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The strive for a efficiency improvement of logistics processes also affects the wood bio-
mass industry. A numerous areas within the reverse supply chains of wood biomass show
potential for optimization in the context of the circular economy development. Concerning
the reverse supply chain of wood biomass, it is important to precisely identify the essential
parameters that determine the overall efficiency of supply chain. The aim of this study is to
identify the control parameters that determine the efficiency of processes related to the pro-
cessing of wood biomass, as well as the problems and solutions that occur within the reverse
supply chains of wood biomass. An attempt was made to understand the specifics of the man-
agement process through the use of a qualitative approach — focus group interview (FGI). The
FGI was conducted among both operational and process managers. The results obtained have
been classified according to specific groups of codes and have been analysed in depth. The
results obtained show that the wood biomass industry revels potential for logistics processes
optimalization throughout a proper management and key process parameters identification.
The application of elements of the Circular Economy (CE) in the handling processes shows
a great potential for process optimization. This is consistent with the wood-biomass industry’s
natural drive to solve problems, minimize waste and have a high degree of adaptation within
the dynamic and changing environment of reverse supply chains. Conclusions and recommen-
dations formulated can be incorporated into existing reverse supply chains of wood biomass.
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1. INTRODUCTION

The improvement of process efficiency is always at the forefront of supply chain
management (Abdullah et al., 2018; Dahmus, 2014; Handfield et al., 1997; Hervani et
al., 2005). The efficient use of resources (Dahmus, 2014), the correct modelling of pro-
cesses (Croxton et al., 2001) and the precise definition of the functions of each actor in
the supply chain (Lee, Joo, 2020) have attracted the attention of researchers. Both re-
searchers and managers have been prompted to review the efficiency of their own sup-
ply chains by the emergence of sustainability-oriented management concepts (Javied
et al., 2015). One approach can be to digitize supply chains to support the processes in-
volved (Nowak et al., 2022). Reverse supply chains of wood biomass often use aspects
of supply chains with a closed loop structure. A number of studies have analyzed the
impact of the efficiency of closed-loop supply chains on the development of the circu-
lar economy concept, particularly in the context of its potential disruptions such as the
war in Ukraine or the COVID-19 pandemic (Sosnowski, Cyplik, 2022). However, the
perspective of the representatives of supply chains handling wood biomass was rarely
explored. Instead, the impact of the digitalization of processes on their efficiency has
been examined in the context of the circulation of logistical documentation accompa-
nying order fulfilment in maritime ports (Kristiyanti et al., 2024). At the same time,
there are indications of elements of wood biomass handling processes that could be
made much more efficient with the appropriate level of digitization.

Wood is a versatile material that is increasingly used in a wide range of applica-
tions, including rapidly growing sectors of wood construction and bioenergy. Its re-
newability and carbon storage properties make it a good substitution for fossil-based
materials. However, amid increasing demand and growing pressure to preserve nat-
ural ecosystems, it is necessary to further improve the processing efficiency and
advance the development of circular economy practices in the wood sector. The
efficient utilization of wood (or other biomass), which prioritizes the material use
of residues and waste before energy use, is referred to as material cascading (Mair,
Stern, 2017; Vis et al., 2016). Wider circular economy literature focuses rather on
circular strategies, such as the 10R framework (Potting et al., 2017), which encom-
passes strategies related to smarter product use and manufacture (Refuse, Rethink,
Reduce), extending lifespan of products and its parts (Re-use, Repair, Refurbish,
Remanufacture, Repurpose) and useful application of materials (Recycle, Recover).
The strategies are prioritized according to the level of circularity, with Recover (en-
ergy use) being the last , which makes the framework consistent with the cascading
use dominant logic. Generally, it is implied that that more circularity means better
environmental performance due to the fact that fewer virgin resources are used, but
this heavily depends on the technologies used and material flow organization, i.e.,
the efficiency and impact of logistic processes.

A literature review conducted by Suarez-Eiroa et al. (2019) shows that elements
of the circular economy (CE) are now widely implemented in global supply chains.
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Simultaneously, there is a lack of practical information on which elements of the cir-
cular economy are most relevant. In addition to dynamically adjusting the volume
in and out of the SC, it is important to model the supply chain design accordingly.
Awareness of the stakeholders involved in the process, who are present at each stage
of handling the flows, also plays an important role (Co, Barro, 2009). The study car-
ried out by Werner-Lewandowska et al. (2024) on the transition of supply chains to
sustainable models identifies the most relevant groups of elements using the exam-
ple of electrical and electronic equipment (EEE). The conclusions of the study are
indirectly applicable to the handling of wood biomass, as this type of supply chain is
characterized by a low level of technological complexity. Therefore, proper planning
is required from the outset to ensure that all elements of the reverse supply chain of
wood biomass would be sustainable once the improvements are implemented.

