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ABSTRACT. With the rising demand for wood products and as more wood-based biorefineries enter the market, wood supply security 

is an increasingly pressing topic. However, the exact potential for hardwood in the market as well as its use as a substitute for softwood 

in production processes, remains unknown. Analyses such as multi-regional input-output, physical input-output, ex-post calculations, 

wood flow modelling, wood price calculations, and wood resource balance, provide a first, though rough, overview which is impaired 

by missing data, unresolved data contradictions, and an incomplete view of hardwood utilisation. Currently, hardwood flow models are 

lacking but are an essential basis for estimating hardwood supply. This paper introduces Material Flow Analysis (MFA) to evaluate hard- 

wood flows in Germany and provides results which indicate that of 37% of the total hardwood harvested from forests are unrecorded 

with approximately 44% (of the total hardwood harvested) being used for direct energy utilisation (fresh fibre). Furthermore, the results 

of this study reveal that a considerable amount of potentially higher priced assortments are being used for energy purposes, meaning al-

most half of all high-quality hardwood being harvested is burnt. The MFA evaluated quality and quantity of the German hardwood poten-

tial and this revealed significant possibilities for value added production (e.g., innovative products in biorefineries using degraded high-

quality assortments). The methodology applied uncovered unrecorded hardwood fellings and allocated it to processing in order to system-

atically document and review the entire hardwood flow network within one data set, thus proving the suitability of MFA for this task.  

 

Keywords: material flow analysis, hardwood flows, wood-based bioeconomy, hardwood value network, hardwood processing technologies, 
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1. Introduction 

Wood is promoted as one of the most important renewable 

sources for the bioeconomy currently being established in 

Europe. In terms of climate change mitigation, sustainable uti-

lisation of wood is a central topic in strengthening the circular 

economy (Winkel, 2017; EC, 2019; Toppinen et al., 2020). In 

Germany, hardwood forests are indigenous and offer a poten-

tially abundant wood supply, which is increasing as a result of 

forest conservation measures (BMEL, 2017a) whereas, the share 

of coniferous wood is decreasing (BMEL, 2017a; Schier et al., 

2018). Concerns about potentially available wood for the market, 

are rising especially for softwood (Seintsch and Weimar, 2012; 

Mantau, 2018; Schier et al., 2018). Material utilisation of hard-

wood offers a significant contribution to climate mitigation since 

hardwood is currently being mainly used for energy purposes 

(Weimar, 2011; Mantau, 2012a; Bösch et al., 2015; Jochem et 
al., 2015; Mantau, 2018). However, there are still uncertainties 

about the volume of hardwood available for the market (Mantau, 

2018). Studies investigating industrial scale (hard) wood-based  
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biorefinery concepts in Germany (Michels, 2009, 2014; Nitzsche 

et al., 2016) provide contradictory results on both the hardwood 

which is potentially available for the market and its probable 

contribution fulfilling the demand. Nevertheless, in the near 

future, hardwood is predicted to be increasingly utilised as raw 

material for wood-based biorefinery systems (Neupane et al., 

2011; Duetsch, 2019; Teischinger, 2019; UPM, 2020). 

Currently, multi-regional input-output (MRIO) analysis 

(Budzinski et al., 2017), physical input-output (PIO) account- 

ing (or supply and use tables) (Bösch et al., 2015), ex-post cal-

culation (Jochem et al., 2015), wood flow modelling (Weimar, 

2011), wood cost structure calculation (Seintsch, 2011), wood 

balances (Seintsch and Weimar, 2013), or wood resource bal-

ances (cf. Mantau et al., 2007; Mantau, 2012c, 2018) are avail-

able for Germany, but are mainly focusing on softwood or just 

on parts of the hardwood network. The calculation approach of 

wood removals, based on the amount of roundwood processed, 

was initiated by Mantau et al. (2007) and has been applied sev-

eral times (Sörgel and Mantau, 2006; Mantau, 2012c, 2015; 

Weimar et al., 2012; FNR, 2018). These studies are mainly based 

on primary data surveys. Jochem et al. (2015) investigated the 

utilisation side more deeply aiming to identifying data gaps in 

wood use by considering statistical underreporting. They con-

sider soft- and hardwood in the form of roundwood (u.b.), so 

bark and sawmilling by-products are neglected or not explicitly  
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covered. These methods provide a first overview, but are affect- 

ed by missing data, unresolved data contradiction, the exclusion 

of important assortments (e.g., bark, sawmill by-products) and 

do not consider the entire hardwood network within one data 

set. Accordingly, the handling of low data consistency and high- 

ly heterogeneous data within the wood supply network was iden- 

tified as significant factors. These factors determine the quality 

of the results obtained (Weimar, 2011; Bösch et al., 2015; Budzin- 

ski et al., 2017). Especially in the case of hardwood, this is chal-

lenging. The models for important hardwood industries (such 

as the sawmilling and panel industries as well as large power 

plants) are statistically characterized by the combination of a 

high p-value (models are statistically not significant) and a high 

value for R2 (adjusted) (Jochem et al., 2015), meaning that these 

models lack significant evidence, possibly because the sample 

size was too small. Thus, a detailed quantification of actual hard- 

wood flows in general within one set of data (Bösch et al., 2015; 

Budzinski et al., 2017) is still missing. However, it is seen as an 

essential basis for evaluating hardwood supply security, the eco- 

nomic and the ecological contribution of the hardwood-based 

sector to mitigate climate change. 

A systematic review of the entire hardwood network, in-

cluding all hardwood-based industries, is of increasing impor-

tance (Weimar, 2011; Mantau, 2015; Budzinski et al., 2017). 

Material flow analysis (MFA) is a suitable method for system-

atically documenting material flows in a defined space and time 

(Cencic and Rechberger, 2008) and provides the means for rec-

onciling of heterogeneous data (Lenglet et al., 2017). MFA was 

chosen because it allows to consider very inconsistent data sets. 

Inconsistent data sets are particularly evident in studies that 

mainly use statistical data and neglect unrecorded impacts 

(Bösch et al., 2015; Budzinski et al., 2017). 

The aim of this paper is to serve one consistent data set 

that systematically documents the entire hardwood flow net- 

work while considering unrecorded hardwood fellings and allo-

cating these to the processing industries by applying an MFA. 

