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Abstract

This doctoral thesis was developed within the framework of the doctoral initiative "Wood -
Value-added material with a future" (DokIn'Holz).

Based on a literature study and evaluation of a large number of hardwood initiatives and
projects in Europe, the aim of this PhD thesis was to identify and model new approaches to
hardwood process chains for material use and to provide data on the solid hardwood
production network. In contrast to the different process chains for softwood with a focus on
load-bearing and bracing purposes in construction, the use of hardwood is much more
fragmented and complex. In order to design an efficient production network for hardwoods,
which is characterised by diversity and complexity, appropriate cross-company planning
methods have to be developed, which contribute to improving the competitive position of
individual actors as well as the network as a whole. Different approaches of production
planning such as mass customization and supply chain management have been used to
identify, model and evaluate possibilities for professionalization and thus to identify new ways
of using hardwoods for companies in the production network.

For the introduction and the reasoning behind this paper on hardwoods, background and
motivation are highlighted first. In order to understand the scientific context that provides the
framework for this work, the problem description and related works are discussed. Then, the
methods used are presented. Finally, the results of the work are presented and discussed
what they mean for the multi-tier hardwood supply chain in terms of product, technology and
production processes, as well as for supply chain design and production management with

mass customisation.



Kurzfassung

Diese Doktorarbeit ist im Rahmen der Doktoratsinitiative ,Holz — Mehrwertstoff mit Zukunft®

(DokIn’Holz) entstanden.

Das Ziel dieser Doktorarbeit war es, basierend auf einer Literaturstudie und Bewertung einer
Vielzahl von Laubholzinitiativen und Projekten in Europa, neue Ansatze flr
Laubholzprozessketten fir die stoffliche Nutzung zu finden und zu modellieren sowie Daten
Uber das Produktionsnetzwerk zur Verfligung zu stellen. Im Gegensatz zu den
verschiedenen Prozessketten Nadelholz mit einer Ausrichtung auf tragende und
aussteifende Zwecke im Bauwesen, ist die Nutzung von Laubholz wesentlich fragmentierter
und komplexer. Fir die Gestaltung eines effizienten Produktionsnetzwerkes Laubholz, das
gepragt ist von Vielfalt und Komplexitat, miissen entsprechende unternehmenstbergreifende
Planungsmethoden entwickelt werden, die sowohl zur Verbesserung der
Wettbewerbsposition einzelner Akteure wie des gesamten Netzwerks beitragen. Durch
verschiedene Anséatze der Produktionsplanung wie Mass Customization und Supply Chain
Management sollen Mdglichkeiten einer Professionalisierung aufgezeigt, modelliert

und hinsichtlich ihrer Umsetzung bewertet und damit neue Wege der Laubholznutzung fir

Unternehmen im Produktionsnetzwerk aufgezeigt werden.

Far die Hinfihrung und den Grund dieser Arbeit zu Laubholz werden zu allererst Hintergrund
und Motivation beleuchtet. Um den wissenschaftlichen Kontext, der die Rahmenbedingungen
dieser Arbeit schafft, zu vergegenwartigen, werden die Problembeschreibung und
verwandten Arbeiten behandelt. AnschlieBend werden die verwendeten Methoden
dargestellt. Zuletzt werden die Ergebnisse prasentiert, die im Zuge der Arbeit entstanden
sind und diskutiert was sie fur die mehrstufige Laubholzlieferkette bedeuten in Bezug auf
Produkt, Technologie und Produktionsprozesse sowie fir Lieferkettendesign und

Produktionsmanagement mit Mass Customization.
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1. Background and Motivation

Forest as system element of the earth is attributed with essential economical, ecological and
social functions. It is a renewable resource which provides timber and non-timber products, it
is a source of health with storing carbon, building space for free time and recreation, it
prevents soil erosion, it is the habitats for plants and animals, it creates jobs and economic

value. Forest fulfils multi-function for humans, and we depend on it.

"However, forests are under pressure. Storms, fires, pests and beetles are expected to
damage forests more frequently and more intensely as a result of climate change" in Europe
(San-Miguel-Ayanz et al. 2016). The intensives effects on the forest are traced back to the
past management practices which lead to climate sensitive forest in the present and will
likely continue in the future (Seidl et al. 2011). Forest manager counteract the progress with
a closer to nature forest strategy. In central Europe, this results partly in a changing forest
stock share. Pure broadleaved trees and mixed areas have increased and pure softwood
stands have decreased (Ministerial Conference on the Protection of Forests in Europe 2015).

In general, wood processing and the associated wood process chains are structured
according to the raw material resources such as soft-wood processing (coniferous wood
species) and hard-wood processing (non-coniferous, broad leaved species). In terms of
processing sites, primary wood processing, such as sawmills, is located close to forest
resources, while downstream processing firms are located close to primary wood processing
or close to the end customer. The commercially used broad-leaved wood species comprise a
much higher spectrum of wood species than the coniferous wood species. Also, the
spectrum of wood properties of the broad-leaved species is much broader than with softwood
(Grosser 2011). Wood density is one of the leading indicators for the various mechanical
wood properties (Niemz and Sonderegger 2017), despite the many other physical and
chemical properties and the appearance of colour and texture, which is important property for
the use of wood in appearance applications.

