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Abstract: Research Highlights: One of the priorities of the European Commission is to build up
an effective circular economy based on recycling and multiple use of materials. Wood biomass is
a renewable raw material and can be used several times in a cascading sequence. Each country
has a unique situation regarding the availability and utilization of wood sources. Background and
Objectives: The objective of this study was to analyze wood flow in the Czech Republic using the
cascading principle of biomass use. The specific situation in the Czech Republic lies in a lack of
valid and reliable input data from official statistics. Therefore, the reverse input method was applied.
Materials and Methods: Input data analyses of roundwood sources and foreign trade were based on
official statistical data. The calculation of raw wood volume consumption in primary processing was
performed based on the data after our own correction and recalculation. It was then possible to build
up a basic model of multi-stage cascade wood use. The input volume of roundwood was divided
among all types of primary processing production using conversion factors. Results: Cascading use
of wood (CUW) showed the level of efficiency of the resource. Official statistical input data and the
reversed input data regarding raw wood volume entering wood processing revealed differences at a
level of 27%. The overall CUW in the Czech Republic indicates a high rate of wood use in primary
processing with low added value and in generating energy. Conclusions: The reverse input method
reveals the real situation of wood consumption irrespective of the level of official statistical data. It is
suitable to apply in an environment of incomplete or incorrect input data. CUW in Czechia showed
an opportunity for increasing the efficiency of wood utilization. The structure of wood use needs to
be optimized towards creating greater added value.

Keywords: wood flow; reverse input method; cascade use; forest-based sector

1. Introduction

Wood as a renewable natural resource can be a sustainable resource and can contribute to the
development of the circular economy and bio-economy. The circular economy represents the principle
of material flow management including many kinds of resources and their use in multiple contexts.
The bio-economy approach is focused on bio-based products and innovative production processes [1,2].

According to many experts, raw materials such as wood biomass should be used several times in
a cascading sequence of material use as efficiently as possible [3]. The availability of sufficient volume
and appropriate wood raw material quality for primary processing is one of the basic conditions
for the successful investment and operation of wood-processing capacities. Knowledge about total
wood production and especially the structure of the produced wood enables the better assessment of
operational, technological, and business risks. Material flow analysis is a well-established method
that provides a useful tool to be used as the basis of a transition process towards improved wood
flows and can contribute to sustainable forest management [3,4]. Material flow analysis supports the
understanding of sustainable production and consumption by providing insight into material flows.
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A method called streams for analyzing wood material flows was suggested by Hekkert et al. [5] and
was tested in the Netherlands. The method is based on official statistical data available from so-called
supply and use tables.

The approach to wood flow and its interpretation permits several ways of achieving a balanced
outcome, and is best captured in the work of Mantau [6-8], who applied a cascading approach.
This approach is simple, clear, and effective in the demonstration of the transformation of primary wood
sources into products and of the co-production used for further types of processing or consumption.
It is possible to identify the strengths and weaknesses of processing and carry out optimizations so
that the wood flow can bring the greatest potential.

Different definitions of cascading use can be found in the existing literature [9-14]. The scientific
pioneers of the concept, Sirkin and ten Heuten [9], describe cascading use as a complex interaction of
material flows and utilization in different flows in different use phases and different cascade chains.
Concepts describing the use of a resource in multiple phases over a specific time interval have been
presented in many other theoretical and empirical studies [15-19]. The German federal environment
agency’s glossary of key terms relating to resource conservation defines the cascading principle as a
strategy for using raw materials or the products made from them in chronologically sequential steps
as long, as often, and as efficiently as possible for materials and only to recover energy from them at
the end of the product life cycle [12]. It is based on the use of so-called “cascades of use” that flow
from higher levels of the value chain down to lower levels, increasing the productivity of the raw
material [11]. Carus [10] defined a difference in the terms “single-stage” and “multi-stage” cascading:
“Cascading use takes place when biomass is processed into a bio-based final product and this final
product is used at least once more either as a material or for energy production. Cascading use of
biomass is described as single-stage when the bio-based final product is used directly for energy
production. Cascading use of biomass is described as multistage when biomass is processed into a
bio-based final product and this final product is used at least once more as a material. It is only after at
least two uses as a material that energy use is permitted.” Biomass should be used for energy only
at the end of the material life cycle; a direct energy use of biomass without prior material use is not
considered a cascading use [11]. An example of cascading wood use is presented in Figure 1.
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Figure 1. Cascading use of wood. Source: https://mobil. wwf.de/fileadmin/fm-wwf/Publikationen-PD
F/Infographic_One_simple_example_of_cascading_use_of_wood.pdf.
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According to Vis et al. [14], cascading use is defined as the efficient utilization of resources by
using residue and recycled materials for material use to extend total biomass availability within a
given system. Cascading at the market level can be evaluated through wood flow analysis.

The cascading principle was analyzed by presenting the utilization of wood resources in particular
European countries: in Germany by Carus et al. [15] and Tashkiri [20], in Finland by Sokka et al. [21]
and Salmi et al. [22], in France by Lenglet et al. [23] and Martire [24], in Switzerland by Binder [4],
and in Austria by Hoher et al. [25].

The cascade use of biomass has strong and complex links with existing methodology and policy
strategies such as resource efficiency, bio-economy, the circular economy, and as an independent
strategy in isolation is unlikely to be rewarding [2]. Several studies [13,16,19,26] have analyzed the
policy framework promoting the cascading use of wood. The studies came to the conclusion that for
the effective development of the cascading use concept, a harmonization of legislative measures by
collecting input data regarding the availability and utility of resources is necessary. Further developing
standardized methods for material classification, data acquisition, and processing is needed to provide
complete and accurate input data.

Wood flow and its structure give basic information about the available raw materials for each
type of processing; however, this is the case only if information is available about wood production
structure. Otherwise, it is necessary to conduct an inverted procedure and reconstruct the wood flow
based on the production of primary processing.