In the case of Germany, hardwood flows have been reviewed 

and evaluated starting with the supply volume at the forest and 

ending with the volume of hardwood processed in the different 

industry sectors as well as for energy purpose, supplemented 

by import and export flows. The systematic overview sheds 

light on the existing complex, and partly conflicting, literature 

sources which aim to provide one consistent data set for the 

German hardwood network. Therefore, partially varying and 

also contradictory data sources are compiled into one set of data 

building the source for a multiple equation regression within 

MFA. Thus, inconsistent and missing data is aggregated in one 

consistent data set. Currently, a consistent data set for the hard-

wood net-work would serve as a basis for further analyses, such 

as input-output analyses (e.g., PIOT, MRIO) which could then 

consider data beyond the purely statistical. 

2. Methods 

2.1. Methodology Approach 

The methodological approach, in terms of the basic prin- 

ciples of material flow design and standard unit (i.e., wood fi-

bre equivalent), was developed by Weimar (2011) and from the 

applied approach of Lenglet et al. (2017), for MFA of the hard-

wood supply network. 

In the first step, input-output figures, such as products and 

by-products, were documented mainly using data provided by 

the Federal Statistical Office of Germany (StBA, 2010, 2011, 

2012, 2013, 2014, 2015, 2016, 2017a). As second step hard-

wood entities of the hardwood value network, such as supply, 

processing, and consumption, were described in relation to qual-

itative, quantitative, and technical parameters. If no official or 

scientifically published data were available or sufficiently reli-

able, other data sources (e.g., wood monitoring and consump-

tion studies, reports of federations, etc.) were used to close data 

gaps. In cases of entirely missing data, the authors had to make 

their own calculations based on available information. 

Following this, MFA was performed by setting up the hard- 

wood flow network connecting wood supplying and demand-

ing sectors. MFA was conducted with the software tool STAN 

(Cencic and Rechberger, 2008). 

Within the system boundaries in this study are hardwood 

flows from forest to industry as well as by-products and semi-

finished-product-flows between industries. The consumption of 

semi-finished hardwood products (e.g., veneers within plywood 

panels, sawnwood within laminated timber production) and the 

consumption of finished products by consumers (e.g., private 

households) are excluded. Even though the spatial boundary is 

Germany, import and export flows are considered. The time hori-

zon of MFA is one year since required data are mainly recorded 

annually. The following hardwood supply and demand volumes 

for the different sectors represent the data basis for MFA. 

MFA is a method for understanding the “material basis of 

the economy” by describing, investigating and evaluating “the 

metabolism of anthropogenic and geogenic systems” (Brunner 

and Rechberger, 2016). Thus, MFA systematically keeps record 

of material flows and stocks in a space- and time-defined sys- 

tem, where source and utilisation is connected through material 

pathways (Cencic and Rechberger, 2008). The application of 

MFA has a long tradition in the chemical industry but is also 

used in other sectors optimising production and supply chains 

(Brunner and Rechberger, 2016; Lenglet et al., 2017). 

Data reconciliation as a statistical adjustment of values is 

an important feature in MFA-modelling; for the resolution of con- 

tradictions, to reconcile heterogeneous databases, and to find the 

most appropriate values for the model (Brunner and Rechberger, 

2016; Lenglet et al., 2017). The data reconciliation algorithm 

used in this study is developed by Cencic (2016). This is based on 

an overdetermined system of equations whose mathematical 

problem is described by more equations and variables than would 

be required to calculate the solution. The least squares method 

is used to solve the system of equations. This means that the sum 

of squares of all adjustments necessary to solve the system of 

equations is minimal. This represents the objective function of 

the system of equations (Equation 1). Equation 2 describes the 

valid constraints of Equation 1: 

 

1( )  (   ) (   )TF x x x Q x x−= − −  (1) 



V. Auer and P. Rauch / Journal of Environmental Informatics 45(1) 1-12 (2025) 

3 

 

( , , )  0f y x z =  (2) 

 

The vector y captures the uncertain or unknown variables, 

the vector z contains the constant values, and the vector x is the 

vector of different volumes measured or different values given 

by statistical reports. In this study the vector contains the annual 

statistical or calculated production data from 2007 up to 2016 

for each known hardwood flow. If values are not available for 

the whole period, the largest available period is used. Data sam-

ples for important values (original values of the felling statistic, 

or sawnwood production) from 2007 to 2016 were proved to be 

normally distributed by a Shapiro-Wilk test with 0.91 < D < 0.97 

and p-values < 0.05. However, due to the small data samples 

containing 10 values, uncertainty within the test should be con-

sidered. Thus, the statistical variables are assumed to be nor-

mally distributed with mean values μx and specific standard er-

ror ε (see Equation (3)): 

 

    xx  = +  (3) 

 

It is assumed that the errors are normally distributed with 

zero mean and known variance-covariance matrix Q: 

 

  (0, )N Q  (4) 

 

Trying to calculate the unknown variables, and at the same 

time considering the uncertainty of measurement or statistics of

,x difficulties occur (cf. Cencic, 2016): 

 

ˆ  xx =  (5) 

 

Therefore, vector x then consists of reconciled values. Vec-

tor y captures the unknown or unregistered random variables and 

vector z contains the constant values. To solve nonlinear data 

reconciliation problems with equality constraints, the software 

STAN needs two iterations, since all linear constraints were 

treated as if they were nonlinear constraints. Therefore, a first 

order Taylor series expansion of Equation (2) is applied at the 

expansion point ˆ,y x̂  and z: 

 

( , , ) f y x z   

ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ( ,  ,  )( ) ( ,  ,  )( ) ( ,  ,  ) 0y y yJ y x z y y J y x z x x J y x z− + − + =   (6)

  

or: 

 

ˆ

ˆˆ ˆ ˆ( ,  ,  ) ( ) 0

1

y x

y y

f y x z J J f x x

 −
 

= − = 
 
 

 (7) 

 

In the initial estimates x̂  of the reconciled values x the reg-

istered or known values of x are used. In the first step, the user 

has to provide the unknown value of y as initial estimates of .ŷ  

The Jacobi matrices of andx xJ J and the vector of equality con-

straints f solved with regard to ˆ,y x̂  and z result in ˆ ,yJ ˆ
xJ and 

ˆ.f  In the second step, due to the linearization of the nonlinear 

constraints and the assumption that the input data is normally dis-

tributed, the output data of the reconciliation procedure is also 

normally distributed (Cencic, 2016). 

