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Abstract

This article deals with a quantitative assessment of the production efficiency of wood-process-
ing enterprises in the V4 countries. Efficiency was calculated through a non-parametric 
method of data envelopment analysis. This method allows the construction of an efficiency 
frontier without having to make any assumptions about its shape. The analyses are based on 
the financial statements of individual companies from 2018 to 2021. Efficiency assessments 
are therefore based on the actual performance of individual companies (i.e., quantities of output, 
costs, and capital). This micro perspective allows us to examine differences in efficiency not 
only by country but also by company size. A total of 10 companies have been selected in the 
V4 countries that can be identified as actively using recycled material in their production. The 
results of our empirical analyses show that this group of »recyclers« performs better than 
other market players in terms of median efficiency. Even in 2020, which can be marked as the 
beginning of the Covid-19 pandemic, overall, these companies had better results. Our results 
also show that the efficiency is significantly affected by company size (which is also reflected 
in economies of scale).
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1. Introduction
Over recent decades, environmental changes and 

the bark beetle calamity have marked the start of a 
new era for forestry and wood-based composites. The 
wood-based composite industry that mainly uses 
spruce began to face new challenges. The lack of 
spruce opened up possibilities for using recycled 
wood. So much wood was incorporated into buildings 
in the past that, with the deconstruction of old build-
ings these days, the potential to reuse it arises. An-
other source of wood for recycling is packaging mate-
rials (pallets, wooden boxes, etc.). Wood waste, 
especially in the large construction parts of buildings, 
is a long-term CO2 sink and potential source of raw 
material. Wood waste can help to solve some of the 
problems with increasing wood consumption. The 
benefit is that wood extraction is distant from the for-
ests and the utilization of the recycled wood in wood-
based composites production increases the ecological 
demand for these products (Kim and Song 2014). The 
use of recycled wood is still at a low level; it is mostly 

incorporated in the middle layers of particleboards 
(Wan et al. 2014, Iždinský et al. 2020) or used as a 
source of energy (Hossain and Poon 2018). The low 
use of this resource is due to several different reasons. 
Manufacturing companies have to face issues of con-
tamination (e.g. fasteners, coatings) and material di-
versity (e.g. wood species), which makes the manufac-
turing process more challenging. Another area of 
concern is logistics, as sources for this material are 
often widely dispersed and therefore accumulation/
consolidation is usually problematic.

Some companies (Kronospan and Egger can be 
mentioned) are using recycled wood to make wood-
based composites. For example, Egger claims to incor-
porate up to 30% recycled wood in its particleboard 
(EGGER 2023). Kronospan – Novopan Træindustri 
(Denmark) – transformed over 270,000 tons of recycled 
wood into new particleboard in 2021 (Kronospan 
2021). However, these companies had to significantly 
modify their original production lines in order to sys-
tematically use recycled wood as an input material. 
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Although financial data on these investments are not 
available, it can be assumed that the money involved 
was considerable. Given that particleboard production 
can be considered low-margin commodity produc-
tion, it is assumed that economies of scale (and there-
fore potentially the size of the company) will have a 
significant impact on the profitability of the company.

The market for wood-based composites and the 
use of recycled wood in their production is inconsis-
tent across the world. In the US, recycled wood is 
rarely used in production, in Western Europe the  
demand is enormous, while in Eastern European 
countries it is decreasing. Based on this knowledge, 
the four countries of the Visegrad Group (V4) – Czechia, 
Hungary, Poland and Slovakia – were selected to anal-
yse production efficiency because there is some homo-
geneity and similar conditions in the wood-based 
panel industries in these countries.

A recent industry-wide challenge was the Covid-19 
pandemic, which affected timber prices – see, for ex-
ample, Tao et al. (2021). The production of oriented 
strand board (OSB) presents an example of dramatic 
change. When Covid-19 began and the price of the 
virgin material for the production of OSB increased, 
its retail price tripled. The same price trend was ob-
served in particleboard production, although it uses a 
significant amount of recycled wood whose price actu-
ally remained stable. Considering the amount of wood 
incorporated in traditional brick-and-wood buildings, 
this price stability makes recycled wood from demoli-
tion a potentially valuable source of material for 
wood-based composite production. During the pan-
demic years there was a problem not only with the 
price of wood but also with its volume. There was not 
enough material on the market for OSB production 
and some companies recorded a lower output, which 
affected the final price of the product. It can therefore 
be assumed that the use of recycled material may have 
represented a certain competitive advantage for com-
panies during the pandemic and had a positive effect 
on their performance during this difficult period.