A different approach would need to be applied when there are no reliable or complete data
on wood sources and their utilization. One example is the method applied by Latta et al. [27] that
examines the models implemented and their mutual relation to express the balance between wood
sources and their utilization. However, this approach can be used on an international level only with
the modification and supplementation of the methods used for national or local levels. A chart of
models and procedures demonstrating wood supply linkages is shown in Figure 2.
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A practical starting point for eliminating the problems of uncertainty (validity and availability) of
the data needed for each wood flow model is the application of the approach described by DZzubur
et al. [28]. Mathematical approaches are applied to fill in missing data based on a set of variables
and their dependency functions when using roundwood at various levels of consumption with the
help of fuzzy logic. A possibility framework for data reconciliation in material flow analysis was
developed and applied to a case study on wood flows in Austria. This approach eliminates the need
for the demanding, and often impossible, detection of accurate data. However, it requires a complete
model description of wood sources as well as their consumption. It also demands the most accurate
conversion factors for the material use of roundwood in different products and energy transformation.

Lenglet et al. [23] applied a similar approach to Mantau’s for material flow in the context of climate
change policy and energy transformation for the use of wood for energy purposes, and described
wood flow in France. Even in this work, he criticized the need to systematize conversion units and
consumption factors within the flow of material for each product and raw material in relation to the
technology applied, because otherwise, it is necessary to allow certain limitations or use mathematical
statistical methods. He proposed relying on the MFA—Material Flow Analysis framework depicted
by Courtonne et al. [29], which uses wood fiber equivalent as a basic accounting unit. Wood fiber
equivalent is the volume of wood fibers that are contained in the product at the fiber saturation
point [30]. Data quality is assessed either by directly retrieving precision indicators from statistical
sources, or, in most cases, by expert judgments based on the way that the data are built [23].

Cencic and Rechberger [31] solved the problem of lack of available input data by using the
data reconciliation technique of a specific conversion factor calculated depending on the primary
measurement unit for each wood-based product (e.g., fiber board, plywood, and pulp).

Martire [24], in his study conducted in the French region, developed a holistic assessment
method to support the forest-based sector. His presented method is suitable for dealing with the
competitive use of biomass, allowing the estimation of its positive impacts and the potential trade-offs
for existing business.

To achieve a representability of wood flow in Austria, Hoher et al. [25] used conversion factors for
wood fuel assortments because the gained input data from the Timber Felling Report (TFR) and from
imports do not include the share originating from further wood processing. To include uncertainties
and interdependencies between stages of the wood supply chain and resource constraints, a simulation
model of wood supply chains was developed and presented in the study of Mobini et al. [32]. The model
showed the values of particular types of costs in the wood supply chain.

While the wood flow and cascade use issue has been examined in many countries, in the Czech
Republic sufficient attention has not been paid to the analysis of cascade wood use. Few authors have
dealt with wood sources and their determination. Kup¢dk and Pek [33] in their work focused on wood
source balance and pointed to its minimal level of use based on the available official data sources
(the Ministry of Agriculture and the Ministry of Industry). However, the official data are not accurate
and relying on them for analysis would not provide correct results. The methodology of statistical data
collection has several limitations. Incomplete input data cause more complications than in countries
with more precise data collection, for example the USA.

This paper deals with the determination of wood source availability and utilization in the Czech
Republic. The objective of our research was to analyze wood flows based on the cascading use of
wood. To meet this objective, the problem of incomplete input data had to be solved. The input data
regarding raw wood volume entering primary wood processing had to be corrected and recalculated.
Some limitations inhibiting a more accurate expression of wood flow were able to be mitigated in the
application of the reverse input method. The reverse input method is based on data obtained from
wood processing companies concerning raw wood consumption.
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2. Materials and Methods

The proposal to examine the cascade use of wood sources required several input analyses.
The framework for the methodology of input data processing for wood flow detection is defined
as follows:

e  Sources of roundwood (forest biomass): the analysis of available data sources and evaluation of the
general processing potential of individual categories of available wood. The source of information
is the Green Report of the Ministry of Agriculture (MA) [34] and statistical data from the Czech
Statistical Office (CSO) for forestry [35]. During the analysis, limitations and additional values
were identified to gain a comprehensive conception of wood supplies for domestic processing.

e  Wood import and export (foreign trade balance): the analysis of roundwood export and import for
determining the volume in the wood flow processing focused on the overall trend in identifiable
products (at least on the level of roundwood products) according to the Ministry of Agriculture
and the CSO. Foreign trade data published by the Ministry of Agriculture were based on the data
issued by the CSO. Foreign trade data were obtained from two systems, Intrastat and Extrastat [36].
In the Intrastat report, the data were gained directly from companies (importing and exporting) in
connection with data about value added tax (VAT) and trade with European Union (EU) countries.
The remaining part of the foreign trade realized, mainly with non-European Union countries,
is still subject to common customs procedures. Customs declarations (single administrative
documents) were a source of statistical data for the Extrastat report. To analyze the wood flow
of domestic processing, it was necessary to know how much wood was exported, what kind
of species and qualities were exported, and what trends were developing regarding exports.
The same questions apply to the roundwood import analysis.

e  Determination of the wood volume entering primary industrial processing without further
distinction in energy production and consumption: raw wood volume consumption was calculated
as wood production minus export and plus import. This was reported in the statistical report of
the Ministry of Agriculture elaborated by the Czech Statistical Office.

e Data corrections. This study worked with the limited official data sources concerning the input
of roundwood. This is the main weakness of all known approaches for wood flow monitoring
at the national and transregional levels because it is not possible to apply an active and deep
method of wood consumption identification. Mathematical-statistical calculations were part of
data processing and these compensated for loss of information as a consequence of non-response
and the implementation of statistical thresholds. In the foreign trade section, the volume of wood
export and import in the correction of non-conformities was identified.

Based on the information and corrected data regarding wood production, import, and export,
as well as essential knowledge about primary wood processing, it was possible to build up a basic
model of cascade wood use, which is composed of input roundwood volume calculated from wood
production, deducting fuelwood and export and adding import. This volume is divided into all
types of primary processing production and is gradually complemented with other sources such as
woodchips, sawdust, particles, and bark. Generally, it is possible to express this procedure as a process
where it is necessary:

1. to find out the types of primary wood processing;

2. to assign the individual types of processing to the average values of the disintegration of the
material balance of the yield of 1 m® of input wood (conversion factors);

3. to determine the production volumes of individual types of processing;

4. todetermine the production structure and consumption of byproducts within one type of primary
processing and between different types of processing (cascade).