If, after the transformation, there is a nonlinear set of equa-

tions containing only known variables and at least one measured 

variable, data reconciliation can be performed to improve mea-

surement accuracy. Therefore, in the third step of data reconcil-

iation, the Gauss-Jordan elimination can be used to separate the 

unknown variables from the data reconciliation procedure. Ap-

plying the Gauss-Jordan elimination to the coefficient matrix 

in Equation (7), the following submatrices result: 

 

ˆˆ ˆ( ) 0

0 0

cy cx cz

y x rx rz

tz

A A A

A rref J J f A A

A

 
 

= =  
 
 

 

  ( )
c

y x z r

t

A

A A A A

A

 
 

= =  
 
 

 (8) 

 

The transformed linearized set of equitation g that corre- 

sponds to A is as follows: 

 

ˆ

ˆ( ,  ,  ) 0 1

0 0    1

cy cx cz

rx rz

tz

y yA A A

g x y z A A x x

A

−  
  

 = − =  
   
   

 (9) 

 

Within the fourth step, all unobservable unknown variables 

and redundant equation are eliminated, resulting in a reduced 

constraint for data reconciliation that does not contain any un-

known variables: 

 

ˆ( ) 0rx rzA x x A− + =  (10) 

 

By minimizing the objective function (see Equation (1)) 

with regards to Equation (10), the method of Lagrange multi- 

pliers results in: 

 
1( ) ( )T T

rx rx rx rx rzx x QA A QA A x x A−= − − +  (11) 

 

Using Equation (11), new estimates for x can be calculated 

in the fifth step. In the sixth step, new estimates for y have to 

be found. Therefore, after eliminating the unobservable vari- 

ables, the observable variables results in: 

 
*ˆ( ) ( ) 0cx czI y y A x x A  − + − + =*ˆ ˆ( )cx czy y A x x A  = − − −)
*ˆ(y ) ( ) 0cx czI y A x x A  − + − + =  (12) 

 

and lead to: 

 
*ˆ ˆ( )cx czy y A x x A  = − − −  (13) 

 

The seventh step proves whether the new estimates x and
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y show a significant difference from the initial estimates x̂ and 

ˆ .y If there is a significant difference, the procedure must be re-

peated starting with Equation 6, a new evaluation of ,y xJ J and 

f, setting x̂ = x and ŷ = y (see second step of iteration). If there 

is no significant difference, the eighth step follows with the 

variance-covariance-matrices Qx in Equation (14) and Qy in 

Equation (15): 

 
1( ( ) )T T

x rx rx rx rxQ I QA A QA A Q−= −  (14) 

 
T

y cx x cxQ A Q A =  (15) 

 

Equations (14) and (15) result from the error propagation 

of Equations (11) and (13) (Cencic, 2016). 

The variance (uncertainty) of normally distributed inde- 

pendent random variables could be calculated based on the law 

of error propagation: 

 

1

1 2 1 2

2 2

2 2 2

2

1 2, , ... ,  , ...X X X X

Y Y
sy sx sx

X X

    
 + +     

    
 (16) 

 

To consider the uncertainty of heterogenous data, standard 

uncertainty (uncertainty of the mean value) is used instead of the 

standard deviation that describes the deviation within the sample. 

MFA includes some valuable indictors to evaluate the accu- 

racy of the network model data. The degree of over-determination 

is the number of equations that do not contain unknown vari-

ables after transforming the system of equations. The value of 

objective function is the minimised value of the objective func-

tion calculated by a weighted least squares approach. The qual-

ity of data reconciliation sets the minimum value to 0, meaning 

that data contradictions are not solvable due to gross errors within 

all the mean values of variables, and the maximum value to 1, 

meaning that no adjustments regarding the mean values of the 

systems are necessary to obtain a solvable equation system. 

 

2.2. Units, Data and Conversion Factors 

A variety of units for wood assortments and (semi-) finished 

wood products are used in the measuring systems of various 

markets (Weimar, 2011; Mantau, 2015). So, authors emphasise 

the importance of a well-defined and accurate measurement sys- 

tem for modelling wood flows. Two reference units are com-

mon within wood sector analysis: solid wood equivalent (swe 

[m3 (s)]) which describes the amount of wood transferred from 

one industry to another in cubic metre (Mantau, 2015), and wood 

fibre equivalent (m3
 (f)). Weimar (2011) suggests using the wood 

fibre equivalent if the investigation is limited to wood flows (fi-

bres) from origin to application and no other material contained 

in wood products or for wood product production is modelled. 

Furthermore, as discussed by Lenglet et al. (2017), the use of 

wood fibre equivalent is more appropriate for MFA. Based on 

the wood fibre equivalent, a downstream calculation of sawmill 

by-products resulting from the sawing process can be allocated 

separately to the following processes (Bösch et al., 2015). Con- 

trarily, if the unit ‘solid wood equivalent’ is used, it is not pos-

sible to distinguish between sources and assortments (e.g., pulp- 

wood, by-products or post-consumer wood) (Mantau, 2015). 

Thus, wood fibre equivalent (m3 (f)) describing the equivalent 

volume of wood fibres or wood-based fibres in fibre-saturated 

state contained in the product (Bösch et al., 2015), was chosen 

as reference unit. This work assumes that bark is a forest re-

source. Therefore the wood, fibre equivalent over bark (fob) is 

used as measurement unit. Conversion factors that were applied 

in calculations are listed in the supplementary material section. 

The main data sources available were evaluated for information 

content, data reliability, wood assortments specifications and 

product codes (cf. supplementary material). Assortment and pro-

duct classification is based on UNECE (2016). Additionally, the 

herein used term of “by-products” include industrial residues 

such as wood chips, particles, and wood for agglomerates. The 

term “pulpwood” aggregates “pulpwood, round, and split”. 