Increasing emphasis is placed these days on the 
possibilities of recycling materials and, in general, on 
developing a circular economy. There are considerable 
efforts to develop new composite materials from al-
ready used sources – see, for example, Kromoser et al. 
(2022) or Iždinský et al. (2020). However, such studies 
only cover one side of the matter, typically the techni-
cal side. Without adequate economic analysis, it is not 
possible to adequately investigate whether the wide-
spread use of these materials is realistic in business 
practice. The market for wood production is not suf-
ficiently researched in this respect. There is only infor-

mation from the construction sector about problems 
with low material efficiency (meaning in terms of yield 
and conversion efficiency) (Hertwich 2019) or labour 
productivity (Křetínská and Staňková 2021). Some re-
search focuses on a specific area of efficiency, for ex-
ample Risse et al. (2019), who looked at eco-efficiency, 
or Švajlenka and Kozlovská (2020), who examined 
efficiency associated with sustainability in the field of 
wood construction. However, most of the research car-
ried out to date has been qualitative and has typically 
lacked a micro-economic view of enterprises in the 
wood manufacturing sector.

In contrast to other studies, this article will focus 
on the quantitative analysis of the production possi-
bilities of individual companies and evaluate the ef-
ficiency of individual entities in the market. The eval-
uation of efficiency (referred to as production 
efficiency or in some sources as technical efficiency) 
has been used with success in various related fields. 
In the European manufacturing sector, for example, 
the metallurgical sector has been studied by Krejčí and 
Staňková (2022) and Bracke et al. (2019), while the au-
tomotive sector is in the scope of Kovárník and 
Staňková (2023) and Neves et al. (2022). Unfortunately, 
there are not yet similar studies on the wood produc-
tion sector in European countries.

Unlike studies such as Krejčí and Staňková (2022) 
or Bracke et al. (2019), this paper will not focus on ag-
gregated macro-data, but instead our analyses will be 
based on the financial micro-data of individual com-
panies, which will allow us to bring a more detailed 
economic perspective to the investigated issue, be-
cause working with data on individual companies also 
allows us to investigate other aspects affecting effi-
ciency. It is possible to follow the research of Staňková 
et al. (2022), where the efficiency of the forestry and 
logging sector was compared in different countries as 
well as with regard to the size of the company. The 
main objective of this article can be divided into the 
following areas:

⇒�calculating the efficiency of companies in the 
wood manufacturing sector

⇒�comparing efficiency at the level of individual 
countries

⇒�evaluating efficiency by company size
⇒�comparing the efficiency of companies using re-

cycled material with others in the market
⇒�testing our hypothesis that, during the pandem-

ic, the use of recycled material created an advan-
tage for companies with a positive effect on their 
performance.
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orientation setting) either a proportional reduction of 
inputs or, on the contrary, a proportional increase of 
outputs of the monitored company. If, in terms of the 
resulting calculations, the company under investiga-
tion is in the set of feasible solutions (it is therefore 
marked as inefficient), it is possible to link the com-
pany to the origin (point 0) through this method of 
measurement by means of a straight line that also 
crosses the efficiency frontier at a certain point. This 
point then represents the potential ideal state (produc-
tion volume and input volume) for this inefficient 
company. If the model is set with output orientation, 
the inefficient company will have to increase its out-
puts to the level of the newly found point due to the 
guided line. Conversely, if a model with an input ori-
entation is choosen, the company will have to reduce 
the amount of inputs used.

The final area that needed to be addressed was the 
orientation of the model itself. As companies in the 
selected sector (i.e., NACE Code 16: Manufacture of 
wood and of products of wood and cork, except fur-
niture; manufacture of articles of straw and plaiting 
materials) have more influence over their inputs, input 
orientation of the model like in Obi and Visser (2018) 
was chosen. Selecting the setting in this way made it a 
so-called Banker, Charnes, and Cooper (BCC) model 
(Banker et al. 1984) with input orientation, where the 
efficiency of the company o (o=1, ..., n) is evaluated by 
solving the linear program:
min θ
θ, λ   

(1)

subject to
θxo – X λ ≥ 0  (2)
Y λ ≥ yo  (3)
eλ = 1  (4)
λ ≥ 0  (5)
Where: 

 X = (xj) Î Rm×n and Y = (yj) Î Rs×n for (j = 1, ..., n) are 
the given input and output matrices

e is a row vector with all elements unity
λ is a column vector with all elements non-negative 
θ is a scalar.

The dual form of this linear program can be ex-
pressed as:
max z = uyo – u0
v,u,uo

  (6)

subject to
vxo = 1  (7)
–vX + uY – uoe ≤ 0  (8)
v ≥ 0,u ≥ 0,uo  (9)

Our research is not just a matter of compiling a 
ranking of companies operating in a given sector, but 
a comprehensive view of the investigated issue, which 
will make it possible to find out whether the use of 
recycled materials facilitates the healthy functioning 
of companies in this sector.