The identified primary processing segments, according to the wood flow analysis, were wood
impregnation, coniferous roundwood (SW), deciduous roundwood, veneer, coniferous plywood,
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deciduous plywood, oriented strand boards (OSB), particleboards, medium-density fiberboard
(MDF) (in joint production with particleboards and coniferous SW), pulp, and energy production.
These primary processing segments are key segments of the forest industry where roundwood enters
various products. In terms of total volume, primary processing segments of the furniture industry
(apart from veneer) and wood construction from saw logs using roundwood directly were excluded,
because it was very difficult to identify roundwood consumption and this presents only a small part of
total wood consumption in these cases.

The conversion factors for assigning the material utilization of raw wood to individual types of
processing were used as in Table 1 [37].

Table 1. Material utilization of raw wood for different manufacturing in the Czech Republic.

Product Raw Wood Use/m? of Product
Softwood lumber 1.72 m3
Hardwood lumber 1.88 m>
Impregnation 1.07 m®
Softwood plywood 1.81 m3
Hardwood plywood 243 m3
Veneer 2.04 m3
OSB 1.61 m3
MDF 1.63 m3
Pulp 4.85m3
Particleboard 1.53 m3

Source: [37]. Abbreviations: OSB, oriented strand boards; MDF, medium-density fiberboard.

Conversion factors were calculated as an average of values obtained on the basis of material
decomposition in production. The material decomposition of raw wood depends on the technological
procedures of individual processing types. It was calculated based on the sales of wood processing
companies and their product structure, and verified by surveying companies.

The data on wood sources, corrected and recalculated, can be used as an input for modeling the
flow of wood at the level of gross aggregates. This means that the separate flows of wood per product
and tree species are unable to be identified. At this level, there is a missing link between the details of
the wood supplies and foreign trade items, even if partial interconnection is possible. This principle
requires creating a database of roundwood processors and the typological orientation of the prevailing
production and applied technologies. All this information can be identified, sustained, and updated
in the long term. As a simple basis, we can use existing statistics and work describing the status of
primary processing in the Czech Republic. Such sources include the MPO and its Process Industry
Panorama, in which it is possible to identify gross statistics on performance according to the NACE
branch classification. It is also possible to use international statistics, in which the Czech Republic
participates and passes on the statistics processed per branch according to its own methodology.
To express real wood consumption through the application of the conversion factors of roundwood
into products, a reverse method has to be applied. This method allows for the determination of the
necessary wood volume input based on production data and the knowledge of the conversion of
roundwood into products. When applying this method, it is possible to express the wood volume
necessary for processing with a defined inaccuracy rate and determine the deviation from wood
production data.

Similarly, wood production per product was defined using calculation by means of a statistical
sample. These restrictions may be partially corrected by the application of the reverse calculation for
wood sources from the data of the forest industry processors. This means that from the known data of
the representative companies in primary processing, the necessary volume of wood that should be
accounted for in processing was calculated. This method requires a detailed analysis of the economic
values related to the transformation of the purchased material into the product. When applying this
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method, it is possible to express the wood volume necessary for processing with a defined inaccuracy
rate and determine the deviation from wood production data.

The study enhanced only primary wood processing and did not cover wood consumption
in industrial processing, i.e., it did not analyze wood flow for energy consumption or household
consumption, nor did it examine in detail wood consumption within the energy company production
of primary processing. This requires additional and demanding research into energy capacities
for the consumption of wood biomass. This segment of wood flow can be recorded but not
accurately quantified.

The limitation of the proposed cascade wood use model is the application of average production
prices, which are necessary for determining the physical volume of production in main and secondary
production so that the total sales are in relation to the structure of sales of products, materials and
own consumption.

3. Results

In this section, the results of the input analyses and overall wood flow in cascade use in the Czech
Republic are presented. The wood flow is based on data from the year 2016.

3.1. Results of Input Analyses

In terms of statistical monitoring, wood production presents a wood volume without bark gained
from a statistically restricted group of information providers. In the Czech Republic, forests up to
200 ha are excluded from this monitoring. According to the statistical data, the total production
volume of roundwood was 17,616,553 m>. Coniferous wood noticeably prevailed and approximately
9.8 million m? of logs had wide industrial utilization. There was a high proportion of fuelwood among
both deciduous and coniferous wood. The question is whether it this was idle wood for industrial
processing. For deciduous wood, fuelwood constituted up to 47% of the total volume delivered.

3 was not included

However, a volume of felling residue and forest chips of approximately 1.9 million m
in the total deliveries of roundwood.
The first part of the wood source analysis for wood flow in industrial processing identified the

following factors:

e roundwood production is reported only as a subset, and does not include all forest owners and
wood harvesting in a specified group of respondents;

e it provides no information on the supply of forest biomass and wood or forest residue and wood
chips produced in the forest;

e there is no statistical monitoring of bark volume from forest production;

e thereis a considerable difference between the statistical monitoring of wood production of the
Ministry of Agriculture and that of the National Forest Inventory (NFI; identifies average annual
production at the level of 21.83 million m? of wood).

The current official data about forest statistics do not allow the creation of an accurate impression
of wood flow in primary processing and do not give the necessary data for an energy consumption
assessment. The classification of wood products and their utilization in industrial processing is not
interconnected with the consumption of the primary processing sector. The estimated volume of
woodchips is 1.9 million m3, the volume of fuelwood reaches more than 2 million m3, and the addition
of wood from non-forest areas may give a total volume of up to 3.5 million m® of wood used in the
industrial or energy sector.

The analysis of roundwood export and import for the purpose of determining its volume in
wood flow processing focused on overall trends in the identifiable products, at least on the level of
roundwood products, according to the Ministry of Agriculture and the CSO. The data published in the
Forest Status Report for 2016 [34] represented a gross statistical expression. One of the most common
and frequently communicated problems of CSO data is their unreliability in values expressing technical
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units. Because the financial statement is related to VAT, it often happens that respondents do not pay
much attention to the accuracy of the values expressing the volume in the technical units. There is no
way forward other than to proceed with several corrections based on mathematical statistical methods.
This is why the Ministry of Agriculture has to use some methods to correct the basic data provided by
the CSO. However, these recalculations are made over the aggregation of the primary data.