Opportunities for the re-use of wood biomass residues are in line with the con-
cepts of sustainability and circular economy (Keefe et al., 2014; Krsti¢ et al., 2022).
However, as stated above in (Hofmann, 2017) research, an increase in the amount of
wood biomass within a reverse supply chain may not yield the desired effects. That
is why an accurate understanding of the specifics of handling woody biomass in re-
verse supply chains is essential (Keefe et al., 2014).

In identifying ways to improve the efficiency of reverse supply chains for wood
biomass, the work of other researchers on sustainability concepts and management
methods in supply chains can provide valuable insights (Danish, Ahmad, 2018;
Keefe et al., 2014; Kogler et al., 2021; Kogler, Rauch, 2018; Mobini et al., 2013).
However, it is necessary to understand the constraints and opportunities associated
with the wood biomass itself (Desing et al., 2020; Zapp et al., 2021). The aim of this
study is to identify the parameters that determine the efficiency of wood biomass
processing, as well as the problems and solutions within its reverse supply chains.
To achieve this objective, a qualitative research approach, and focus group interview
(FGI) were adopted. It has been recognized that there is a lack of sufficient quali-
tative research in the area of reverse supply chains of wood biomass. While a qual-
itative approach may not provide a complete overview of reverse supply chains,
it will provide information that cannot be obtained through quantitative research.
The analysis of the literature presented in the next paragraphs revealed that there is
a knowledge gap on the awareness of wood company employees on circular econ-
omy strategies and current trends in the reverse logistics network of wood biomass.
The results allowed to verify the adaptability of circular economy principles within
the organization of wood biomass supply chains.

The analysis of costs resulting from logistical processes in wood biomass sup-
ply chains was discussed in previous studies (Kamimura et al., 2012). The exam-
ple of energy plants in Japan was used to verify the optimal number of suppliers.
The analysis considered the cost of raw material delivery and transport. The pro-
posed model referred to the use of specialized forestry machinery for harvesting
the raw material and larger truck containers. The case study allowed to determine
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how improvements in dedicated forestry machinery and the cubic capacity of load-
ing units can improve overall efficiency in reverse supply chains of wood biomass.
A survey of Polish companies in 2011-2013 and 2015 indicated that the efficiency of
production processes was inadequately tested (Kolinski et al., 2016). The efficien-
cy assessment factors identified in the study can be attempted to be adapted to the
needs of reverse wood biomass supply chains. The multivariate simulation model
emerged from the study enables efficiency simulations. A similar management ap-
proach may also be beneficial for optimizing reverse supply chains.

The impact of reverse supply chain processes identified within the Circular
Economy has been recognized in many industries. Potentially, each of them can, un-
der certain specific circumstances, handle the flow of post-consumer raw material
that can be converted to wood biomass. This has been extensively addressed in the
context of the automotive industry (Golinska, 2014). The management methods of
resource recovery in the computer industry also provide an interesting perspective
(Kawa, Golinska, 2010). The concept of ‘two way economy’ points to the need for
changes in management processes and is closely linked to defining the environmen-
tal impacts of product’s life cycle (LCA) and carrying out proper forecasting. The
results of the study indicate a high degree of efficiency in supply chains suitable for
dynamic configuration. This characteristic of the supply chain has also been shown
in other studies as highly beneficial (Torrisi et al., 2017; Yuan, 2012). Research on
supply chain efficiency is not limited to the specifics of the transported raw material.
The impact of standardized loading units is also relevant, as this can have a signifi-
cant impact on the efficiency of the logistics model while reduce its carbon footprint.
The use of appropriate standardized loading units increases the use of the loading
space of the means of transport and facilitates faster turnover within the logistics
model (Dubisz et al., 2023). The main challenges facing carbon management within
sustainable supply chains are an important part of process efficiency.

A study conducted by Dubisz et al. (2022) showed that interviews of transport
managers may be an important source of information to supplement the state of
knowledge on the key parameters driving flows within the logistics chain. A fur-
ther survey among representatives of participants of reverse supply chains of wood
biomass can provide important information on the correlations between the parties
involved (Dubisz et al., 2022).

A five step methodology was proposed for analyzing the efficiency of wood based
biomass material flows within supply chains (Marques et al., 2020). Identification
of terminology, estimation of flow volumes, indication of raw material source bal-
ance, scenario analysis and stakeholder validation were indicated. It has been noted
that the correct identification of the resource balance allows the wood biomass sup-
ply chain to be aligned with the circular economy concept. Proper management and
monitoring of data at regional and country level is a way to support business deci-
sion making. The importance of using wood biomass in the context of developing
a circular economy has also been recognized (Sherwood, 2020). The use of wood
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by products and post-consumer wood in the production of materials and as a raw
material for energy production fits into the concepts of the circular (bio)economy.
Researchers point to the need to raise awareness among stakeholders of the reverse
supply chains of wood biomass. In order to increase the reuse of recycled raw ma-
terials, they identify this as a key area. The review of the literature shows the im-
portant role and the impact on the overall efficiency of the factors that regulate the
reverse supply chains of wood biomass.