 

2.3. Input Data Describing the German Hardwood Flow 

Network 

2.3.1. Domestic Hardwood Supply from Forests 

In Germany, in 2016, the total sum of harvested wood, with-

out distinguishing the different types of forest ownership, was 

13.1 million m3 (f). Whereof, 26% was sawlog and veneer log 

assortments, 28% was pulpwood, with 9% remaining in the 

forest (BMEL, 2017c) and not considered in this study, since it 

was neither used materially nor for energy purpose. The highest 

proportion, at 36%, were wood fuels (BMEL, 2017c). Thus in 

2016, the volume of hardwood available for the market was 

11.96 million m3 (f). 

 

2.3.2. Domestic Supply from Other Sources 

Official harvest statistics do not include wood from non-

forest area at all and wood from privately owned forests is only 

partly included (Jochem et al., 2015). To calculate the share of 

the assortments within the unrecorded harvests from privately 

owned forests, we estimate the average assortment allocation ac-

cording to the assortment share of the recorded harvested wood 

volumes between 2007 and 2016 (excluding wood remaining 

in the forest). 

Wood from non-forest areas, such as wood from landscape 

conservation, is included when used in energy production plants 

(Döring et al., 2018a, 2018b) and as fire logs (from gardens) in 

private households (Döring et al., 2016). 

As quoted by Meinlschmidt et al. (2016), the Annual Report 

of the European Panel Federation (2014) mentioned a post-

consumer wood share of 34% in particleboard production. Ac-

cordingly, a wood-panel producer reports that one-third of its 

total wood consumption is post-consumer wood (Klinker, 2016). 

Post-consumer wood sources with hardwood shares are engi-

neered wood pallets and transport boxes, vegetable and plant 

boxes, salvaged wood from interior constructions, particle-

boards, and natural furniture. Assuming an average 17% hard-

wood share in particleboards, MDF, and HDF results a total share 

of hardwood within the assortment post-consumer of between 

16 and 24%. 
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2.3.3. Hardwood Imports 

In 2016, Germany imported 0.54 million m3 (f) of indus-

trial hardwood roundwood (non-coniferous, tropical and non-

tropical) and 0.53 million m3 (f) of wood fuel (FAOSTAT, 2018). 

Based on an assumed hardwood share similar to industrial round-

wood imports, 0.03 million m3 (f) of hardwood wood fuel was 

imported in 2016. 

Official import statistics from the Food and Agriculture Or-

ganization of the United Nations (FAO) and the Federal Min- 

istry for Food and Agriculture (BMEL) classify by-products as 

semi-finished products and do not differentiate between soft-

wood and hardwood. Therefore, the share of hardwood was as-

sumed to be the same as that for industrial roundwood imports. 

In 2016, 0.98 million m3 (f) wood pellets and 0.47 million 

m3 (f) briquettes were imported (FAOSTAT, 2018). Based on 

the assumption that the hardwood share of imported wood en-

ergy products equals the hardwood share of domestically pro-

duced wood energy products, the hardwood share of imported 

pellets and briquettes was 0.07 million m3 (f). 

 

2.3.4. Sawmill Industry 

According to official statistics, in 2016, hardwood sawmill 

demand was 1.4 million m3 of timber which produced 1.1 mil- 

lion m3
 of sawn hardwood (BMEL, 2017c). Comparing these two 

figures, gives an unrealistically high processing yield (80%). 

Döring and Mantau (2012) and Döring et al. (2017c) show that 

this statistical data only includes companies with ten or more 

employees and figures are provided in units of air-dried or kiln-

dried sawn timber which, on average, has 7% less volume than 

fresh sawn timber (FAO et al., 2020). Thus, the official produc-

tion statistics underestimates the sawnwood production vol-

ume. Zimmermann et al. (2018) uncover an underestimation of 

the official production statistics of sawn hardwood by 44.5%. 

They reasoned that it is due to incomplete or erroneous data 

provided by companies obliged to report. Based on surveys in-

cluding smaller hardwood sawmills, Döring and Mantau (2012) 

estimate that the production volume of sawn hardwood record-

ed in official statistics underestimates the actual sawn hardwood 

production volume by 181%. This study is based on the process-

ing yield of 60.3% for 2015 calculated by Döring et al. (2017c) 

in line with FAO et al. (2020). 

 

2.3.5. Further Processed Sawnwood 

According to German official production statistics for 2016 

(StBA, 2017b), 0.53 million m3
 (f) of hardwood are further pro- 

cessed by sawing and/or chipping lengthwise and continuously 

shaping. As hardwood is used less in this product portfolio, the 

amount of processed sawn hardwood is small. Within further 

sawnwood processing, the volume of imported sawn hardwood 

is also considered. The production yield and by-product alloca-

tion are based on Döring et al. (2017c). 

 

2.3.6. Veneer Industry 

The official statistics for veneer production can be directly 

used to calculate the veneer logs processed since there are no 

indications of an underestimation (Jochem et al., 2015). How- 

ever, according to BMEL (2017b), veneer log consumption can- 

not be connected directly to veneer production since it also con-

tains quantities peeled in plywood plants and pressed into pan-

els. Therefore, data missing in the wood market statistics for ve-

neer and plywood production (StBA, 2010, 2011, 2012, 2013, 

2014, 2015, 2016, 2017b) had to be calculated based on the av-

erage annual processed hardwood share in each production tech- 

nology for the period from 2007 to 2016.  

For calculating the volume of by-products, processing 

yields in veneer and plywood production and the share of by-

products must be quantified. Frühwald et al. (1996) state a pro-

cessing yield for rotary peeled veneer of between 40 and 50% 

(average 46%). However, Paulitsch (1989) quotes an investiga-

tion by Dobie and Hancock (1972) for rotary peeled veneers of 

Douglas-fir and spruce, indicating a correlation of the process-

ing yield on the small-end diameter with a variation of between 

47 and 66%. Paulitsch (1989) indicates a processing yield rang-

ing from 50 to 65% for rotary peeled veneers based on small-

end diameters of 25 to 50 cm. For sliced veneer production, 

meanwhile, Frühwald et al. (1996) state an average processing 

yield of 45%. Finally, the authors assume the processing yield 

of the veneer production to be 47%.  

Focusing on German hardwood, this study assumes veneer 

production and plywood production processing yields of 47 

and 48%, respectively (cf. Frühwald et al., 1996). FAO et al. 