3.2. Input Data Correction and Calculation

The corrected CSO database contains foreign trade statistical data corrected according to the
largest variation in the number of technical units. The CSO data correction algorithm is based on the
long-term average development of individual items and identifies the extremes of the reported values;
according to the weight and price values, it corrects the real values of the technical units. Subsequently,
the value of exports and imports is used according to the data corrected by its own methodology
(reverse-verifiable and readily corrected for more correct values). To monitor and evaluate foreign
trade properly, it is necessary to also use the authors” own procedure to remove apparent mistakes
(export cannot be higher than total production plus import). The application of limits or elimination of
the extremes in the primary data allows the capture of the greatest deviations and the recalculation of
the correct values based on the historical development of the products. Thus, more realistic values for
the detailed items can be obtained, providing better conclusions. The corrections for the year 2016 of
roundwood export ranged from 1,732,059 m? to 140,199 m3.

The wood deliveries for domestic processing are presented in Table 2, based on the corrected
database from the CSO. Raw wood consumption was calculated as wood production minus wood
volume exported plus wood volume imported. If the consumption of direct fuelwood not entering
primary processing is excluded (2,344,415 m3 ), the volume of input raw wood for primary processing
can be calculated as 11,781,197 mS.

Table 2. Raw wood consumption based on CSO corrected data in 2016.

Wood Production

in m3 Without Bark (incl,, Self-Production) Export Import Consumption
Coniferous and Deciduous Total 17,616,553 5,177,709 1,686,768 14,125,612
Saw logs 10,340,681
Of which Pulp 4,931,627
Fuelwood 2,344,245 195 25
Coniferous Total 15,923,807 5,034,094 1,486,316 12,376,029
Saw logs 9,868,837
Of which Pulp 4,504,892
Fuelwood 1,550,078
Deciduous Total 1,692,746 143,615 200,452 1,749,583
Saw logs 471,844
Of which Pulp 426,735
Fuelwood 794,167

Source: [35] and own calculations. Abbreviations: CSO, Czech Statistical Office.

In the official data of the CSO, only around 93.17% of wood production was reported, according to
published data by Matejicek [38]. It was therefore necessary to supplement the volume of wood
harvested from forests of under 200 ha. This is so far the only available data about the share of
forest owners. After applying a relative recalculation for the remaining 6.83% of area (1,291,414 m?),
the total wood production was 18,907,697 m3, which was a proportional increase considering the same
average harvesting per hectare, meaning wood consumption in the Czech Republic would then be
15,417,026 m3. This was divided by into even shares of deciduous and coniferous wood as with the
land above 200 ha. This meant that the total coniferous wood harvested would be 17.1 million m?

and for deciduous wood 1.82 million m3.

7

Bark volume should be added to this figure as the basic potential of material utilization. According to
Decree 84 on Forestry Planning in the Czech Republic, paragraph 7, part L [39], for coniferous trees the
coefficient for bark calculation was 0.90909 and for deciduous trees 0.86956. Therefore, 1,981,670 m> of
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bark production was obtained (where 1,709,132 m?> was coniferous and 272,538 m® was deciduous).
This volume needed to be corrected further on in the flow of processing; additional bark is obtained
from debarking saw logs as well as from pulpwood. The values of consumption and bark volume
are adjusted according to foreign trade balance as follows: the volume of the bark exported had to be
deducted and the volume of the bark of imported wood had to be added (adding the balance). The net
export of bark in the foreign trade wood balance was in the amount of 346,256 m>. This means that, in
total, 1,635,414 m> of bark entered the wood flow (bark consumption). The volume of fuelwood bark
still had to be deducted; this was in the amount of 294,236 m3, calculated as the difference of wood
harvested by all owners (18,907,967 m®) and the volume of wood of all owners without fuelwood
(16,391,873 m3). Thus, the volume of fuelwood was obtained and the volume of bark using the bark
coefficient 0.88306 was calculated. Accordingly, this did not enter the wood flow as a raw material.
Finally, the volume of bark in the raw material flow was calculated as 1,341,178 mS.

Fuelwood is not debarked. It was necessary to exclude from the wood balance the amount
of direct fuelwood that was immediately consumed and did not enter the total flow of industrial
processing. The fuelwood volume for 2016 was 2,344,245 m3. After recalculation for all forest owners,
the fuelwood volume would be 2,516,094 m3. By subtracting fuelwood from harvesting by all owners
(18,907,967 m3-2,516,094 m?), 16,391,873 m> of wood was obtained, and after the deduction of exports
and the addition of imports (—3,490,946 m3), the basic volume of delivered wood for processing in the
Czech Republic was obtained, which was 12,900,932 m?> without bark.

Therefore, 12,900,932 m® of wood without bark and 1,341,178 m> of bark entered consumption,
excluding fuelwood. However, it was also necessary to exclude or adopt a statement on the area
utilization of fuelwood outside industrial processing. Residue and woodchips in the amount of
1.9 million m3 (CSO) were additional input items.

To summarize, the final inputs were 12.9 million m3 of wood, 1.3 million m? of bark, and 1.9 million m
of biomass. There were 16.1 million m® raw materials in total entering wood processing (see Table 3).

3

Table 3. Wood production and consumption in 2016 after recalculation.

Raw Wood in m3 Total Coniferous Deciduous
Wood production (incl. self-production) [32] 17,616,553 15,923,807 1,692,746
Wood production by all owners 18,907,967 17,091,131 1,816,836
Bark 1,981,670 1,709,132 272,538
All owners with bark 20,889,637 18,800,263 2,089,374
Production by all without fuelwood with bark 16,391,873 15,427,422 964,451
Export 5,177,709 5,034,094 143,615
Import 1,686,763 1,486,315 200,452
Raw wood consumption without fuelwood and bark 12,900,932 11,879,644 1,021,288
Bark consumption without fuel bark 1,341,178
Residue and woodchips consumption 1,900,000
Total raw wood consumption 16,142,110

Source: own calculation based on data [35,39].

