is 
increased by 10% to assess the system’s response in terms 
of fuelwood and industrial roundwood removals, as well as 
by-products generation. In the second scenario, the produc-
tion of veneer and plywood is increased by 10%, with the 
same output variables evaluated. The outcomes of the sen-
sitivity runs are analyzed across multiple simulation itera-
tions. Percentile range (100%) are examined to quantify the 
variation in outputs and to identify thresholds where the sys-
tem exhibits higher sensitivity.

The multivariate sensitivity analysis shows different sys-
tem responses depending on the product tested (Table S7 

Table 6  Summary of material flows in the final use of wood and paper 
products (2018)
Category Value 

(Mm3(f))
Description

Total semi-finished wood 
products inputs
(breakdown per input type 
reported below)

13.54 Sawnwood, veneer 
& plywood, panels.

Finished building outputs 2.90 21.4% of total input
Imports (building) 0.81
Exports (building) 0.43
Finished furniture outputs 4.93 36.4% of total input
Imports (furniture) 0.16
Exports (furniture) 1.14
Finished wood packaging 
outputs

1.90 14.0% of total input

Imports (wood packaging) 0.41
Exports (wood packaging) 0.26
Finished other uses outputs 0.76 5.6% of total input
Imports (other uses) 0.08
Exports (other uses) 0.02
Total transformation residues 3.05 22.5% of total input
Total consumption of final 
wood products

10.10

Total imports of final wood 
products

1.46

Total exports of final wood 
products

1.85

Paper and paperboard 
consumption domestic 
consumption

18.18 Before processing

Net imports −0.39 Imports - exports
Import dependency rate (%) −3.9 Net imports/appar-

ent consumption
Share of domestic production 
(%)

103.9 Production/appar-
ent consumption

Processed paper products 16.25
Transformation residues 
(paper)

1.93

Import of processed paper 5.75
Export of processed paper 7.47
Domestic consumption (pro-
cessed paper)

14.53

Net imports (processed paper) −1.72 Imports - exports
Import dependency rate (%) −11.8 Net imports/

consumption
Share of domestic production 
(%)

111.8 Production/
consumption
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in the Supplementary Material). A 10% increase in sawn-
wood (BL and C) leads to higher generation of industrial 
by-products. In the model, 67.0% of these by-products are 
used for energy generation. This increased availability of 
energy residues partially offsets the demand for fuelwood 
from forest resources, leading to a slight reduction in fuel-
wood removals (−0.7% to −0.1% relative to the baseline). 
At the same time, industrial roundwood removals increase 
significantly (from + 1.6% to + 11.6%).

In contrast, a 10% increase in veneer and plywood pro-
duction generates more limited system-wide effects. Veneer 
and plywood production also produces industrial by-prod-
ucts, but the volume of by-products generated is smaller. 
As a result, the additional residues available for energy use 
only marginally influence by demand for fuelwood, leading 
to negligible changes in fuelwood removals (+ 0.2% rela-
tive to the baseline). At the same time, industrial roundwood 
removals increase modestly (between + 0.5% and + 3.9%), 
reflecting the additional raw material required for veneer 
and plywood production.

3.2  Discussion

In this section, results are discussed with a focus on the vali-
dation of the model outputs (3.2.1) first and then on policy 
and practical implications (3.2.2). Finally, research limita-
tions and future needs (3.2.3) are considered.

3.2.1  Validation of model outputs

Domestic forest removals are estimated at approximately 
17.22 Mm3(f). This value is 32% higher than the data on 
roundwood production provided by FAO (2025) and nearly 
doubles the figures reported by Eurostat (2025). The dis-
crepancy reflects methodological differences between offi-
cial statistic and the accounting framework used in this 
study. The ILEX model adopts a mix (i.e., bottom-up and 
top-down) approach and integrates additional flows associ-
ated with wood value chain, such as self-consumed firewood 
and biomass used in household and commercial heating sys-
tems, which are only partially captured in official statistics. 
Previous studies have highlighted that wood removals in 
Italy may be systematically underestimated (Pettenella et 
al. 2021), due to the complexity of data collection involv-
ing 21 different regional forest authorities (Marongiu and 
Gismondi 2018). The model also estimates the role of trees 
outside forests that cover about one-fourth of the bioenergy 
consumption but remain difficult to capture statistically as 
they are mostly used for self-consumption.