(2020) adapt the share of process by-products to smaller diame-

ters. This results in 53% by-products within veneer production 

and 52% by-products within plywood production. By-products 

include sanding dust, shrinkage and loss, chips, peeler cores. 

 

2.3.7. Wood Panel Industry 

Even though the panel industry’s total wood demand fell 

by 4.5% from 2010 to 2015, during that time the use of hard-

wood increased by 6% (Döring et al., 2017b), indicating that 

other raw materials used in the panel production (e.g., softwood) 

were substituted by hardwood. In 2016 the wood panel produc-

tion used the following amount of hardwood: 1.66 million m3 

(f) in particleboard production (own calculation based on StBA 

(2017b) product codes: 162113131, 162113132, 162113133 and 

Table 1), 0.830 million m3 (f) in the HDF, 0.450 million m3 (f) 

in the MDF, and 0.120 million m3 (f) in the LDF (including 

other fibreboards) production (own calculation based on StBA, 

2017a, 2017b and Table 1). Hardwood and its by-products are 

commonly used for particleboard and MDF/HDF/LDF. Since 

in the oriented strand board (OSB) production, fresh coniferous 

wood is mainly used (Mantau, 2012b, 2012c; Döring et al., 

2017b), OSB is not investigated more deeply. To avoid double 

counting, other wood-based panels, i.e., plywood and block-

boards, are deliberately omitted therein, since they are included 

in further sawnwood processing and plywood production. The 

specific wood panels show different shares of various hard-

wood assortments (Table 1). 

Finally, the following hardwood share within the different 

assortments were assumed: by-products 7.4% (Döring et al., 
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2017c), post-consumer wood 16% (own calculation), bark 18% 

(according to the harvest share of soft- and hardwood in 2016). 

 

2.3.8. Pulp Industry 

The production volume of pulp reported by the German 

StBA underestimates the real production volume (Jochem et al. 

2015) which, according to the German Pulp and Paper Asso- 

ciation (VDP, 2017), is a well-known problem. As 95% of pulp 

and paper companies are members of the VDP and the produc-

tion of the remaining 5% of companies are estimated by the as-

sociation, this study used VDP-data for calculations (VDP, 

2017). According to Döring et al. (2017a), a considerable vol-

ume of hardwood is used exclusively in chemical pulp produc-

tion. However, from 2005 to 2015, the share of hardwood di-

minished by 20.4% due to a shift from hardwood to softwood 

by-products (Döring et al., 2017a). 

German hardwood is mainly suitable for sulphite pulp pro-

duction (Blechschmidt, 2013) of which there are four mills lo-

cated in Germany. These produced 0.69 million tons of chemi-

cal pulp in 2016 (VDP, 2016). Considering the different esti-

mates of hardwood shares, the total hardwood consumption in 

the pulp industry is estimated to amount to approximately 0.37 

million m3 (f), whereas 0.22 million m3 (f) are pulpwood and 

0.15 million m3 (f) are by-products. 

Data for hardwood used within the mechanical pulp indus-

try, which mainly produces boards, are covered within the wood- 

panel industry (HDF; MDF, LDF and other fibreboards) to avoid 

double counting. 

 

Table 1. Hardwood Fibre Share for Different Wood Panel 

Types (in %) (Own Calculation Based on Döring et al., 

(2017b, 2017c)) 

 Particle-

board 
MDF/HDF LDF 

Pulpwood 11.7 20.1 0 

Sawmill By-Products  3.3 2.9 6.9 

Post-Consumer Wood  3.9 0.2 1.1 

Bark  0.003 0.007 0 

Other Industrial Residues  0.3 0 0 

 

2.3.9. Energy Products Industry 

In 2016, Germany produced 1.95 million t pellets from saw- 

mill by-products (93%) and pulpwood (7%), and approximately 

0.29 million t briquettes (StBA, 2017b). In 2010, 89% of the 

wood used for briquettes was sawmill by-product and the re-

mainder were wood fuels (Mantau, 2012c). To estimate the hard- 

wood share within wood energy products, it is assumed that 

there is a hardwood share of 2% in the assortment of pulpwood 

(Bentele, 2017), 7.4% for by-products (Döring et al., 2017c) 

and 50% (Mantau, 2012b) for wood fuels. This results in an 

average share of 7.0% for hardwood within pellets and 15.5% 

within briquettes over the last decade. 

Production of charcoal is not officially recorded since only 

one company exceeds the reporting threshold (Jochem et al., 

2015; ProFagus, 2019). According the European Charcoal Bur-

ners Association only four other commercial charcoal produ-

cers are known. Including them, the total charcoal production 

was about 0.16533 million m3 (f) in 2016. 

 

2.3.10. Energy Production 

Hardwood demand calculations for heat and power plants 

are based on Döring et al. (2018b), using the same assumptions 

of hardwood shares as applied to wood energy product pro- 

duction. Additionally, a hardwood share of 15% in the wood 

fuel assortment and 93% within bark (plants > 1 MW) and 7% 

hardwood bark in plants < 1 MW (cf. Döring et al., 2018a, 2018b) 

is assumed. As some data is missing, calculations are based on 

the years 2011 and 2016 (plants > 1 MW), 2006, 2010 and 2016 

(plants < 1 MW), and 2007, 2010 and 2014 (private households). 

In 2016, domestic pellet consumption was 4.44 million m3 (f) 

(0.31 million m3 (f) hardwood share) (Bentele, 2016). 

 

2.3.11. Hardwood Exports 

In 2016, Germany exported 1.21 million m3 (f) of hard-

wood as roundwood and 0.14 million m3 (f) as wood fuels 

(FAOSTAT, 2018). Hardwood roundwood assortments had the 

same ratio as the harvest share of sawlogs/veneer logs and 

pulpwood. Exported wood fuel had the same hardwood share 

as exported industrial roundwood. The latter results in 0.04 mil-

lion m3 (f) of fuelwood. 

In 2016, 5.12 million m3 (f) of wood by-products were ex-

ported (BMEL, 2018). According to Döring et al. (2017c), 7.4% 

of produced by-products were hardwood by-products. So ap-

proximately 0.38 million m3
 (f) hardwood by-products were ex-

ported. The hardwood share of exported pellets and other ag-

glomerates (probably briquettes) was 0.06 million m3 (f) and 

0.003 million m3 (f), respectively based on the total export of 

0.85 million m3 (f) wood energy products (FAOSTAT, 2018). 