The structure of this paper is as follows: the Methods 
and Data sections describe the data as well as the non-
parametric and parametric methods used to obtain the 
results (including robustness checks). The Empirical 
Results chapter presents the results of the efficiency 
analysis both from the perspective of individual coun-
tries and relative to company size. This chapter also 
includes an assessment of the efficiency of companies 
with a high recycled material rate compared to other 
competitors in the sector. The results of our analyses 
are reviewed in the Discussion section. Finally, brief 
conclusions are provided.

2. Materials and Methods

2.1 Methods of Efficiency Evaluation
Both parametric and non-parametric methods can 

be used to evaluate efficiency. However, each ap-
proach makes different assumptions and therefore has 
strengths and weaknesses. However, all methods have 
in common that they compare a company’s produc-
tion output from specific inputs. On the basis of this 
information, an efficiency frontier (similar to the pro-
duction possibilities frontier) is drawn up, which rep-
resents the area of full efficiency of the company. Inef-
ficiency is then measured precisely against this 
frontier. The result of the calculation varies depending 
on the method used.

The method most often used in practice is non-
parametric data envelopment analysis (DEA) (Odeck 
and Brathen 2012). In the first 40 years after it was 
developed (i.e., 1978 to 2016), this method was used in 
more than 10,000 published research papers 
(Emrouznejad and Yang 2018). Due to the wide ap-
plication of this method in various scientific fields, we 
used it for our analyses.

When applying the DEA method, it is necessary to 
make several assumptions, specifically regarding the 
method of measuring inefficiency, the orientation of 
the model and the expected returns to scale. Given that 
the dataset includes companies of various sizes, a 
model assuming variable returns to scale was chosen. 
In the case of inefficient units, the state of full effi-
ciency was derived using the radial method of mea-
surement, which assumes (depending on the model 
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Where:
v and u vectors of input and output weights
z and uo scalars
uo    can take on arbitrary values, as it represents 

a deviation from the constant return to scale.
Using the model set up in this way, the best com-

panies get an efficiency score (in the objective func-
tion) equal to one. As it can be assumed that several 
companies will achieve this result, in order to make a 
comparison between them, the BCC-input model was 
estimated in a variant of the so-called super-efficiency 
models. These are modified models in which one of 
the units is excluded as a point for constructing the 
efficiency frontier. To construct the efficiency frontier 
in the model with super-efficiency, the weights of this 
particular unit are set to equal zero – which leads to 
this unit being omitted from the set of monitored 
units; thus, the shape of the efficiency frontier is mod-
ified. Thanks to this, the best companies can obtain 
efficiencies (in the objective function) higher than 1 
and thus be super-efficient.

The use of the non-parametric DEA method, in 
contrast with competing approaches, allowed us also 
to calculate the Malmquist productivity index, which 
can be decomposed to analyse not only changes in the 
efficiency of individual companies, but also changes 
in their production possibilities. The Malmquist index 
allows the calculation of growth coefficients in two 
different time periods. This calculation allowed us to 
test the hypothesis that companies with a high recy-
cled material recovery rate had an advantage at the 
time of the Covid-19 pandemic, so for the period 2020 
(which can be considered as the beginning of the pan-
demic in Europe) the Malmquist index was calculated. 
To calculate the index from 2019 to 2020, it was neces-
sary to construct four linear programming problems 
(i.e., solve the four BCC DEA models described above) 
combining information from two time periods. The 
Malmquist index (MI) can be defined as the geometric 
mean of two efficiency ratios (E), where one is the ef-
ficiency change measured by the 2019 technology and 
the other is the efficiency change measured by the 2020 
technology:

MI
E x y
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Technical details regarding the DEA method and 
models used can be found in Cooper et al. (2007). DEA 

models were constructed in the program DEA Solver-
PRO version 15f.

2.2 Further Analysis of BCC-input Model 
Results

The efficiency values obtained using the BCC-in-
put model were further investigated to see if a link 
could be found between the level of efficiency and the 
size of the company. The size of the company was de-
termined according to a commonly used metric that 
takes into account both the number of employees in 
the company and its annual turnover and total assets. 
Detailed values for the breakdown of enterprises can 
be found directly in the Orbis Bureau van Dijk data-
base.