The model confirms that forest-sourced materials only 
play a marginal role in supplying Italy’s domestic industrial 
value chain, highlighting the structurally weak role of the 

national primary processing industry. In 2018, only 2.22 
Mm3(f) of the 17.26 Mm3(f) wood inputs originated from 
industrial roundwood (12.9%), highlighting the limited 
contribution of domestic forests to industrial supply. The 
country has a limited number of sawmills and pulp mills 
compared to the size and dynamism of its secondary wood-
processing sector, such as furniture and packaging (ISTAT, 
2018b). As a result, most raw materials for industrial pro-
duction rely heavily on imports of semi-finished materials 
(e.g., sawnwood, wood pulp) and on recycled inputs, espe-
cially in panel manufacturing. While this dependance on 
imports reduces the direct pressure on domestic forests, it 
also creates a disconnect between domestic forest resources 
and downstream industrial activities, leading to rigid and 
relatively low levels of forest removals. Limited levels of 
wood mobilization are confirmed by official statistics: on 
average 33.0% of the net annual increment of wood in Ital-
ian forests is removed by logging (MIPAAFT, 2019); this is 
about half of the EU average (66.0%) reported by Eurostat 
(2024). According to our estimations, only 27.3% of product 
demand is met by domestic production, while 72.7% comes 
from import. Just 36.5% of raw material inputs for the 
value-added products originates from domestic industrial 
roundwood removals, compared to 63.5% from imported 
industrial roundwood. Overall, this means that about 90.0% 
of added-value products consumed in Italy rely on imported 
wood, either directly or indirectly. This heavy reliance on 
external supply chains underscores vulnerabilities related 
to market fluctuations and might expose to risks associated 
to imports from countries facing forest degradation and 
deforestation.

Recycled wood plays a strategic role in several industrial 
sectors, especially panel production, where recycled materi-
als inputs accounts for a larger share than virgin wood inputs 
(Mariani 2023). Recycled paper also represents a significant 
share of input in paper production. By quantifying these 
flows, the model confirms that the Italian wood-based sector 
relies heavily on recycled materials to compensate for the 
structural weakness of its primary processing industry. This 
robust implementation of circular practices has enhanced 
resilience to fluctuations in virgin wood availability, as pre-
viously reported by the JRC (2021); Symbola Foundation 
(2021). However, it may also limit the development of cas-
cading uses and higher-value biorefinery and green chemis-
try activities, as these sectors typically require high-quality, 
uncontaminated fresh fibres than post-consumer recovered 
wood due to chemical degradation and impurities intro-
duced during recycling (Abouelela et al. 2020; Carus and 
Dammer 2018).

The results of the univariate sensitivity analyses high-
light the model’s internal consistency and the role of cas-
cade use of raw materials. Specifically, the increase in 
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processing activity not only generates more by-products 
but also reduces reliance on forest-based fuelwood remov-
als, since residues from sawnwood can substitute part of the 
energy demand.

The sensitivity analysis on household and commercial 
energy demand demonstrates the significant implications 
of rising fuelwood consumption for forest resource sustain-
ability. By testing the increase in household and commercial 
bioenergy consumption up to the annual forest increment 
limit, the analysis reveals that fuelwood consumption could 
more than double before threatening ecological forest sus-
tainability, as only beyond this point would removals sur-
pass the mean annual increment.

The multivariate sensitivity analysis further emphasizes 
the differentiated impacts of product categories on forest 
resources. Sawnwood production (BL and C) exerts stron-
ger pressure on industrial roundwood removals, while also 
slightly reducing fuelwood demand through increased by-
products availability. In contrast, veneer and plywood pro-
duction shows minor effects on both fuelwood and industrial 
roundwood removals, underscoring their relatively smaller 
role in shaping forest resource flows.

All in all, these findings suggest that industrial round-
wood consumption, by generating by-products, can partially 
compensate for fuelwood demand while encouraging wood 
mobilization from forests and enhancing cascading use. 
This reinforces the importance of adopting a circular bio-
economy approach supported by active forest management, 
where material and energy uses are integrated to maximize 
resource efficiency while remaining within ecological lim-
its. The National Forestry Accounting Plan establishes a 
reference level of approximately 19.66 million tons CO2 
equivalent stored per year (2020–2025) and suggests that 
forest harvest rates could sustainably rise to 40–45% of the 
annual increment under active management compared to 
the current estimated 33.0% without compromising carbon 
storage (MIPAAFT, 2019). The sensitivity analysis does not 
explicitly account for carbon stock dynamics. However, its 
results are consistent with sustainability thresholds, sug-
gests that there is room to expand forest biomass utilization 
without compromising Italy’s carbon sink commitments. 
This remains valid as long as harvest levels stay within the 
limits established by the Consolidated Forestry Act (Article 
6, paragraph 3).