3. Results 

Finally, MFA model contains 86 equations and 146 var- 

iables, of which 60 variables are input variables with statis- 

tical uncertainty based on the data described above, 19 transfer 

coefficients (e.g., processing yields), 20 subprocess variables, 

and 47 unknown variables. The degree of over-determination 

is 5, which means the model contains 5 more equations than 

unknown variables after transforming the system of equations 

(cf. Supplementary Material). 

The results of MFA for the reference year 2016 are visu-

alised with the software e!-sankey (ifu, 2006), and the German 

hardwood network is mapped as a Sankey-diagram (Figure 1). 

Due to rounding errors and the data reconciliation algorithm 

used in STAN, differences in some values occur when compar-

ing MFA values (Table S3) and the Sankey-diagram. MFA dis-

plays 4.44 +/– 0.12 million m3
 (fob) recorded fellings in privately- 

owned forests, 8.60 +/– 0.15 million m3 (fob) recorded fellings 

in state forests, 9.31 +/– 0.52 million m3 (fob) as unrecorded har- 

vest from forests (i.e., 37% of the total harvest) and 2.65 +/– 
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0.35 million m3 (fob) unrecorded fellings from non-forest area 

(11% of total harvest). Of that, almost 30% were used for ma-

terials and 70% were used for energy in 2016. 

MFA results in a total hardwood volume from forests of 

22.87 million m3 (f). By-products totalled 1.69 million m3 (f). 

In all, 21.53 +/– 0.56 million m3 (f) was used for energy, of 

which 14.06 +/– 0.51 (65%) million m3 (f) was used in private 

households, 5.04 +/– 0.18 million m3 (f) (23%) in energy plants 

> 1 MW, and 2.44 +/– 0.15 million m3 (f) (11%) in energy pro-

duction plants < 1 MW. Assortment and qualities allocations 

are provided in Table 2. 

The quality of data reconciliation is at 0.55 proving that 

data reconciliation is necessary to solve the heterogenic data 

sets, confirming the highly heterogeneous character of data and 

the distinct need for adjustments, as the maximum value of data 

reconciliation is 1. However, the quality of data used is good 

enough to solve data contradictions resulting in 15 adjustments 

(cf. Supplementary Material, Table S4). 

4. Discussion 

Most results of MFA (e.g., for veneer, panel, pulp, energy 

product and energy production industries) are consistent with 

former studies conducted by Seintsch (2011), Weimar (2011), 

Seintsch and Weimar (2013), Bösch et al. (2015), Jochem et al. 

(2015), Mantau (2015), and Mantau et al. (2016). This is also 

true for the considerable volume of unrecorded wood harvested 

in Germany, especially within hardwood, where almost half of 

the total hardwood wood fuel harvest is unrecorded (4.23 +/– 

0.24 million m3 (f), 45%). Additionally, the calculated assort- 

ment allocation of 73% wood fuel (including firelogs from for-

ests which are used in private households) and 27% forest wood 

chips in line with a Bavarian fuelwood study indicates a share 

of wood fuel/firelogs of 73% and forest wood chips of 27% 

(Gaggermeier et al., 2014). 

MFA calculates a demand for sawlogs/veneer logs by the 

sawmill industry of 3.09 +/– 0.17 million m3 (f) in 2016, which 

slightly exceeds the 2.73 million m3
 (fob) that is calculated based 

on the correction factor of 2.81 (Döring and Mantau, 2012), but 

obviously exceeds 1.35 million m3
 (f) stated in the wood market 

report (BMEL, 2018). The wood market report underestimates 

the sawn hardwood, reporting only 1.09 million m3 (f) of sawn 

hardwood produced (BMEL, 2018). This is an underestimation 

of 61% compared to the calculated production in the MFA. 

Reasons for the underestimations are supposed to be both non-

reporting from about 45% of companies above the reporting 

threshold (Zimmermann et al., 2018) and a high number of 

hardwood sawmills below the reporting threshold. However, for 

the year 2006, Seintsch (2011) calculated only 1.2 million m3 (f) 

consumed sawlogs. The MFA result is 2.76 million m3 (f) in 

2016. The difference is attributable to the fact that both Seintsch 

(2011) and Weimar (2011) based calculations on the officially 

recorded harvest volume only and implicitly neglected the high 

volume of unrecorded wood harvested. 

 

Table 2. Supply (Cursive) and Demand (Non-Cursive) in the Hardwood Network per Assortment per Million m3 

 
Sawlogs / 

Veneer 

Logs (fob) 

Pulp-Wood 

(fob) 

Wood Fuel / 

Forest Wood 

Chips (fob) 

By-Products 

(f) 

Sawnwood 

(f) 

Post-

Consumer 

Wood (f) 

Landscape 

Care Wood 

(fob) 

Firelogs 

From 

Gardens 

(fob) 

Forests Total 

Supply 

6.40 6.97  6.98 +/– 0.26 

/2.52 +/– 0.18  

     

Sawmill 

Industry 

3.09 +/– 

0.17  

  1.11 +/– 0.06  1.68 +/– 0.09     

Veneer 

Industry 

0.32 +/– 

0.07  

  0.13 +/– 0.03      

Further 

Sawnwood  

Processing 

   0.06 +/– 0  0.31 +/– 0.03     

Panel Industry  2.32 +/– 0.14   0.54 +/– 0.02   0.39 +/– 0.02    

Pulp Industry  0.25 +/– 0.03   0.15 +/– 0.01      

Wood Energy 

Product 

Industry 

 0.19 +/– 0.00  0.06 +/– 0 in 

the briquette 

production 

0.31 +/–0.01      

Energy 

Production 

   0.31 +/–0.02   2.27 +/– 0.04  1.75 +/– 0.35  0.90 +/– 

0.03  

Export 0.65 +/– 

0.05  

0.69 +/– 0.03 

million m3 

(fob), 10% 

 0.38 +/– 0.02  0.67 +/– 0.05     

Unrecorded 

Fellings, 

Probably used 

for Energy 

Production 

2.34 +/– 

0.20  

3.52 +/– 0.21        

Consumption 

(Domestic) 

    0.70 +/– 0.11     
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Notes: IM = import, SF = state-owned forest, PF = private forest, UH = unrecorded harvest, PCW = post-consumer wood, EX = export, SI = 

sawmill industry, VI = veneer industry, FSP = further sawnwood processing industry, PUI = pulp industry, PAI = panel industry, EPI = energy 

product industry, EP = energy production, IMSP = import of semi-finished products, EXC = export and consumption of products, SVL = 

sawlogs/veneer logs, P = pulpwood, WF = wood fuel, Ba = bark, FWC = forest wood chips, SW = sawnwood, PR = product, EPr = energy 

product , V&P = veneer and plywood, ByP = by-products, PB = particleboard, HDF = high-density fibre board, MDF = medium density fibre 

board, LDF = low density fibre board, FLG = firelogs from gardens, LCW = landscape care wood. 