A research gap has been identified in the area of improving the efficiency of logis-
tics processes within reverse supply chains of wood biomass. The process knowledge
of wood biomass chain managers will also be verified. This knowledge is crucial for
the implementation of optimization solutions directly related to process efficiency
improvement. Following an analysis of the available literature, it was identified that
there is a lack of research that investigates both the awareness of those involved in
the management of wood biomass flows and the use of circular strategies in the han-
dling of wood biomass streams. Simultaneously, there is a lack of proper research on
current trends in the development of reverse supply chains of wood biomass.

The chosen research method, presented in the next section of this publication,
allows to improve the knowledge related to handling wood biomass flows, as it
takes into account the business perspective provided by the interviewed research
participants.

2. MATERIALS AND METHODS

In the utilitarian layer of the study, the focus was put on the both the core logis-
tics operations of wood biomass processing (identification of residues, reprocess-
ing, repurposing, change of the material physical characteristics) and the supporting
operations of the core business (storage and transport elements). Simultaneously,
among these operations, attention was paid to the handling of raw materials in terms
of storage conditions. All these elements are essential for the subsequent adaptation
of circular strategies and the efficiency of the whole process of handling wood bio-
mass flows. Despite of this utilitarian goal of the research that led to the practical
implications, a scientific goals were outlined. Reaching those has been achieved by
providing an answers to the three following research questions.

Based on the literature review, a number of potential issues were outlined which
could be verified during the FGI study, which guided the formulation of the re-
search questions:

RQI1: How wood biomass flow within reverse supply chains can be improved?

RQ2: How circular strategies can be implemented within wood sector?

RQ3: How current market trends affect the reverse supply chains of wood biomass?

Obtaining an answer to the first RQ could influence the area defined at initial stage
of this research specified as a potential for improving the efficiency of the reverse
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supply chains of wood biomass. The emphasis of the research was placed on ways to
improve the efficiency of the wood biomass flow process within reverse supply chains.
The following research step was to test whether the circular strategies presented in the
literature, which are a subset of sustainability approach within modern supply chains,
could be implemented in reverse supply chains of wood biomass. Furthermore, in or-
der to maintain the market driven character of the research carried out, an attempt was
made to verify current market trends within reverse supply chains of wood biomass.
Based on this, the third research question was formulated. Hence qualitative research
was necessary to provide answers to these questions. For this purpose, a focus group
interview (FGI) was used to obtain answers to the defined questions.

Answering the research questions posed was the purpose of the interview. A total of
three separate meetings were held online, and the groups consisted of 4-7 participants
and the moderator. The duration of an FGI interview was between 1.5 and 2 hours.
Interviewees worked in companies associated with wood industry, sawmills and han-
dling and recycling of residual biomass. A qualitative method was chosen to verify
supply chain efficiency, to provide answers to the questions about biomass flows, pos-
sible usage, difficulties and origins within a chain. The data collected in this way can
be used to carry out further research based on quantitative methods. The fundamental
differences between qualitative and quantitative approaches clearly determine the sub-
sequent course of the study. Quantitative methods provide precise information about
trends, values, magnitudes of the issues under study, whereas qualitative methods al-
low us to understand the way and characteristics of the area under study(Chambers,
1997) Qualitative methods, which originated in the 1940s, make it possible to add to
the state of knowledge in areas that are difficult to cover with quantitative methods
(Musab, Christian, 2014). A qualitative research approach was used to investigate the
reverse supply chains of wood biomass. Qualitative research allows to examine the
perspective of individuals involved in the process and is based on non-numerical data.
Thus, experience of specific individuals can be examined during the research (Pathak
et al., 2013). Three approaches to qualitative research were identified: observation-
al studies, interview studies, and documentary data analysis (Musa, Christian, 2014).
The interview-based study analysis approach was chosen for this study. An example of
a study carried out with qualitative methods (FGI) on the interrelationships between
elements of circular economy and Industry 4.0 approaches shows the positive results of
this research method in analyzing sustainable supply chains (De Mattos Nascimento et
al., 2024). Due to the many common elements with the reverse wood biomass supply
chains, it is expected that the applied qualitative method will provide valuable results
in the current research. In parallel with the qualitative FGI research, an in-depth liter-
ature review was carried out to examine other developments in this area of science. In
the preparation for the analysis of the data gathered through focus group interviews,
a three stage coding technique was used. The first step involved initial coding, based
on the literature review and transcription screening. Then, a final coding frame was
developed (focused and theoretical coding), using MS Excel software (Charmaz, 2000).
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The third step was the cross-check of the coded data by another author to improve
the overall reliability of the research and minimize author-induced bias. In the end,
a two-level hierarchical code tree was obtained. The next stage of the research was to
draw conclusions from both the qualitative FGI research and the literature review. The
final stage of the study was to develop a set of recommendations to support the proper
modelling of effective reverse wood biomass supply chains. The results and conclu-
sions of the research are presented in the final sections of the publication. Adopted re-
search methodology is presented in figure 1.