The second source of roundwood production entering wood processing comes from non-forest
areas. The only currently relevant data about wood production outside the forest can be taken
from the results of National Forest Inventory (NFI) II [40]. For forests there is a point estimation of
0.49 million m3/year (lower limit 0.40 million m3/year, upper limit 0.57 million m3/year). This volume
is mainly processed outside the industry. It must be distinguished between how much bark and
residue make it into the wood flow for material processing and how much into the wood flow for
energy processing. However, this requires separate analysis and data collection that are not directly
tracked at the moment.
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3.3. Cascade Use of Wood

A basic model of cascade wood use is composed of the basic roundwood volume calculated from
wood consumption, deducting fuelwood. This volume is divided into all types of primary processing
production and is gradually complemented with other sources such as woodchips, sawdust, particles,
and bark.

It is rather easy to find out the volume of wood sources for the individual segments in terms of
the market situation, where only a few companies are dominant and they are the only representatives
of the segment. The primary processing segments in the Czech Republic where it is possible to identify
all companies participating in roundwood consumption are veneer, plywood, OSB, particleboards,
MDF, and pulp. Due to the high concentration of sawn wood production, it is possible to identify more
than 50% of wood entering sawn wood processing and, in the case of other sawn wood processing
capacities, to carry out complementary identification to enable the creation of the converse coefficients
typical for the sector or apply the converse coefficients already created and applied in other studies [37].
The reverse approach can be applied to create a wood flow model for primary processing in the Czech
Republic. Production values from the company data were calculated for wood consumption in the
mutual cascade: see the chart in Figure 3.
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Figure 3. Chart of cascade wood use in the Czech Republic. * wood products for construction and art.
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The input data in the model of cascade wood use consist of a basic volume of raw wood calculated
from harvested wood separated from fuel wood and export, and with the import of wood added.
This volume is divided into all types of primary wood processing production and then it is gradually
supplemented with other sources such as woodchips, sawdust, and bark. The production segments
of primary wood processing are pulp production, sawn wood (saw log and sawmills), wood panel
production with segments (veneers, plywood, wooden boards, and panels), and biomass energy
production (energy, pellets).

The raw wood in the Czech Republic for primary industrial processing presented 75.5% of wood
consumption; the rest of the wood was fuel wood and harvest residue used in energy production.
Harvest residue made up 10.5% of the material from wood production according to the official statistical
data. However, the monitoring and data collection of harvest residue was not complete, and the
real amount could have been higher. The prevailing manufacturing type was sawn wood (47%),
then fuel production (23%), followed by pulp production (20%). The mentioned wood segments
produce products with low added value. This means that 90% of primary processed wood created low
added value. Only 10% of raw wood was transferred into products with higher added value in wood
panel production. Wood panel products are input materials in the further production of furniture or
construction products and the value of the wood can increase more.

It can be stated that the valorization of wood in the Czech Republic is not as high as possible due to
the prevailing processing focusing on products with low added value. Higher wood panel production
could increase the level of added value within the wood chain. In the monitored year, the total value
of primary wood processing other than in energy production was CZK 60,000,000,000, equivalent
to EUR 2,220,000,000 (by average conversion rate in 2016: 27 CZK/EUR). The value corresponds to
13.9 mil. m? of industrial wood at EUR 158 per m°.

4. Discussion

Based on the analyses of input data for the wood flow chart in the Czech Republic it can be
stated that the official data on wood sources in the Czech Republic are incomplete and inaccurate.
Therefore, they do not allow their application for the wood flow without additional calculations
and further investigation of wood consumption in the energy segment. The consumption of wood
biomass produced in the forest, outside the forest, and at the processors is not directly monitored.
Indirectly, these data are collected in the Agenda of the Ministry of Industry and Trade or the Ministry
of the Environment for the purpose of identifying the consumption of renewable raw sources. In this
situation, mathematical approaches and a fuzzy logic method can be applied as described in works
of Latta et al. [27] and DZubur et al. [28]. In this paper, the methodology of Lenglet et al. [23] was
followed and the cascading approach to wood flow analysis introduced by Mantau [8] was applied.
When comparing the official statistical data to the corrected and recalculated data, a difference in the
amount of roundwood entering industrial processing was discovered. The official data provided
information suggesting around 4.3 million m? less than the recalculated data, which is a deviation of
27%. This means that the real consumption of roundwood in primary wood processing was around
4.361 million m® more. This fact was proved by the application of the reverse method for determining
input roundwood consumption. The previous work of the authors [37,41,42] have pointed to the
importance of accurate data regarding input wood sources in wood processing. Otherwise, wood flow
and its cascade use cannot be calculated correctly.

The findings of the paper show the possibilities for solving the problem of incomplete and
inaccurate official input data in the Czech Republic:

— to extend collecting data on wood sources to all forest owners regardless of their size;

— to improve accuracy in the values expressing volume of wood;

—  to provide statistical monitoring of bark volume from the forest production;

— to harmonize the databases and techniques for monitoring wood production created by official
state entities;
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— toimprove (introduce) the interconnection of data between wood production and its consumption
in the primary processing sector.

The analysis of cascade wood use has significant potential in solving the imbalance between
material and energy uses of industrial wood residue as presented in several studies [2,8,14,26]. To have
a real image of how the wood is processed and valorized, complete and correct data are needed.
The reverse input method based on data from wood processors can also serve as a control mechanism
for the official reported data. Monitoring wood flows in cascade use enables the detection of reserves
and allows higher wood valorization that contributes to higher economic performance, as measured
by GDP.

Further research will therefore focus on suggestions for policy makers and the proposal of sufficient
and accurate input databases created at the national level by means of official institutions. The results
of current scientific studies [2,8,15,16,19,24,26] regarding wood flows in cascade use are an inspiration
for the directions of future research:

— the proposal of methods and procedures by collecting data regarding raw wood supply;

— the investigation of methods for monitoring wood use in material and energy use and household
consumption directly by state institutions;

—  harmonization between data collection regarding raw wood supply from national (domestic) and
foreign wood sources;

—  possibilities for the integration of the hierarchy principle of wood biomass cascading use into the
bioeconomy strategy.

5. Conclusions

To satisfy the current and future needs of the population, a more efficient and sustainable use
of wood biomass is essential. The integration of cascading use as a key instrument for resource use
efficiency optimization is very important.