Figure 1. German hardwood flow network 2016 (values in million m3 (f)). 
 

Hardwood demand for the energy production sector in 

Germany is hard to estimate as energy production statistics list 

renewable sources aggregated only as biogenic solid fuels. 

Consequently, more detailed information for energy production 

based on wood is needed. MFA calculates approximately 74% 

(21.53 +/– 0.56 million m3 (f)) of total hardwood (29.05 +/– 0. 

59 million m3 (f)) is used in energy production, of which 12.78 

million m3 (fob) (44%) of fresh fibre hardwood from forests is 

directly used for energy purpose. Private households show the 

highest share within energy production (65%); however, this is 

not directly in line with an energy use rate of 50% for private 

households for the year 2010 (Mantau, 2015). The observed dif-

ference can largely be explained as this study focusses on hard-

wood solely and volume of hardwood used in energy production 

is higher than the volume of softwood. (e.g., Weimar, 2011; 

Seintsch and Weimar, 2013). 

MFA indicates that recorded and unrecorded volume of the 

main harvested assortments (i.e., sawlogs/veneer logs and pulp-

wood) exceeds industry demand. There is a potential over-

supply of 2.34 +/– 0.2 million m3 (fob) sawlogs/veneer logs as 

well as 3.52 +/– 0.21 million m3 (fob) pulpwood. On one hand, 

assumptions of MFA may underestimate the processed hard-

wood or overestimate the processing yield in the sawmill and 

veneer industries, both leading to fewer processed sawlogs/ 

veneer logs. On the other hand, possibly more good quality 

wood was harvested than demanded by the processing industry. 

Consequently, the result of this study indicates that consider-

able amounts of higher quality assortments are being used for 

energy purpose (37% of sawlogs/veneer logs and 52% of pulp-

wood). In small-scale forestry, good quality logs are used as  

firewood due to: low volume of industrial roundwood per har-

vesting site, limited knowledge of market opportunities and ad-

ditionally, that the possibilities that logs are stored too long un-

der unfavourable storage conditions, decreasing wood quality 

over time. Even without increasing the annual hardwood har-

vest, sufficient good quality logs are actually available, but not 

required by industry. Furthermore, additional volumes of good 

quality assortments can be harvested as a result of forest con-

servation and climate change which favours hardwood as well 

as to the considerable underutilisation of hardwood forests (cf. 

Oehmichen et al., 2017). The wood utilisation scenario and the 

forest conservation scenario result in up to 100% and 40% more 

harvestable hardwood volume, respectively (Oehmichen et al., 

2017). Although wood quantity and quality issues on the sup-

ply side can be partly resolved, there are still uncertainties about 

the real potential of hardwood to substitute for softwood direct-

ly for both technical and economic reasons (cf. Mantau, 2018). 

The calculation schemes of Seintsch (2011), Weimar (2011), 

Seintsch and Weimar (2013), Mantau (2015) and Mantau et al. 

(2016) documented data contradictions simply as missing in-

formation within highly aggregated categories. Further, Mantau 

(2015) assumes and Jochem et al. (2015) detectes a consider-

able volume of unrecorded wood harvested wood. MFA en-

larges these analyses by a more explicit examination of round-

wood and by-product flows. MFA allocates unrecorded fellings 

to different utilisation paths including differrent assortments as 

well as resolving balance adjustments within the entire hard-

wood flow network. 

The quality of calculation results depends on the quality of 

input data. Thus, we are in line with the results of Weimar 
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(2011) and Bösch et al. (2015) concerning the low data con- 

sistency within the wood supply network. Therefore, hetero- 

geneous datasets for the forest and wood industry sector were 

calibrated through data reconciliation and error propagation. 

Additionally, the lack of statistical data for specific wood in-

dustry sectors raises a problem. For example, actual data on pri-

vate combustion of wood is provided only by surveys of Mantau 

(2012c) and Döring et al. (2016). However, the issue of missing 

data for Germany has already been reported by Weimar (2011) 

and also for other European countries (e.g., for France by Lenglet 

et al., 2017 and for the Czech Republic by Babuka et al., 2020). 

Altogether, the main results of the study confirm serious data 

issues regarding the German hardwood flow. 

MFA results were crosschecked against the methods of 

Weimar (2011), Jochem et al. (2015), and Mantau (2015), and 

all methods revealed unrecorded fellings. Additionally, Mantau 

(2015) detected uneven wood resource balances and Jochem et 

al. (2015) tried to resolve data contradictions. However, the ap-

proaches of Jochem et al. (2015) and Weimar (2011) lack accu-

racy and detail regarding assortments (e.g., by-products, bark 

and post-consumer wood) and important secondary or alterna-

tive wood sources. Integrating these flows in a material flow 

network approach permits the reconciliation of data inconsis-

tencies, data contradictions, and internal interdependdencies 

within one dataset. Thus, MFA allows a more detailed view of 

the interlinking flows in a demand and supply network as well 

as additionally solving data contradictions. 

The software STAN (Cencic and Rechberger, 2008) has 

been used twice within analyses of the forestry and wood-based 

sector: wood material flow analysis in France (Lenglet et al., 

2017) and cascade use of wood in the Czech Republic (Babuka 

et al., 2020). Both studies emphasised the urgent need for con-

sistent datasets within the forestry and wood-industry on a na-

tional and international level. In line with the goals and results 

of this study, both aimed at policy implications and on a better 

valorisation of the wood resource. However, this study enlarged 

their approach by the explicit focus on hardwood resources to 

estimate its potential to substitute for softwood. 