Clarification of the research area

v

Formulation of research questions
RQ1: How wood biomass flow within reversed
supply chains can be improved?

RQ2: How circular strategies can be
implemented within wood sector?

RQ3: How current market trends affect the
reverse supply chains of wood biomass?

Y v

Literature Review -
Finding a reference

Focus Group
Interview - aimed at

s in the literature to
finding answers to |<@———p> ;
the results obtained
the formulated

. from the FGI
research questions
research

L * |

Analysis of research results and answering the
research questions

\
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Fig. 1. Research methodology implemented within this research (own elaboration)
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3. RESULTS

The qualitative study was conducted with representatives of wood biomass pro-
cessing enterprises, particularly with people in charge of management challenges
and operational activities in the reverse supply chain. The representatives from dif-
ferent positions in the production companies, whose activities result in the genera-
tion of waste wood biomass, took part in the interview. Thus, it was possible to gain
an insight into the perspectives of both: those who are involved in the primary pro-
cesses of the reverse wood biomass supply chains and those who are in charge of
modelling these processes. The data collected in this way is helpful to validate the
research area from both operational and management perspectives.

The study was divided into several phases presented in the figure 2.

Introduction
(15 minutes)

v

Warm-up. Identification of the associations with "residual biomass
(10 minutes)

v

interviewees identify sources and uses of residual wood biomass
(35 minutes)

v

Identification of the associations of the reverse supply chains with
residual wood and wood biomass. (55 minutes)

v

Review of the reverse supply chain processes (15 minutes)

v

Identification of the main actors within the reverse supply chain of
residual wood biomass (10 minutes)

v

Identification of a main issues related to reversed supply chains of wood
biomass
(20 minutes)

v

Conclusions (5 minutes)

Fig. 2. Phases of the FGI research conducted among wood biomass professionals
(own elaboration)
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Group 1 (FG1) consisted of 6 participants, group (FG2) consisted of 7 partic-
ipants, and group 3 (GF3) consisted of 4 participants. To better characterize the
interviewees, their function within the company was defined, as well as the com-
pany’s specialization. The characteristics of the participants are presented in table
1 and table 2.

Table 1. Characteristics of participants position in a company

Position in a company Number of participants
general manager 12
project manager 1
logistics specialist 1
quality control specialist 1
customer advisor 1
n/a 1
In total 17

Source: own elaboration.

Table 2. Characteristics of participants — type of the company

Type of company Number of participants
sawmill 11
wooden packaging 3
wood construction 1
garden architecture 1
carpentry 1
SUM 17

Source: own elaboration.

Figure 3 shows the geographical distribution of research participants. However,
due to the research methodology, it is not possible to identify the exact location of
each company. The companies, from which the participants were recruited, were
randomly selected from a market research company’s database on the basis of their
activity in the wood biomass processing sector.
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Fig. 3. Geographical spread of research participants (own elaboration)

Table 3 indicates a detailed overview of the study participants, including the
voivodeship, the type of company, and the professional area of the respondents.
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Table 3. Characteristics of the people taking part in the interview,
with indication of location

l:l(;l[ Professional area | Position Company type Voivodship
1 | wood technology | general manager | sawmill N/A
1 | management general manager | carpenter’s workshop | Lodzkie Voivodship
1 | management general manager | sawmill Lubelskie Voivodship
1 management, eneral manacer | sawmill Warminsko-Mazurskie
logistics & & Voivodship
1 management, . general manager | sawmill Lubuskie Voivodship
customer service
2 management, eneral manager | sawmill Podkarpackie
logistics & £ Voivodship
2 | construction project manager | wood construction Lubelskie Voivodship
2 | quality control quah-ty.control garden architecture | Lubuskie Voivodship
specialist
2 | logistics logistics specialist| sawmill Lodzkie Voivodship
2 | management eneral manager sawmill (structural Slaskie Voivodshi
& & & timber) 4 p
. Podparpackie
2 | management general manager | sawmill Voivodship
3 production general manager | sawmill Slaskie Voivodship
management
management, . - . . .
3 Jogistics general manager | wooden packaging Slaskie Voivodship
3 | N/A N/A wooden packaging Warmifisko-Mazurskie