The contribution of the study presented in the paper can be seen in its application of the cascading
wood use model in situations of incomplete input data using the reverse input method. It enables
the recording of the real situation of wood consumption irrespective of the level of statistics in the
Czech Republic and thus it may be applied to all countries with sales data for individual segments
of primary processing. However, there is a need to change the monitoring of wood production and
roundwood foreign trade, because the current approach to data collection is unreliable and does not
provide confidence in the correct use of information. A difference between the official data and the
corrected data concerning the volume of raw wood entering primary processing at a level of 27%
was identified.

It is possible to draft an image of wood flow and its cascade use in the Czech Republic that
represents the real situation as long as complete and accurate official data on wood sources and foreign
trade are available. At present, it is therefore a weakness that additional calculations and corrections of
the input data are needed for the consumption of wood biomass produced in the forest, outside the
forest, and at processors. This is why any model of wood cascade use is limited due to the application
of mathematical and statistical methods in order to correct input data on raw wood consumption
and average production prices by determining the physical volume of production of the main and
secondary production methods so that the total sales are identified in relation to the structure of sales
of the products, materials, and consumption.

The overall cascade use of wood in the Czech Republic indicates a high rate of wood use in
primary processing with low added value and in the production of energy. It can be stated that there is
room to increase the efficiency of wood utilization. The structure of wood use needs to be optimized
towards the creation of higher added value.

To evaluate cascade wood use for raw wood efficiency optimization in the Czech Republic,
further research and analysis is needed. Sawn wood production and energy production are the most
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complicated segments because it is necessary to carry out the collection of relevant data in these
cases. Wood flow for energy or household consumption and for energy production requires additional
research for energy capacities. Cascade wood use contributes to the development of an efficient circular
economy based on green renewable materials. It leads us to the conclusion that this issue is worthy of
investigation in more varied of contexts and that it should be extended by using recycled wood flow in
the aim of finding the most optimal model for individual countries where the efficiency of raw wood
utilization can be maximized.

Author Contributions: Conceptualization, resources, writing—original draft preparation, formal analysis, A.S.;
methodology, investigation, data curation, R.B.; writing—review and editing, supervision, funding acquisition,
V.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research and the APC were funded by the National Agency for Agricultural Research of the Czech
Republic, grant number QK1820358.

Acknowledgments: The authors are grateful for the support of the National Agency for Agricultural Research
(Prague, Czech Republic). The paper is a partial result of the research project, grant number QK1820358.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Mair, C,; Stern, T. Cascading Utilization of Wood: A Matter of Circular Economy? For. Policyecon. Ocial Res.
2017, 3, 281-295. [CrossRef]

2. Fehrenback, H.; Kdppen, S.; Kauertz, B.; Detzel, A.; Wellenreuther, E; Brietmayer, E.; Essel, R.; Carus, M.;
Kay, S.; Wern, B.; et al. Biomass Cascades: Increasing Resource Efficiency by Cascading Use of Biomass—From
Theory to Practice; Umweltbundesamt: Dessau-Rofilau, Germany, 2017; p. 29. Available online: http:
/[www.umweltbundesamt.de/publikationen (accessed on 20 June 2019).

3.  Huang, C-H.; Ma, H.; Vause, J.; Yu, C.-P. Using material/substance flow analysis to support sustainable
development assessment: A literature review and outlook. Resour. Conserv. Recycl. 2012, 68, 104-116.
[CrossRef]

4. Binder, C.R. Material flux analysis and agent analysis as a basis for transition towards improved regional
wood flows: The case of Appenzell Ausserrhoden, Switzerland. Ecol. Econ. 2004, 49, 1-17. [CrossRef]

5. Hekkert, M.P; Joosten, L.A.J.; Worrell, E. Analysis of the paper and wood flow in the Netherlands.
Resour. Conserv. Recycl. 2000, 30, 29-48. [CrossRef]

6. Mantau, U; Saal, U,; Jonsson, R.; Steierer, F.; Verkerk, PJ.; Eggers, J.; Anttila, P.; Lindner, M.; Asikainen, A.;
Oldenburger, J.; et al. Real Potential for Changes in Growth and Use of EU Forests; Final report; EUwood:
Hamburg, Germany, 2010; Available online: http://ec.europa.eu/energy/renewables/studies/doc/bioenergy/e
uwood_final_report.pdf (accessed on 1 July 2019).

7. Mantau, U. Wood Flows in Europe (eu27); Tech. Rep., Project Report, Celle; Cepi: Brussels, Belgium, 2012;
p. 24. Available online: http://www.cepi.org/system/files/public/documents/publications/forest/2012/CEPIW
oodFlowsinEurope2012.pdf (accessed on 10 April 2019).

8. Mantau, U. Wood flow analysis: Quantification of resource potentials, cascades and carbon effects.
Biomass Bioenergy 2015, 79, 28-38. [CrossRef]

9.  Sirkin, T,; ten Houten, M. The cascade chain—A theory and tool for achieving resource sustainability with
applications for product design. Resour. Conserv. Recycl. 1994, 10, 213-276. [CrossRef]

10. Carus, M. Cascading concepts and proposal for a new definition. In Presentation Given in Cascading Use of
Biomass—From Theory to Practice; VIT Technical Reasearch Centre of Finland: Brussels, Belgium, 2014.

11.  Essel, R; Breitmayer, E.; Carus, M.; Fehrenbach, H.; von Geibler, J.; Bienge, K.; Baur, F. Discussion Paper:
Defining Cascading Use of Biomass; Nova Institute: Hiirth, Germany, 14 March 2014; Available online:
https://biomassekaskaden.de/wp-content/uploads/2014/04/14-03-14_Cascading_use_Discussionpaper.pdf
(accessed on 3 July 2019).