We also examined whether the level of efficiency 
was different in different countries. For this purpose, 
it was possible to use ANOVA analysis. However, it 
could be assumed that the resulting efficiency values 
would not meet the assumption of normality, so in-
stead of ANOVA analysis, its non-parametric version, 
i.e., Kruskal–Wallis analysis, was used as in Kovárník 
and Staňková (2023). This test uses ranks of data, rath-
er than numeric values, to compute the test statistics. 
As a result, the chi-square statistic is used instead of 
the F-statistic used in classical ANOVA.

The Kruskal–Wallis test made it possible to test 
whether the country or the size of the company was a 
statistically significant factor in the evaluation of effi-
ciency. However, it was necessary to use another tool 
for detailed analysis when determining the differ-
ences between individual pairs. Similarly to Landekić 
et al. (2023), we used a test based on counted ranks, 
i.e., the Mann-Whitney test, to test the hypothesis that 
companies using a high degree of recycled material 
have greater efficiency than their market competitors. 
The same procedure can be applied to results obtained 
by calculating the Malmquist production index. Thus, 
these tests were also used to test the last sub-objective, 
i.e., the hypothesis of the better performance of com-
panies using recycled materials at the start of the  
Covid-19 pandemic.

All the tests mentioned were compiled in the  
MATLAB computing system (version 2023a). The 
technical details of the calculation can be found under 
the »kruskalwallis« and »multcompare« functions.

2.3 Checking the Robustness of Efficiency 
Results

The DEA method (and thus also the derived effi-
ciency values) is criticised mainly because of its deter-
ministic nature. The calculated efficiency is taken as 
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2.4 Data Used
Annual financial data for the analyses were ob-

tained from the Orbis Bureau van Dijk database, which 
collects various pieces of information about companies 
including accounting information (corresponding to 
information from, for example, the balance sheet and 
the profit and loss statement). Our analyses covered 
the years 2018 to 2021, the four most recent periods 
available. In this time frame, we found data for ten 
companies included among the key companies using 
recycled material. Table 1 shows these companies that 
include representatives from all countries in the V4 
group. Slovakia is represented by KRONOSPAN, 
S.R.O., Hungary by KRONOSPAN-MOFA and a total of 
three companies were selected from the Czech Republic: 
DREVOZPRACUJICI DRUZSTVO, KRONOSPAN OSB, 
SPOL. S R.O. and KRONOSPAN CR, SPOL. S R.O. The 
remaining companies in Table 1 are listed as Polish 
companies. Unfortunately, the two Kronospan compa-
nies did not provide the necessary information for 
2021. As we did not want to lose information about the 
remaining years of these companies, we decided to use 
an unbalanced panel of data.

The data set was subsequently expanded to include 
information on other companies in the V4 countries 
involved in NACE Code 16 activity. Limiting our scope 
to V4 countries provided sufficient homogeneity, 
which is a prerequisite for the methods used. At the 
same time, it also provided a sufficient number of ob-
servations in individual groups – i.e., both by geo-
graphical area (country) and by company size: see 
Table 2. In total, we had data from 1843 companies. 
Small businesses are most abundantly represented in 
this sector. The most representatives are those from 
Slovakia.

Taking into account the availability of data, we 
selected a total of five variables that have a signifi-
cant effect on the transformation process of the com-
pany. Each company's output is represented by the 
variable operating revenue (turnover). Four input 
variables were selected. The labour factor represents 
the cost of employees, so possible differences were 

relative. Even for units labelled as efficient, there is still 
room for improvement. Because of this property, the 
DEA method is very sensitive to outliers/leverage 
points or to the omission of an important variable. 
Staňková (2020) therefore recommends checking the 
robustness of the results using the competitive para-
metric stochastic frontier analysis (SFA) method, 
which reflects the fact that there are random influ-
ences beyond the control of individual companies that 
affect their level of output. Each company is exposed 
to different influences. However, it can be assumed 
that these act randomly and can be described by a joint 
probability distribution.

However, the SFA method is criticised mainly be-
cause the econometric estimation of efficiency can 
produce inconsistent parameter estimates. This prob-
lem can at least be minimised when working with 
panel models as in Staňková and Hampel (2021). Due 
to the unbalanced data set (a detailed description of 
the dataset is given in Section 2.4), it was not possible 
to use SFA panel models according to Greene (2005). 
For this reason, we replicated the procedure from 
Staňková et al. (2022) and used the pooled SFA model. 
Kumbhakar et al. (2015) define a production function-
based SFA model using two equations:
ln yi = ln yi* – ui, ui ≥ 0  (11)
ln yi* = ln f (xi; β) + vi  (12)
Where:
yi   represents the observed (real) output scalar of 

the i-th unit (i = 1,...,I)
xi is the vector of N inputs of the unit I
β is a vector of technological parameters
ui represents the inefficiency of the i-th unit
vi is a random error (noise) with zero mean value
f (xi; β)  represents the production frontier (defined us-

ing a specific production function).