Voivodship

3 | customer service

customer advisor

wooden packaging,

furniture, straw

Warminsko-Mazurskie
Voivodship

products
3 | management general manager | sawmill Matoposkie Voivodship
3 | management general manager | sawmill Opolskie Voivodship

Source: own elaboration.
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The interview was carried out in the form of an online meeting. The inter-
view participants were divided into three groups to facilitate communication.
Respondents were randomly assigned to each group without prior analysis of
their function or affiliation to a particular organization. The duration of each in-
terview was approximately 120 minutes. The respondents had different functions
in their companies. Participants in each group had a free choice to respond to the
questions.

As mentioned earlier, the responses given were coded. The resulting code tree
is presented in the table 4. Based on the identified content, the study proposed
a division into 4 groups of codes. Group 1: Problems and Challenges referred to all
issues and obstacles related to handling, collection, identification and processing
of biomass. Each example described by interviewees was assigned to this group.
A second group, Solutions, consisted of responses in which participants indicat-
ed ways to resolve identified problems classified under group 1 (Problems and
Challenges). The third group, Trends, encompasses items referring to business
trends, which affect the scope and direction of wood biomass utilization and the
cascading use of wood. The fourth category: Circular Strategies refers to state-
ments that indicated possible ways to apply circular strategies in the management
of wood biomass flows.

Table 4. The code tree used in the data analysis

Main code group Detailed code within a group

1.1. Difficulties in identifying material and mixing different materials

1.2. Degradation

1.3. Flammability

1.4. Lack of economic effectiveness

1.5. Cargo size

1. Problems 1.6. Lack of demand

1.7. Limited supply of raw material

1.8. Insufficient labor force

1.9. Insufficient investment in infrastructure and machinery

1.10. Lack of/inadequate communication

1.11. Environmental pollution (transport)
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Main code group

Detailed code within a group

2. Solutions

2.1. Purification of raw material

2.2. Distance to customer

2.3. Segregation

2.4. Storage

2.5. Moisture measurement

2.6. Fire protection

2.7. Appropriate transportation

2.8. Quality control

2.9. Drying

2.10. Packaging

2.11. Tax preferences for environmentally friendly products

3. Trends

3.1. Increase of energy prices

3.2. Restrictions in foreign trade

3.3. Vintage fashion

3.4. Increasing popularity of prefabricated construction

3.5. Ecology

3.6. Renewable energy sources

4. Circular Strategies

4.1. Reduce

4.2. Reuse

4.3. Repair

4.4. Refurbish

4.5. Remanufacture

4.6. Repurpose

4.7. Recycle

4.8. Recover

4.9. Not specified

Source: own elaboration.
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When coding the collected responses, a total of 272 items were identified. Table
5 summarizes the coded items in reference to each interview.

Table 5. Summary of a FGI responses assigned to specific main code group classification

FGIno. | 1. Problems | 2. Solutions | 3. Trends | 4. Circular strategies | 99. Other | Total
FGI 1 25 30 19 54 10 138
FGI 2 21 23 7 24 5 80
FGI 3 18 12 1 20 3 54
Total 64 65 27 98 18

Source: own elaboration.

Analyzing the frequency of responses within all three interviews, 36% of state-
ments were related to wood biomass applications supported by circular strategies
(fig. 4). Both 24% of the responses were related to the ‘problems’ and ‘solutions’
categories. Additionally, 10% of responses pointed to external market trends that re-
sulted from the behavior of end users of wood biomass residues. Lastly, 7% of con-
tributions were related to the ‘other’ category.

FGI survey share of responses

Other
7%
Problems
23%
= Problems
Circulation = Solutions
strategies = Trends
36%
= Circulation strategies
m Other
Solutions
24%
Trends

10%

Fig. 4. A summary of the responses provided by research participants (own elaboration)
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The results of the interviews indicate similar number of problems and solutions.
This can point to the adaptability of the wood biomass industry within reverse
chains to changing external conditions. The flexibility of wood biomass reverse
supply chains may be one of the key common elements that characterize their par-
ticipants. This characteristic of supply chains was verified based on the respons-
es received from interviewees. According to research participants, the most press-
ing problems and challenges affecting the creation and effectiveness of the reverse
wood biomass supply chains are lack of economic viability, wood degradation, dif-
ficulties in identifying materials, and dealing with complex products composed of
different materials. In relation to the cost-effectiveness, the interviewees mostly re-
ferred to high costs of transportation and storage, especially in relation to the pric-
es of the processed post-consumer wood. These financial burdens undermine the
implementation of the circular economy in the wood sector. One of the factors in-
fluencing these costs is the susceptibility of wood to abiotic and biotic degradation
(i.e. fungi), which was also frequently mentioned by the participants.