12. Kosmol, J.; Kanthak, J.; Herrmann, E; Golde, M.; Alsleben, C.; Penn-Bressel, G.; Schnitz., S.; Gromke, U.
Glossar zum Ressourcenschutz; Umweltbundesamt: Dessau-Rofllau, Germany, 2012.


http://dx.doi.org/10.1007/s40725-017-0067-y
http://www.umweltbundesamt.de/publikationen
http://www.umweltbundesamt.de/publikationen
http://dx.doi.org/10.1016/j.resconrec.2012.08.012
http://dx.doi.org/10.1016/j.ecolecon.2003.10.021
http://dx.doi.org/10.1016/S0921-3449(00)00044-6
http://ec.europa.eu/energy/renewables/studies/doc/bioenergy/euwood_final_report.pdf
http://ec.europa.eu/energy/renewables/studies/doc/bioenergy/euwood_final_report.pdf
http://www.cepi.org/system/files/public/documents/publications/forest/2012/CEPIWoodFlowsinEurope2012.pdf
http://www.cepi.org/system/files/public/documents/publications/forest/2012/CEPIWoodFlowsinEurope2012.pdf
http://dx.doi.org/10.1016/j.biombioe.2014.08.013
http://dx.doi.org/10.1016/0921-3449(94)90016-7
https://biomassekaskaden.de/wp-content/uploads/2014/04/14-03-14_Cascading_use_Discussionpaper.pdf

Forests 2020, 11, 681 14 of 15

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Olsson, O.; Bruce, L.; Roos, A.; Hektor, B.; Guisson, R.; Lamers, P.; Hartley, D.; Ponitka, J.; Hildebrandyt, J.;
Thrén, J. Cascading of Woody Biomass: Definitions, Policies and Effects on International Trade, IEA Bioenergy
Task 40. 2016. Available online: https://www.researchgate.net/publication/301553375_Cascading_of_woody_
biomass_definitions_policies_and_effects_on_inter-national_trade (accessed on 15 June 2019).

Vis, M.; Mantau, U.; Allen, B. Study on the Optimised Cascading Use of Wood; No 394/PP/ENT/RCH/14/7689.
Final report; European Commission: Brussels, Belgium, 2016; p. 337.

Carus, M.; Raschka, A.; Piotrowski, S. The Development of Instruments to Support the Material Use of Renewable
Raw Materials in Germany; Nova-Institut: Hiirth, Germany, 2010; Available online: http://www.bio-based.eu
/policy/en/index.php (accessed on 3 July 2019).

Carus, M.; Dammer, L.; Herman, A.; Essel, R. Proposal for a Reform of the Renewable Energy Directives (RED) to a
Renewable Energy and Material Directives (REMD); In Nova-paper No. 4 on biobased economy; Nova Institute:
Hiirth, Germany, 2014.

Fraanje, P]. Cascading of pine wood. Resour. Conserv. Recycl. 1997, 19, 21-28. [CrossRef]

Keegan, D.; Kretschmer, B.; Elbersen, B.; Panoutsou, C. Review: Cascading the use of biomass.
Biofuels Bioprod. Bioref. 2013, 7, 193-206. [CrossRef]

BirdLife Europe; EEB. Cascading Use of Biomass: Opportunities and Obstacles in EU Policies; Policy Briefing by
BirdLife Europe and the European Environmental Bureau: Briissel, Belgium, 2016; Available online: http:
/fwww.birdlife.org/sites/default/files/attachments/cascading_use_memo_final.pdf (accessed on 3 July 2019).
Taskhiri, M.S.; Garbs, M.; Geldermann, J. Sustainable logistics network for wood flow considering cascade
utilization. J. Clean. Prod. 2016, 110, 25-39. [CrossRef]

Sokka, L.; Kerénen, J.; Koponen, ]J. Cascading Use of Wood in Finland—With Comparison to Selected EUcountries;
Research Report VIT-R-03979-15 at MEE; Ministry of Employment and Economy: Helsinki, Finland, 2015;
Available online: https://www.vtt.fi/inf/julkaisut/muut/2015/vtt-r-03979-15.pdf (accessed on 10 April 2019).
Salmi, O.; Haapalehto, T.; Harlin, A.; Hikkinen, T, Kangas, H.; Mroueh, UM.; Qvintus, P.
Materiaalitehokkuuden Kehittdminen Suomen Teollisessa Rakenteessa. 2013. Available online: https:
/[www.tem.fi/files/37387/VTT_Materiaalitehokkuus_Revisio2.pdf (accessed on 5 July 2019).

Lenglet, J.; Courtonne, J.-Y.; Caurla, S. Material flow analysis of the forest-wood supply chain: A consequential
approach for logs export policies in France. . Clean. Prod. 2017, 5, 1296-1305. [CrossRef]

Martire, S.; Tuomasjukka, D.; Lindner, M. Wood Flow Modelling for a More Sustainable Regional
Forest-Based Sector. In Proceedings of the Towards a Sustainable Bioeconomy Conference, Barcelona, Spain,
21-23 October 2015; pp. 326-334.

Hoher, M.; Strimitzer, L.; Nemestothy, K. Wood flows in Austria in the year 2015. Klimaaktiv Energieholz.
2017. [CrossRef]

Dammer, L.; Bowyer, C.; Breitmayer, E.; Eder, A.; Nanni, S.; Allen, B.; Carus, M.; Essel, R. Mapping Study on
Cascading Use of Wood Products; Word Wide Fund for Nature (WWF): Gland, Switzerland, 2016; p. 55.
Latta, G.S.; Baker, ].S.; Beach, R.H.; Rose, S.K.; McCarl, B.A. A multi-sector intertemporal optimization
approach to assess the GHG implications of U.S. forest and agricultural biomass electricity expansion.
J. For. Econ. 2013, 19, 361-383. [CrossRef]

Dzubur, N.; Sunanta, O.; Laner, D. A fuzzy set-based approach to data reconciliation in material flow
modeling. Appl. Math. Model. 2017, 43, 464-480. [CrossRef]

Courtonne, J.-Y.; Alapetite, J.; Longaretti, P-Y.; Dupré, D.; Prados, E. Downscaling material flow analysis:
The case of the cereals supply chain in france. Ecol. Econ. 2015, 118, 67-80.

Weimar, H. Der Holzfluss in der Bundesrepublik Deutschland 2009; Tech. rep., Methode und Ergebnis der
Modellierung des Sto_flusses von Holz; von Thunen, J.H., Ed.; Institut fur Forst-und Holzwirtschaft:
Hamburg, Germany, 2011.