Due to the nature of the data, the Cobb-Douglas 
form was chosen as the functional form for the produc-
tion function, which is one of the most common in 
practice. For the other settings of the SFA method, we 
used the most proven procedures in practice. To esti-
mate the efficiency, we used the procedure according 
to Jondrow et al. (1982) and assumed a half-normal 
probability distribution for the inefficiency term. Tech-
nical details regarding SFA models and related proce-
dures can be found in Kumbhakar et al. (2015). The 
models described in this section were estimated using 
the STATA computing system (version SE 16) using 
the »sfcross« function.

Table 1 List of companies included in the category of companies 
using recycled material

DREVOZPRACUJICI DRUZSTVO KRONOSPAN POLSKA SP. Z O.O.

KRONOSPAN OSB, SPOL. S R.O. KRONOSPAN OSB SP. Z O.O.

KRONOSPAN CR, SPOL. S R.O. KRONOSPAN KO SP. Z O.O.

KRONOSPAN-MOFA EGGER BISKUPIEC SP. Z O.O.

KRONOSPAN MIELEC SP. Z O.O. KRONOSPAN, S.R.O.
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considered in wage levels between countries. The 
capital factor was conceived in its tangible form – in 
accounting, it was thus conceived as the total assets 
of the company. In order to take into account the dif-
ferent financial strategies of the companies, a vari-
able representing the company's equity capital was 
added. Due to multicollinearity, it was not appropri-
ate to combine total capital, equity capital and for-
eign resources in the models at the same time. How-
ever, as evidenced by the results of Staňková and 
Hampel (2018), the combination of two variables al-
ready allows the model to take into account the dif-
ferent financial strategies of companies. Finally, a 
variable was selected to include material costs. This 
variable is key to evaluating efficiency taking differ-
ent input materials into account. All variables were 
included in the models in thousands of euros. An 
overview of the variables, including references to 
publications from other sectors in which the selected 
variables have been successfully used previously, 
can be found in Table 3.

3. Results
If the focus was to be on the evaluation of the 

entire sector in all V4 countries, according to the DEA 
BCC input-oriented model, the median (in)efficiency 
would be around 32%. However, in each year, sev-
eral companies were marked as efficient or outright 
super-efficient. Their percentage ranged from 12%  
to 14%. For example, SWISS KRONO SP. Z O.O.,  
KRONOSPAN POLSKA SP. Z O.O., KONSIT A.S. and 
SIMPLY CONSULT, S.R.O. ranked among the top 
companies throughout the monitored period.

In more detailed analyses, it was found that Czech 
companies generally achieved the highest efficiency 
results: see Table 4 with median values. Hungary had 
the highest median efficiency only in 2018, but in the 
2019 and 2020 year, the Czech Republic was the contry 
with the highest median efficiency. However, during 
testing, it was found that the differences between indi-
vidual countries are not statistically significant in any 
of the monitored periods. It can therefore be concluded 
that the country factor is not statistically significant for 
efficiency analysis in this sector. On the contrary, anal-
yses based on company size have already proven to be 
statistically significant. Table 5 shows the median values 
for individual companies according to their size.

From the results given in Table 5, it is evident that 
very large and large companies achieved higher effi-
ciency levels than smaller ones. The Kruskal-Wallis test 
confirmed the significance of the company size factor in 
all monitored periods (all p-values <0.001). By testing 
individual pairs, it was confirmed that there were two 
groups of companies in terms of efficiency. One group 
consists of very large and large companies, which do not 
have a statistically significant difference between them 
but show a significant difference from small and medi-
um-sized companies. There was no statistically signifi-
cant difference in the level of efficiency between small 
and medium-sized companies. These identified links 
were unchanged throughout the monitored period.

3.1 Comparison of Efficiency Based on Recycled 
Material Use

To compare the efficiency of the 10 selected com-
panies (hereinafter referred to as »recyclers«), it was 
necessary to take into account the results obtained 

Table 2 Number of companies in individual countries and number of companies by size

Factor Number of companies (reduced in 2021) Total (reduced in 2021)

Country Czech Rep. 109 (107); Hungary 47, Poland 331, Slovakia 1356 1843 (1841)

Size Very large 22 (20); large 77; medium 474; small 1270 1843 (1841)

Table 3 List of variables including studies where they were used

Variable Source

Operating revenue (turnover) Gaebert and Staňková (2020), Mariani and Visani (2019), Storto (2018), Khoshnevis and Teirlinck (2018)