“I would like to say as well that the storage time is relevant. [...] It is a cost. Surely,
we will cut on costs, [storage] space, providing appropriate storage conditions. And for
sure on the raw material quality. The longer we store any wood, wood waste, the worse
their quality, because they start to deteriorate, to rot, the mould and fungi appear”.

Another issue is the possible mixing of waste, which includes different types
of wood-based materials but also other raw materials, e.g., metal elements of used
wood construction materials. Moreover, there may be difficulties in waste sort-
ing and identification, particularly in the presence of chemical wood preservatives,
which inhibit the reuse of such materials. Waste sorting, in turn, requires usual-
ly manpower (especially in small enterprises, which make up the biggest group of
wood processing companies and do not have adequate financial resources to invest
in automatized segregation lines).

In each of the problem analyzed, interview participants indicated how the prob-
lem could be solved. The interviewees did not identify any problems that critically
disrupt and block the functioning of the wood biomass supply chain. They, however,
indicated that the biomass storage is a key process both in terms of costs and quality
preservation. Biomass waste may be stored in covered storage areas, or, for a longer
periods and best conditions, in warehouses, which provide adequate level of humid-
ity, temperature and ventilation. Some companies pointed to the necessity of moni-
toring humidity on an ongoing basis, but they have assigned a responsible person to
oversee this process rather than using automatic sensors. Several interviewees have
underlined that the minimization of the storage time is the best strategy to deal with
potential loss of biomass quality.

Both lower costs and better quality may be also assured when the companies in-
volved are geographically close to each other, keeping the supply chain at the local level.

“These firms are next to each other. [...] that is why the transport costs are
minimized. In consequence the products, raw material, from which the pellet is
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manufactured, is of good quality, because it is fresh, dry and is transported from
one place to another in several hours”.

In wood waste transport, the use of adequate vehicles and/or packaging is very
important. In the companies interviewed, this included big bags, containers and
covered trailers. Additionally, some of the companies were using mobile wood chip-
pers when collecting waste biomass from farmers and forest. Another important
process identified was waste sorting. The interviewees stated that in their compa-
nies, this process was done manually. Main criteria were the size of wood pieces,
type of wood (coniferous vs. non-coniferous) and quality (discarding wet and/or rot
pieces). Sometimes post-consumer wood waste is cleaned by removing all metal
pieces, such as nails. However, this is usually done by the biomass buyer. In case of
wet biomass, drying also may be necessary before further use. To sum up, the com-
panies underlined in the discussion that the right management of the reverse supply
chain is a key competence in making this type of activity profitable.

“But the biggest challenge is to assure such a supply chain that would be seam-
less, form the wood harvesting, through all the recipients, so that it isn’t store too
long and doesn’t rot, get wet. So the stages between one and other customer were
very short”.

The interviewees identified several trends that influence reverse biomass sup-
ply chains. Among them, rising energy prices of energy were mentioned very often,
especially in the context of market opportunities for bioenergy products manufac-
turers, such as pellet producers, and for wood companies, because the increased
demand for wood has resulted in the creation of the market for wood by-products,
which were previously given away for free. Besides, this topic is connected to other
trend: ecology and the increasing adoption of renewable energy.

The growing demand for ecological products was indicated as an opportunity to
develop new value-added products from wood waste, such as bio-based lacquers,
and boost the circularity in the wood sector. Next, the vintage trend is also popu-
lar among the consumers. This results in an increased demand for high-quality old
demolition wood, which is repurposed and used, i.e., for floors, furniture, and deco-
rative elements. One of the FGI participants also mentioned the increasing populari-
ty of wood construction. However, compared to other European countries, this type
of construction still faces many barriers in Poland.

Last but not least, a recurring topic was also the wood import ban from Russia
and Belarus, as well as the export cap from Ukraine, which are the consequences of
the Russia-Ukraine war. Because these markets were a considerable source of raw
materials for Polish companies, this restriction has increased competition for wood
in the Polish market, at the same time presenting an opportunity for wood waste
providers.

The results of the interview indicate the important role of circular strategies
among the respondents. This is followed by the problems faced by those working in
reverse wood biomass supply chains.
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4. DISCUSSION

4.1. Theoretical Implications

The results of this study indicating a high degree of application of circular strat-
egies in reverse wood biomass supply chains show a positive impact of digitization
on operational efficiency. This is consistent with the approach presented in empiri-
cal studies on the efficiency of blockchain-based supply chains in India and the USA
(Queiroz, Fosso Wamba, 2019).