MFA proves to be a suitable method for investigating ma-

terial flows, which are characterised by highly heterogeneous 

data. The visualisation of a hardwood flow network by a Sankey-

diagram facilitates an illustrative, but still reasonably accurate 

overview. Furthermore, MFA facilitates a systematic investiga-

tion of the German hardwood network, revealing important 

insights on the forest and wood sector. However, MFA at hand 

provides only one snapshot of the hardwood flows in Germany 

during a single specified time period (i.e., 2016). 

5. Conclusions 

MFA, systematically compiling sources and utilisations in 

the German hardwood network, maps the flow of hardwood 

throughout the value network. It successfully resolves uncer-

tainties by data reconciliation and error propagation as avail-

able data is highly heterogenous. Accordingly, hardwood flows 

are evaluated starting with the supply volume at the forest and 

ending with the volume of hardwood processed in different in-

dustries, supplemented by imports and exports. This paper pro-

vides an overview of the main hardwood supplying and pro-

cessing industries as well as insight into processing and conver-

sion technologies. The work herein contributes to the existing 

research by extending the current knowledge in three topics: 

(1) Since hardwood is increasing at the same time softwood is 

decreasing in German forests, industry faces serve wood supply 

security issues (Schier et al., 2018; Auer and Rauch, 2021). To 

cope with a changing resource basis and to secure supply in 

volatile times, a robust mix of supply strategies is crucial. Such 

strategies have to be based on verified supply potentials. There-

by, it is important to include cascading wood use, actual and 

future wood utilisation pathways, and substitution capacities of 

hardwood for softwood. Additionally, the entire wood value 

chain with its multilevel interdependences of forestry and var-

ious industries has to be considered more deeply. Such inves-

tigations within the forest and wood value chain still are miss-

ing (Auer and Rauch 2021), especially for hardwood. The here-

in obtained results closes this gap by providing both an over-

riding hardwood flow analysis which considers unrecorded 

fellings as well as the interlinkages among processing indus-

tries to provide a more complete picture of the German hard-

wood network. (2) The detailed and systematic analysis of the 

hardwood network within one data basis is innovative. From a 

hardwood resource-based point of view, the study provides a 

very detailed systematic overview of the hardwood material 

flow network. Numerous different studies in Germany deliver 

partially differing and contractionary results. By aggregating 

inconsistent and missing data into one consistent database, this 

study delivers new knowledge and provides innovative insights. 

From a methodological point of view, the systematic evaluation 

is widely interesting since partially highly varying and also con-

tradictory data sources are compiled into one set of data as 

source for multiple equation regressions. The nonlinear data re-

conciliation procedure (Cencic, 2016) estimates distinct average 

wood material flows for an entire material flow network. The 

therein installed algorithms minimize all system equations while 

allowing for consideration of both individual wood streams and 

the entire wood stream network. Uncertainties of the wood flows 

are explicitly considered whereas those already-known uncer-

tainties, within and between the material flows, have not been 

addressed so far (as to our best knowledge). (3) The application 

of MFA-method to investigate German hardwood flows consi-

dering the heterogeneous and uncertain data in this sector is 

novel. Most industry-related results of MFA are consistent with 

former studies conducted by Seintsch (2011), Weimar (2011), 

Seintsch and Weimar (2013), Bösch et al. (2015), Jochem et al. 

(2015), Mantau (2015), and Mantau et al. (2016). Nevertheless, 

the obtained results exceed the existing body of knowledge by 

amount, assortment, and quality distribution of unrecorded 

hardwood fellings (37% of total fellings). The unrecorded 

fellings are simultaneously revealed and allocated to the spe-

cific processing industries. 44% of total fellings are directly 

used for energy production (fresh fibre), and thus, do not serve 

as long-time carbon storage. Sawn hardwood production is 

significantly underestimated by 61% reporting only 1.09 mil-
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lion m3 (f) of sawn hardwood produced in the wood market re-

port (BMEL, 2018). Thus, the study detects significant hard-

wood volumes that can contribute to economic and ecological 

value generation. Now, the herein compiled data set provides the 

required consistent basis to evaluate the contribution of hard-

wood to mitigate climate change from an economic and ecologi-

cal perspective (Bösch et al., 2015; Budzinski et al., 2017). 

On the demand side, this study does not consider less es-

tablished uses of hardwood (e.g., wood wool, packaging mate-

rial, mushroom production). Additionally, some innovative pro-

ducts, such as cellulose fibres, wood-plastic composites (WPC), 

and wood in the chemical/food industry are neglected. How-

ever, these products will gain importance in the future. Thus, 

they must be considered in the future in order to provide a 

complete picture of the wood-based bioeconomy. Since these 

branches are actually characterised by a very low fibre con- 

sumption volumes in Germany (Bösch et al., 2015; Carus et al., 

2015), there is a lack of demand data and reliable empirical 

studies. The MFA results can only provide indications for the 

potential future demand of biorefineries, as at the time of con- 

ducting the study, no wood-based biorefineries produced on an 

industrial scale in Germany. Michels (2009), Michels (2014) 

and Nitzsche et al. (2016) assumed a hardwood demand of 

400,000 t (db)/a (0.851 million m3 (f)) for a lignocellulose bio- 

refinery located in Germany. Considering the oversupply of 

2.08 million m3 (f) (sawlogs/ veneer logs) and 3.13 million m3 

(f) (pulpwood) detected and currently used for energy produc- 

tion, the future demand of biorefineries could be satisfied. 

However, other re-sources are then needed for energy produc- 

tion. Nitzsche et al. (2016) estimate that a biorefinery would be 

able to provide energy as a by-product to partially solve this 

problem. 

Balanced forest ecosystems play a key role in reaching the 

goals of climate neutrality, sustainable products (EC, 2019), 

and long carbon captures (Sillanpaä and Ncibi, 2017). The sus- 

tainable utilisation of wood is crucial in terms of how wood as- 

sortments and qualities are used. It will prepare the ground for 

a resource-efficient and circular bioeconomy (FAO, 2018). 
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