Cost of employees Kováník and Staňková (2023), Zhong et al. (2022), Staňková and Hampel (2020)

Total assets Staňková et al. (2022), Stefanoni and Voltes-Dorta (2021), Varvařovská and Staňková (2021)

Capital (equity) Lan et al. (2022), Staňková et al. (2022), Wanke et al. (2020), Staňková and Hampel (2018)

Material costs Baležentis et al. (2022), Gong et al. (2019), Staňková and Hampel (2018) 1

1 In our study, as well as in Staňková and Hampel (2018), the total material costs were taken. In studies by Baležentis et al. (2022) and Gong et al. (2019) only part of material costs was 
used
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above. All 10 companies fall into the categories of large 
or very large companies, which were found to have a 
higher level of efficiency than smaller businesses. For 
this reason, small and medium-sized enterprises were 
completely excluded from this sub-analysis. In Table 
6, the results are recorded separately for »recyclers« 
and other very large and large companies.

The biggest difference between the two groups can 
be seen in 2018, when the disparity in medians was 
over 30 percentage points. In 2019 and 2020, the dif-
ferences were reduced to the level of 20 percentage 
points; in 2021, the differences were very similar to the 
situation in 2018. These differences were statistically 
verified. On the basis of the Mann-Whitney test (with 
a commonly used 5% level of significance), it can be 
stated that the recyclers had notably higher efficiency 
values in all observed years than other larger compa-
nies in the sector: see the p-values in Table 6.

For these two defined groups, the impact of the 
Covid-19 pandemic on their performance in 2020 was 
investigated by decomposing the Malmquist index. 
Our hypothesis is that due to the large amount of re-
cycled material, which maintained a relatively con-
stant price during the pandemic, recyclers achieved 

better performance. The median results of the 
Malmquist index itself as well as its two components 
(changes in efficiency and changes in the production 
possibilities frontier) for the period 2019/2020 are re-
ported in Table 7.

It was confirmed that recyclers had higher median 
values in all three monitored indicators. In the case of 
a frontier shift, the median value was less than one, 
indicating a decline in production possibilities (which 
occurred for both groups of companies) triggered by 
the Covid-19 pandemic. However, the decline is not 
as substantial for recyclers as for other companies. 
Moreover, according to the p-value, this is a statisti-
cally significantly better result for recycler enterprises. 
In terms of efficiency, the two groups produced almost 
identical results, which is confirmed by the p-value 
that does not reject the null hypothesis of equality of 
medians. As the Malmquist index is composed of both 
components, it is logical that due to the better perfor-
mance of recyclers in terms of production possibilities, 
the index itself is higher for this group. In addition, the 
recyclers had a median Malmquist index value great-
er than one, indicating an improvement in the overall 
performance of this group of companies. In contrast, 
the median value for the other large companies was 
less than one, i.e., in general the companies in this 

Table 4 Median DEA BCC efficiency values for individual countries

Year Country Median Year Country Median

2018 Czech Rep. 0.3242 2018 Hungary 0.3832

2019 Czech Rep. 0.3446 2019 Hungary 0.3161

2020 Czech Rep. 0.3720 2020 Hungary 0.3674

2021 Czech Rep. 0.3203 2021 Hungary 0.3109

2018 Poland 0.3149 2018 Slovakia 0.3065

2019 Poland 0.3058 2019 Slovakia 0.3167

2020 Poland 0.3296 2020 Slovakia 0.3271

2021 Poland 0.3183 2021 Slovakia 0.3270

Table 5 Median DEA BCC efficiency values according to company 
size

Year Company size Median Year Company size Median

2018 Very large 0.8296 2018 Large 0.6050

2019 Very large 0.7952 2019 Large 0.5856

2020 Very large 0.7887 2020 Large 0.6204

2021 Very large 0.8437 2021 Large 0.5773

2018 Medium sized 0.2978 2018 Small 0.2902

2019 Medium sized 0.2986 2019 Small 0.3063

2020 Medium sized 0.3290 2020 Small 0.3110

2021 Medium sized 0.3054 2021 Small 0.3193

Table 6 Median DEA BCC efficiency values of two artificially cre-
ated groups – recyclers and other larger companies

Year Group Median p-value

2018
Recyclers 0.9458

0.0127
Others 0.6411

2019
Recyclers 0.8635

0.0281
Others 0.6286

2020
Recyclers 0.8551

0.0106
Others 0.6595

2021
Recyclers 0.8956

0.0042
Others 0.6031

Table 7 Medians of the Malmquist index, efficiency changes and 
shifts in the production possibilities frontier of the two groups – 
recyclers and other larger companies – for the period 2019/2020

Variable Group Median p-value

Malmquist index
Recyclers 1.0160

0.0245
Others 0.9629

Efficiency change
Recyclers 1.0488

0.3232
Others 1.0428

Frontier shift
Recyclers 0.9771

0.0245
Others 0.9253
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group deteriorated in their performance. According to 
the p-value, the better overall performance of recyclers 
is statistically significant.