A study carried out on Hungarian companies (Nagy et al., 2018) evaluated se-
lected elements of the digitalization of logistic processes with the focus on big data
solutions, the Internet of Things (Iof T), and Industry 4.0. Identifying the right path
for the development of the supply chain may affect its final efficiency and deter-
mine organizational success. The study indicated that a lack of awareness regarding
the use of circular economy solutions does not necessarily have a negative impact
on the efficiency of biomass processing. The result of the study suggests that aware-
ness of the CE concept could influence changes in reverse supply chains, but this is
not a mandatory condition for achieving efficiency.

The lack of awareness of the full process of handling wood biomass flows, iden-
tified during the FGI interview, potentially adversely affects the decision making
process of managers of reverse supply chains of wood biomass. This conclusion is
also supported by the results of the research on the sustainability of digitalization
in logistics (Kayikci, 2018). Similarly, within this FGI study, it is identified that
the lack of adequate vertical and horizontal integration within an organization can
negatively affect its efficiency.

4.2. Practical Implications

The practical implications of the research indicate the potential for developing
the application of circular strategies supported by digitalization solution within
wood biomass reverse supply chains. The sector is presently applying elements of
circular strategies related to the reuse of raw materials, the reuse of raw materials,
processing and the minimization of the carbon footprint of products throughout
their life cycle as a result of their recycling. These activities are partly undertaken
without full awareness and are carried out by the participants within the reverse
supply chain of wood biomass, due to the nature of the material associated with the
raw material being processed. Improving the level of awareness can bring signifi-
cant improvements to the efficiency of the process and increase the level of applica-
tion of process handling elements specific to the circular economy.

The results indicate the important role of circular strategies in handling wood
biomass flows within reverse supply chains. Respondents often unconsciously
use circular strategies in their operations, which is a positive trend. The problems
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identified in all supply chains are consistent with the approaches described in the lit-
erature, but the biomass industry shows great adaptability to the changes and chal-
lenges encountered. Unlike other types of supply chains, where the decision-making
processes are stretched between operational employees and the managers, the wood
biomass sector has short communication structure. Proper involvement of digitali-
zation of communication flow within an entire reverse supply network may support
decision making processes and improve wood biomass reprocessing processes.

4.3. Limitations and Future Research

Limitations identified within this research are:

- Itis not possible to have complete information on which of the participants in the
study will be answering the questions. This is mainly due to the FGI’s chosen
methodology.

- Limiting the study to qualitative only proposed within this research. The process
has been explained, but it is not possible to determine the overall trend and gen-
eralize the results.

- Limitation of the study due to the participation of mainly sawmill representatives.
Lack of a broader perspective from representatives of other wood industries.

- The interview focused on biomass processing companies and not on companies
that collect, intermediate and distribute the result of raw material processing.
Therefore, the scope of the study is narrow.

Recommendations for further research may be related to conducting extended
interviews based on the different research methods. The current research is limited
to a qualitative approach. In order to fully understand the challenges of managing
wood biomass flows, it is necessary to properly plan and conduct quantitative stud-
ies. A large-sample quantitative survey (e.g. CAWI or CATI survey) is recommend-
ed for this purpose.

S. CONCLUSIONS

The research revealed that the vast majority of respondents lacked knowledge of
the overall process and its downstream steps which could be related with relatively
poor level of digitalization of wood biomass handling processes. The preliminary
findings suggest that this lack of knowledge and familiarity with the process may
lead managers to draw inappropriate conclusions and influence overall effective-
ness of reverse wood biomass supply chains. Knowledge of only a narrow part of
the wood biomass processing is not conducive to the optimization of the overall
performance. It is necessary to incorporate dynamic process measurement based on
digital big data solutions, due to the potentially large amount of data extracted from
wood biomass processing.



Efficiency of reverse wood biomass supply chains — a qualitative approach... 159

The results of the study indicate that the physical form of the wood biomass plays
an important role in its handling and processing. Researchers point to the charac-
teristics of biomass that affect the way it can be used during processing. One of the
most frequently cited reuses of wood biomass are combustion and its use as a raw
material for the production of garden fertilizers.

The characteristics of the raw material should also be taken into account when
establishing reverse supply chains for wood biomass and analyzing their efficiency.
According to respondents, wood biomass is vulnerable to weather conditions. The
high level of moisture absorption is a serious problem for its storage, transport and
processing. Additionally, material contamination was also a problem highlighted by
the interviewees. For large-scale processing, there is a need for the development of
effective means of identification of the type and quality of raw material. This cre-
ates the potential for automation in this stage of processing.

The results indicate that storage space, human resources, available infrastruc-
ture, and technology are the main constraints associated with processing wood bio-
mass in reverse supply chains. Due to the nature of the unprocessed raw material, it
is necessary to provide large storage areas for wood biomass. The parameters of the
raw material determine specific storage conditions to maintain the expected mois-
ture levels.