3.2.2  Policy and practical implications

The model offers valuable insights for policymakers, prac-
titioners and industry stakeholders seeking to improve 
resource efficiency and promote wood use. At a first glance, 
our results show that cascading practices are already present 
and advanced within the Italian wood value chain, supported 

by the reuse of industrial by-products and recycled materi-
als across multiple processing stages. While recycling prac-
tices have been historically introduced to address the limited 
amount of domestic wood resources in the past decades (in 
particular after World War II and then with the industrial 
boom in the sixties), they continue to contribute to improv-
ing resource efficiency and reducing material losses within 
the sector. This has also favored the development of spe-
cialized industrial technologies and know-how: still today 
Italy is by far the European country using more recycled 
wood inputs for particleboard production (EPF, 2019). The 
emphasis on efficient resource use and circular bioeconomy 
emerged in recent times has further contributed to boost 
recovery and recycling practices (Mancini 2025). However, 
further opportunities remain to strengthen cascading use and 
enhance the valorization of wood residues across additional 
industrial applications within the wood panel and paper sec-
tors and beyond (Mariani 2023; Stegmann et al. 2020).

This seems also to confirm Italy’s strategic role in the 
transition towards a circular bioeconomy, as outlined in 
both national and EU-level policies. However, despite a 
strong implementation of the cascading use, there remains 
substantial potential to further improve material loops and 
move toward more complete circularity. In fact, the updated 
Italian Bioeconomy Strategy (BIT II) EC (2019), and its 
implementation Action Plan 2024 NBCB (2024) highlight 
the importance of biomass valorization and the integration 
of industrial by-products into new value chains. However, 
regarding the integration of industrial by-products into 
innovative production chains it should be noted that the Ital-
ian wood sector still appears to be lagging, as production 
related to green chemistry remains rather limited.

The model does not directly evaluate policy measures, 
but the results provide insights into how targeted measures 
such as incentives for secondary material markets, support 
for residue collection infrastructure, and alignment with cir-
cular bioeconomy strategies can significantly strengthen the 
sustainability of Italy’s forest-based sectors.

Research findings can contribute to address the broader 
EU bioeconomy-oriented policies including the EU Bio-
economy strategy (EC, 2025), which also aims to strengthen 
multifunctional, climate-resilient forests aligned with the 
European Green Deal, promoting ecosystem service pay-
ments, carbon farming, and certification of carbon removal 
schemes (EC, 2021). As for Italy, our results indicate that 
active forest management, which is essential to ensure the 
valorization of ecosystem services, remains limited due to 
the weak connection with the rest of the value chain. In this 
perspective, the Italian National Forest Program, particu-
larly Action B.3, that aims to promote the development of 
local forest-based supply chains by enhancing the utiliza-
tion and valorization of domestic wood within a circular 
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bioeconomy framework, can represent an important policy 
instrument (MASAF, 2022) and would need specific mea-
sures for its enforcement and implementation. This need to 
reactivate local supply chains, and consequently to promote 
active forest management, can be fully aligned with the 
spirit of the EU Carbon Removal Certification Framework 
(CRCF) Regulation (EC, 2022, 2024a), which supports rec-
ognition of carbon farming practices, including sustainable 
forest management. With regard to the CRCF, the model also 
provides initial guidance on estimating the carbon stored in 
long-lived harvested wood products, which represents one 
of the activities included in the Regulation to enhance car-
bon storage (EC, 2024a, 2024b). To support national value 
chains, and a transition to bio-based value chain, the Devel-
opment and Cohesion Plan (Agenzia Coesione, 2017), and 
the integration of different funds, like the European Social 
Fund and resources channeled via other EU-wide programs, 
like LIFE and Horizon, can play a key role.

In addition, the model’s estimated hidden flows, as well 
as the product allocation across final-use sectors. It thus con-
tributes to data transparency, that is a critical requirement 
considered by the EU’s New Forest Strategy for 2030. The 
Strategy explicitly identifies major shortcomings in current 
forest information systems, including fragmented monitor-
ing frameworks, lack of interoperability between different 
sector (EC, 2021).