3.2 Checking the Robustness of Results
The main findings from the results of the BCC in-

put-oriented model were verified using the competi-
tive SFA method to ensure their robustness. The first 
significant finding in the evaluation of efficiency was 
the identification of the size of the company as a factor 
influencing efficiency. Table 8 shows the median effi-
ciency values found using the SFA model. In the case 
of the SFA method, the differences between individu-
al categories were not as significant in absolute values 
as in the case of the DEA method. However, even ac-
cording to the SFA method, it can be seen that as the 
size of the company increases, so does the level of ef-
ficiency. According to the Kruskal-Wallis test, even in 
the case of the SFA method, the company size factor is 
statistically significant (all p-values <0.001).

The only difference was identified in sub-analyses 
using the Mann-Whitney test. Based on the results of 
the SFA model, only small companies were separated. 
Here, too, two groups were created, but with the dif-
ference that one group consisted of small companies 
and the other group of medium-sized, large and very 
large companies.

The second significant finding was related to the 
efficiency of the 10 selected companies from Table 1. 
The median efficiencies of these companies (and their 
competitors) can be found in Table 9 based on the re-
sults of the SFA method. Even in this case, the median 
efficiencies of the 10 selected companies are greater 
than those of others in the sector. At the standard 5% 
level of significance, these values are statistically sig-
nificantly higher.

4. Discussion
Our analysis showed that there were no statisti-

cally significant differences in the level of efficiency 
across the V4 countries, perhaps as a consequence of 
the increasing interdependence of the V4 economies. 
According to Long et al. (2019), Li et al. (2017) and 
Kaplinsky and Readman (2005), globalisation is an 
important issue in the woodworking sector. Accord-
ing to Long et al. (2019), who conducted one of the 
most comprehensive analysis of the global market 
between 2004 and 2016, there are still significant dis-
parities in the world, mainly due to unevenly distrib-
uted forest resources. Li et al. (2017) state that eco-
nomic integration must go hand in hand with forest 
transformation to achieve globalisation. The econo-
mies of the V4 countries are already so interconnected 
that their enterprises have very similar conditions for 
their production activities and the geographical as-
pect has become irrelevant when assessing produc-
tion efficiency. The production process and sales are 
now dispersed across national borders. For example, 
a company with its headquarters and production in 
the Czech Republic imports materials from Poland 
and sells the final products not only in the Czech  
Republic but also in Germany.

Although there are no differences across the V4 
countries, significant differences in the level of effi-
ciency with respect to company size have been identi-
fied. This is associated with other economic sectors 
that use a different technology or have a different busi-
ness focus (Kovárník and Staňková 2023 and Shao and 
Lin 2016). In the sector we analysed (NACE code 16), 
investment in new technologies that will affect the 
production process of companies is certainly essential. 
Yumauchi et al. (2009) point out that it is necessary to 
consider not only the cost of purchasing new equip-
ment (machines or other techniques), but also the  

Table 8 Median SFA efficiency values according to company size

Year Company size Median Year Company size Median

2018 Very large 0.7440 2018 Large 0.7299

2019 Very large 0.7399 2019 Large 0.7243

2020 Very large 0.7366 2020 Large 0.7236

2021 Very large 0.7473 2021 Large 0.7333

2018 Medium sized 0.7155 2018 Small 0.7023

2019 Medium sized 0.7131 2019 Small 0.6973

2020 Medium sized 0.7102 2020 Small 0.6907

2021 Medium sized 0.7174 2021 Small 0.6916

Table 9 Median SFA efficiency values of two groups – recyclers 
and other larger companies

Year Group Median p-value

2018
Recyclers 0.7339

0.0457
Others 0.7083

2019
Recyclers 0.7388

0.0437
Others 0.7047

2020
Recyclers 0.7408

0.0216
Others 0.7002

2021
Recyclers 0.7473

0.0131
Others 0.7037
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considerable cost of training workers. As these are sig-
nificant investments in absolute terms, they are most 
affordable by large companies. Based on our results, 
the efficiency of large companies is therefore gener-
ally higher than that of smaller competitors.