Cencic, O.; Rechberger, H. Material flow analysis with software stan. J. Environ. Eng. Manag. 2008, 18, 3-7.
Mobini, M.; Sowlati, T.; Sokhansanj, S. A simulation model for the design and analysis of wood pellet supply
chains. Appl. Energy 2013, 111, 1239-1249. [CrossRef]

Kupcak, V,; Pek, R. The level of the wood raw material base processing in the Czech Republic.
Procedia Econ. Financ. 2015, 34, 557-564. [CrossRef]

Ministry of Agriculture of the Czech Republic (MA). Information on Forests and Forestry in the
CR. Available online: http://eagri.cz/public/web/en/mze/publications/publications-forest (accessed on
18 May 2017).


https://www.researchgate.net/publication/301553375_Cascading_of_woody_biomass_definitions_policies_and_effects_on_inter-national_trade
https://www.researchgate.net/publication/301553375_Cascading_of_woody_biomass_definitions_policies_and_effects_on_inter-national_trade
http://www.bio-based.eu/policy/en/index.php
http://www.bio-based.eu/policy/en/index.php
http://dx.doi.org/10.1016/S0921-3449(96)01159-7
http://dx.doi.org/10.1002/bbb.1351
http://www.birdlife.org/sites/default/files/attachments/cascading_use_memo_final.pdf
http://www.birdlife.org/sites/default/files/attachments/cascading_use_memo_final.pdf
http://dx.doi.org/10.1016/j.jclepro.2015.09.098
https://www.vtt.fi/inf/julkaisut/muut/2015/vtt-r-03979-15.pdf
https://www.tem.fi/files/37387/VTT_Materiaalitehokkuus_Revisio2.pdf
https://www.tem.fi/files/37387/VTT_Materiaalitehokkuus_Revisio2.pdf
http://dx.doi.org/10.1016/j.jclepro.2017.07.177
http://dx.doi.org/10.13140/RG.2.2.31234.58569
http://dx.doi.org/10.1016/j.jfe.2013.05.003
http://dx.doi.org/10.1016/j.apm.2016.11.020
http://dx.doi.org/10.1016/j.apenergy.2013.06.026
http://dx.doi.org/10.1016/S2212-5671(15)01668-8
http://eagri.cz/public/web/en/mze/publications/publications-forest

Forests 2020, 11, 681 15 of 15

35.

36.

37.

38.

39.

40.

41.

42.

Czech Statistical Office CSO. Forestry. Available online: https://www.czso.cz/csu/czso/lesnictvi-2016
(accessed on 6 September 2018).

European Commission (EC). EUROSTAT Statistics Database. Available online: http://epp.eurostat.ec.europa
.eu/ (accessed on 10 July 2018).

Babuka, R.; Sujova, A.; Kupcak, V. Scenario Management of Cascade Wood Use: Comparison of Social and
Economics Indicators. Mark. Manag. Innov. 2018, 4, 73-85. [CrossRef]

Matéjicek, J. Sber Ekonomickych Dat [Collection of Economic Data]. 2014. Available online: http://www.uh
ul.cz/images/NLP/3Jednani/Seminar_2014/9_Sber_ekonomickych_dat.pdf (accessed on 22 August 2017).
Ministry of Agriculture of the Czech Republic. Vyhldska Ministerstva Zemédélstvi ¢. 84/1996 Sb.,
o Lesnim Hospodaiském Planovani [Decree of Ministry of Agriculture No. 84/1996 on Forestry Planning].
Available online: http://eagri.cz/public/web/mze/legislativa/pravni-predpisy-mze/tematicky-prehled/Legisl
ativa-MZe_uplna-zneni_Vyhlaska-1996-84-lesnictvi.html (accessed on 5 May 2017).

Adolt, R.; Kutera, M.; Kohn, I.; Kraténa, L.; Fejfar, J.; Zavadsky, J.; Piskytlova, K.; Cech, Z. “Vystupy Narodni
Inventarizace Lesti” [Output of National Forest Inventory, Wood Production,], Forest Management Institute
Information on Czech Forests. 2016. Available online: http://nil.uhul.cz/data/documents/vysledky_projektu
_nil2/tezba_drivi_lp_unor_2016.pdf (accessed on 11 September 2017).

Michal, J.; Sujova, A.; Bfezina, D. The importance of products made of certified wood materials to consumers
in the Czech Republic. Forum Sci. Oeconomia 2018, 6, 119-131. [CrossRef]

Sujova, A.; Bfezina, D.; Hlavatkova, P. Stanoveni dodavatelsko-odbératelskych proporci dfivi:
P¥ipadova studie vybraného kraje CR. [Determination of the wood supplier-customer proportions in
the conditions of the Czech Republic: A case study]. Zprivy Lesn. Vyzkumu 2018, 63, 214-221.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


https://www.czso.cz/csu/czso/lesnictvi-2016
http://epp.eurostat.ec.europa.eu/
http://epp.eurostat.ec.europa.eu/
http://dx.doi.org/10.21272/mmi.2018.4-07
http://www.uhul.cz/images/NLP/3Jednani/Seminar_2014/9_Sber_ekonomickych_dat.pdf
http://www.uhul.cz/images/NLP/3Jednani/Seminar_2014/9_Sber_ekonomickych_dat.pdf
http://eagri.cz/public/web/mze/legislativa/pravni-predpisy-mze/tematicky-prehled/Legislativa-MZe_uplna-zneni_Vyhlaska-1996-84-lesnictvi.html
http://eagri.cz/public/web/mze/legislativa/pravni-predpisy-mze/tematicky-prehled/Legislativa-MZe_uplna-zneni_Vyhlaska-1996-84-lesnictvi.html
http://nil.uhul.cz/data/documents/vysledky_projektu_nil2/tezba_drivi_lp_unor_2016.pdf
http://nil.uhul.cz/data/documents/vysledky_projektu_nil2/tezba_drivi_lp_unor_2016.pdf
http://dx.doi.org/10.23762/FSO_VOL6_NO3_8
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Results of Input Analyses 
	Input Data Correction and Calculation 
	Cascade Use of Wood 

	Discussion 
	Conclusions 
	References