Due to the nature of the processing process, a significant amount of human re-
sources is required, which implies high labor intensity and low operational efficien-
cy. The findings also indicate that there is significant potential for the industry to
adopt advanced technologies to help identify both the type and parameters of wood
biomass. The study also found that the supply of raw material is highly dependent
on a number of variables. Depending on how the wood biomass is harvested, this
can be influenced by:

- The location of the forest stock, if the sourcing location is a forest area.

- The life cycle of the products and their design if post-consumer biomass is used
for processing.

- Other production processes controlled by the wood biomass processing center.

The characteristics of the raw material supply also affect its demand. Irregularity
of supply and high seasonality mean that recovered material can only be used as
a raw material for reuse in a narrow range of industries, e.g., horticulture, pellet
production, and reuse in other production processes. Therefore, the amount of pro-
cessed biomass obtained can sometimes only be an addition to the basic raw ma-
terial engaged within production processes. The research indicated that one of the
main reasons for the low level of investment in wood biomass processing is the low
profit margins. High profits depend on large volumes of processed wood biomass.
Therefore, it is even more important to provide the industry with relatively cost-ef-
fective technology to increase processing within reverse supply chains of wood bio-
mass. Improving the flow of digital information between supply chain participants

will help to better control supply volumes, determine production needs, and more
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efficiently plan the transportation of processed raw materials. Measures taken to
increase the degree of digitalization of processes will help to benefit the minimiza-
tion of the carbon footprint of wood biomass reverse supply chains. The conducted
research showed that some respondents understand the purpose of processing wood
biomass. However, the vast majority did not have a comprehensive understanding
of the detailed process of wood biomass flow. The respondents focused on a limit-
ed section of the technological process of raw material processing. Simultaneously,
they demonstrated a general idea of the purpose of harvested and processed wood
biomass. Interviewees indicated that they have knowledge of the processes required
to handle the wood-based raw material, to change its functionality, and to influence
the conversion and further use in the supply chain.
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EFEKTYWNOSC ODWROCONYCH EANCUCHOW DOSTAW BIOMASY
DRZEWNEJ - JAKOSCIOWE PODEJSCIE DO IDENTYFIKACJI
KLUCZOWYCH PARAMETROW

Streszczenie

Dazenie do poprawy efektywnosci procesow logistycznych dotyczy rowniez przemy-
stu biomasy drzewne;j. Liczne obszary w ramach odwrotnych tancuchéw dostaw biomasy
drzewnej wykazuja potencjal do optymalizacji w kontekscie rozwoju gospodarki o obiegu
zamknietym. Jesli chodzi o odwrotny tancuch dostaw biomasy drzewnej, wazne jest, aby
doktadnie zidentyfikowa¢ istotne parametry, ktore okreslaja ogdlng wydajnos$¢ tancucha
dostaw. Celem niniejszego badania jest identyfikacja parametréw kontrolnych, ktére okre-
$laja wydajno$¢ proceséw zwigzanych z przetwarzaniem biomasy drzewnej, a takze pro-
bleméw i rozwigzan, ktore wystgpuja w ramach odwrotnych tancuchow dostaw biomasy
drzewnej. Podjeto probe zrozumienia specyfiki procesu zarzadzania poprzez zastosowa-
nie podejscia jakosciowego — zogniskowanego wywiadu grupowego (FGI). FGI przepro-
wadzono zaréwno wsrdéd menedzerdéw operacyjnych, jak i procesowych. Uzyskane wyni-
ki zostaty sklasyfikowane wedtug okreslonych grup kodéw i poddane doglebnej analizie.
Pokazuja one, ze przemyst biomasy drzewnej ma potencjat do optymalizacji proceséw lo-
gistycznych poprzez odpowiednie zarzadzanie i identyfikacj¢ kluczowych parametrow
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procesu. Zastosowanie elementéw gospodarki o obiegu zamknigetym (GOZ) w procesach
przetadunkowych wykazuje duzy potencjat optymalizacji proceséw. Jest to zgodne z natu-
ralnym dazeniem przemystu biomasy drzewnej do rozwigzywania probleméw, minimaliza-
cji odpadow i wysokiego stopnia adaptacji w dynamicznym i zmieniajacym si¢ Srodowisku
odwroconych tancuchéw dostaw. Sformutowane wnioski i zalecenia mozna wlaczy¢ do ist-
niejagcych odwrotnych tancuchéw dostaw biomasy drzewne;j.

Stowa kluczowe: badania jakosciowe, cyfryzacja proceséw, zwrotne tancuchy
dostaw, biomasa drzewna
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