However, according to Thatcher and Oliver (2015), 
strategy in investing in manufacturing companies is a 
more complex issue than productivity and efficiency. 
They stress that this problem cannot be generalised 
implying that a new investment will automatically 
increase the productivity and efficiency of the enter-
prise. Their research has shown that in some cases 
investment in certain efficiency-enhancing technolo-
gies may be expected to decrease the productivity of 
profit-maximising companies. The main problem they 
see is that investments in technology that reduce fixed 
costs do not sufficiently motivate the company to tend 
to improve the quality of its products, as it is often 
satisfied with increasing profitability.

When assessing the return on investment, it is also 
necessary to take into account the time aspect. The 
increase in productivity, and consequently efficiency, 
comes only with a certain delay after the investment 
is made (Bartrel 2000), which is also a problem for 
small enterprises operating with a lower capital base. 
Large enterprises can afford to be loss-making for a 
certain period of time and still be able to finance pro-
duction and pay workers. Small businesses cannot  
afford »business risk« on such a scale. According to  
Pirola et al. (2020), small and medium-sized enter-
prises (SMEs) have additional weaknesses compared 
to their larger competitors. According to their research, 
the managements of Italian SMEs have some difficul-
ty in finding and implementing an appropriate strat-
egy to respond to the Fourth Industrial Revolution. 
Researchers have found similar results in other geo-
graphic areas. For example, in Ghana by Quaye and 
Mensah (2019) and in the UK by Galbraith et al. (2017). 
It can therefore be assumed that the same problem is 
occurring in the V4 countries, which is reflected in 
very low efficiency of SMEs in our analysis.

Our empirical results show that within the catego-
ry of large and very large companies, our selected 
group of companies that actively use recycled mate-
rial outperforms the other companies in this category. 
The use of recycled material can be an economically 
crucial aspect for companies to achieve full efficiency. 
Timber prices have risen steadily in recent years (Som-
merhuber et al. 2015). As already mentioned, there 
was another dramatic increase in the price of this ma-
terial during the pandemic (Tao et al. 2021). The active 
use of recycled wood material can thus represent a 
major competitive advantage for companies, as the 

price for this material is lower than for non-recycled 
material. This was reflected in our analysis through 
higher median efficiency values. However, companies 
need to have adequately prepared production lines for 
production from recycled material, which requires 
significant upfront investment. These investments are 
typical for large companies that have sufficient capital 
and can afford to take some risk in their financial 
strategy (including temporary losses in accounting). 
National governments should therefore focus their 
attention on SMEs and seek to actively support these 
enterprises to engage in production using recycled 
materials.

The statistically significant out-performance of re-
cyclers was also observed in the context of changes in 
the production possibilities frontier (for the period 
2019/2020) and consequently in the overall Malmquist 
index. Thus, it can be concluded that the use of this 
material was a benefit to companies even during the 
Covid-19 pandemic. We believe that these companies 
have not fewer problems from fluctuations in supply 
prices and probably also with obtaining supplies of 
recycled material.

In order to fully address the impact of the Covid-19 
pandemic, it would be advisable to repeat the analysis 
several years after its onset. As our research only cov-
ers the period from 2018 to 2021, the possibilities of 
assessing the impact of the pandemic are limited. The 
use of DEA method, which is a deterministic method, 
can also be considered as another limitation in our re-
search. This method is very susceptible to the correct-
ness of the data and hence the choice of input and 
output variables. To minimise the subjectivity of vari-
able selection, we chose the variables that have already 
been used (either in the selected sector or at least in 
economically related sectors). Even when choosing a 
specific DEA model setup, we followed the recom-
mendations of other researchers. The choice of a par-
ticular model setting determines the resulting effi-
ciency values of individual companies. We believe 
that, given the type of data, an adequate model has 
been chosen that gives realistic results.

5. Conclusions
This article deals with a quantitative assessment of 

the production efficiency of wood processing enter-
prises in the V4 countries. The results of these analyses 
showed that there are no statistically significant differ-
ences in efficiency across V4 countries in this sector. 
Conversely, statistically significant differences in ef-
ficiency by company size were identified through the 
inclusion of a micro perspective. It was also found that 



M. Staňková and T. Pipíška  The Use of Recycled Wood as a Factor in Production Efficiency of Manufacturers... (391–402)

400 Croat. j. for. eng. 45(2024)2

the 10 companies identified as »recyclers« performed 
consistently better based on efficiency assessment. The 
use of this material gave them some competitive ad-
vantage even in the uncertain times of the Covid-19 
pandemic. The use of recycled materials therefore has 
positive impacts not only in terms of the environment, 
but also in terms of business performance. National 
governments should therefore focus on supporting 
small and medium-sized enterprises in particular to 
transform their production lines and adapt to produc-
tion based on the use of these materials.
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