3.2.3  Limitations and future research needs

Despite our efforts in making the model as robust and reli-
able as possible, and despite the validation activities we 
performed, some limitations must be acknowledged. First, 
the model largely depends on international datasets which 
may vary in completeness and accuracy. Second, assump-
tions around conversion factors, recovery rates, and sectoral 
allocation may introduce uncertainties that could affect 
the precision of certain outputs. Third, hidden flows such 
as unreported consumption or stock changes at the house-
hold or enterprise level are difficult to capture without more 
detailed primary data.

Additionally, the model assumes that all materials pro-
duced are used within the same year, neglecting the lag 
effects due to e.g. changes in storage, delayed use, or grad-
ual stock accumulation over time. This simplification may 
overlook important temporal dynamics in wood products 
use and waste generation.

Another limitation relates to the demand-driven struc-
ture of the model. The model estimates roundwood demand 
based on industrial production and energy consumption and 
reconstructs the corresponding removals required to satisfy 
this demand in combination with trade flows. However, 
this approach does not explicitly represent the biophysical 

limits of forest resources, such as constraints related to for-
est increment, accessibility of forest stands, or sustainable 
harvesting thresholds. Possible model improvements might 
consist of linking to forest growth and management models 
tailored to the Italian context.

Future research efforts will concentrate on turning the 
model dynamic to explore different future scenarios and 
assess impacts of different policies and management deci-
sions about forest and industrial management and possible 
developments on the market as well as demand/consump-
tion side. For future research, however, our study can pro-
vide some fundamental elements for the development of 
dynamics models.

4  Conclusion

This paper presents the first comprehensive mapping of 
wood flows across both upstream and downstream segments 
of Italy’s wood sector by integrating available data sources 
into a consistent framework. Using a system dynamics-based 
MFA model with harmonized units, we reconciled heteroge-
neous datasets and quantified associated uncertainties.

The model results refer to the reference year 2018, pro-
viding a detailed snapshot of the Italian wood value chain 
prior to a series of major disturbances that significantly 
affected both forest resource and industrial dynamics. In par-
ticular, the Vaia storm at the end of 2018, subsequent bark 
beetle outbreaks, the coronavirus disease 2019 (COVID-19) 
pandemic, and additional recent economic shocks have sub-
stantially altered wood availability, trade patterns, and sec-
toral performance. A forthcoming study extends the ILEX 
framework to a longer time series to capture these structural 
changes and their implications.

Despite some limitations, the study marks several novel 
contributions. It proposes a way to identify and quantify 
hidden flows within the wood value chains; it introduces 
final sector trade flows to complete the representation of the 
wood value chain; it explicitly models wood allocated to 
green chemistry and other emerging uses; it converts eco-
nomic values of final-use sectors into physical terms; and 
it offers a robust methodological approach for estimating 
bioenergy consumption and fuelwood removals from for-
est resources. Together, these advancements offer detailed, 
dynamic, and operational tools for understanding material 
flows and informing sectoral policy and planning in Italy.

Our results, based on the analysis of the developed 
model, reveals a trend that several previous studies and 
investigations, although fragmented and unsystematic, had 
already indicated: the Italian wood value chain is strongly 
dependent on imports, yet increasingly grounded in the con-
cept of cascading use, thanks to the reuse of by-products. 
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Secondary material flows play an important role in improv-
ing resource efficiency, particularly in panel manufacturing 
and paper production, where wood residues and recycled 
materials are widely reused within the Italian wood value 
chain. Although recycling and cascading practices are 
common across European wood value chains, Italy stands 
outs for its particularly high use of recycled wood inputs, 
especially post-consumer recovered wood in particleboard 
production. This characteristic reflects the long-standing 
adaptation of the Italian wood industry to limited domes-
tic forest resources and has contributed to the development 
of specialized industrial technologies and circular material 
practices within the sector.

At the same time, the analysis highlights a structural 
imbalance between domestic forest resources and down-
stream industrial activities. While recycling and cascading 
uses increase material efficiency by extending the use of 
wood materials, they should not be interpreted as an alterna-
tive to active forest management. Rather, these approaches 
represent complementary strategies. The Italian wood sec-
tor remains weakly connected to domestic forest resources 
and relies heavily on imports of semi-finished products. 
Strengthening local forest-based supply chains and promot-
ing sustainable forest management could therefore improve 
the resilience of the sector and enhance the integration 
between forest resources and industrial processing, while 
promoting local development opportunities.

The ILEX modelling framework developed in this 
study provides a structured basis for analysing wood mate-
rial flows, improving data transparency, and supporting 
evidence-based decision making in the transition toward a 
more resource-efficient forest-based bioeconomy.
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