The various hardwood species comprise a broad spectrum of wood density, but in industrial
wood utilizations the common broad-leaved wood species are frequently referred to as
“hardwoods” even including such species with lower density. Therefore, in the current thesis,
the term “hardwood” is still used, and when necessary, a specific hardwood species (e.g.

beech (Fagus sylvatica) or oak (Quercus sp.) is addressed (Figure 1).
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Figure 1: Distribution of tree species in Europe (Brus et al. 2011 und EFI). Presented are the different
wood species in Europe, whereas the green areas represent the softwoods and the red-brownish-
yellowish areas represent the broad-leaved species.

Based on the developments in the forest and in the composition of resources described
above as well as the challenges associated with them, this work deals with hardwoods in
order to identify potentials and utilisation concepts. To highlight the relevance of the topic,
the European Commission supports the European Hardwood Innovation Alliance program
(EHIA) (2016 to 2026), which pools the capacities of the scientific hardwood community to
develop value-adding hardwood use and create value based on the unique hardwood

resource within the European Union.

The growing stock of broadleaved tree species amounts to 15.0 billion m3 in European
forests. The stem volume of living trees is evenly distributed between broadleaved and
coniferous tree species in almost all regions with the exception of the North Europe region
where around 75% of growing stock is coniferous (Ministerial Conference on the Protection
of Forests in Europe 2015). However, European forests contain 43% hardwoods.

These areas and quantities result in an annual increment of 849 million m3 (721 million m3 for
EU 28) and an annual timber harvest of 582 million m3 (458 million m3 for EU 28), of which
150 million m® are hardwoods. Of the total harvest, industrial roundwood makes up 56%, fuel
wood 23% and saw logs only 21% (Teischinger 2019).

A detailed hardwood study in Switzerland (Luthi 2009), the Gilzow Fachgesprache (Anon.
2012) and the detailed hardwood study in North Rhine-Westphalia in Germany (Redmann et
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al. 2015) document the subject of hardwood, hardwood processing and current projects on
hardwood. These are extensive studies, but they may only be the beginning, as there is still a
lot of potential for an increasing value stream in these topics.

The business activities in the hardwood industry include resource management, harvesting,
logistic and manufacturing operations, distribution of products as well as sales and marketing
executed individually by companies. But they are interdependent and consequently a
decision made in one area of business has subsequent effects on the others.

To created greater values throughout the transformation process from raw materials to the
products, these activities need to be managed and coordinated in order to meet the needs of
the consumers. Non-managed and uncoordinated decisions can lead to significant economic
costs. This value chain-based thinking helps decision-makers focus on the business
processes and coordination as a whole (D'Amours et al. 2017).

Most authors share the objective of minimize costs in the inter-company supply chain
between companies with given demand but there are also authors who support the objective
of value maximization (Kannegiesser 2008).

Supply chain management supports production and sales decisions in the direction of cross-
departmental and cross-company business processes. Supply chain management is based
on insights into the bullwhip effect. In the 1950s, the bullwhip effect was observed by
scientists at the Massachusetts Institute of Technology. It points to the phenomenon that
small changes in consumer demand led to significant fluctuations in production and inventory
levels in the subsequent steps of the retailer and manufacturer in the supply chain, resulting
in avoidable costs. The main causes of the bullwhip are delays in information and material
flows between supply chain actors (Kannegiesser 2008).

For the classification of time and business activity planning the supply chain planning matrix
provides an integrated management framework by planning horizon and supply chain
process (Rohde et al. 2000, Figure 2). Strategic decisions relate to facility location or
distribution center problems. Also called strategic network planning or network design.
Tactical decisions are related to planning of quantities in sales, production and procurement.
Short-term decisions refer, for example, to the planning of production on a daily basis.

10



Iong-term + matenals program « plant location = physical distnbution + product program
« supplier selection « production system structure + strategic sales
* cooperations planning
7= fa 4 N\
\V 1/ \/ ¥4
mid-term |. personnel planning « master production
* material requirements|_| | scheduling Ll « distribution planning [ ° mid-term
planning « capacity planning sales planning
» contracts
{\, 3 < )
i [ i ]
short-term ¥ ;
« personnel planning lotsizing wareh_ouse e Shot-tam
. ordering materials  [**) » machine scheduling |4 replenishment on | sates plami
» shop floor control » transport planning 9

Figure 2: Supply chain planning matrix (Fleischmann et al. 2002). Marked in green are the areas that
this work looks at more closely for the production network for hardwood products. The areas of plant
location, production systems and capacity planning are dealt with directly. Related topics are also
covered by the models or the results such as supplier selection and physical distribution structure.

Santa-Eulalia et al. (2011) provide a detailed version of the supply chain planning matrix for
the forst- and wood-based sector. Also, they combined supply chain processes on the
horizontal axis or aggregated planning horizons on the vertical axis.

In the last twenty years, new innovative value chains of value-adding raw materials and
products have been initiated and partly established for hardwoods. They focus on new
approaches of further processing wood products using different wood qualities as well as by-
products of the primary processing and special products based on the unique chemical or
physical properties of hardwoods. Nowadays, products out of hardwood resources can be
found in all areas of civil life with specific shares (Krackler et al. 2011; Verkasalo et al. 2017,
Figure 3). The main assortments are fuel wood, industrial roundwood and saw log. For stem
wood for example, there is an increasing interest in hardwood as a raw material for building
products as high strength load bearing components (Torno et al. 2013; Espinoza and
Buehlmann 2018). Currently, solid hardwood based products are mainly used in
appearance-based applications such as furniture, flooring, and interior design (Luppold and
Bumgardner 2004). A comprehensive survey of hardwood application as solid wood and
composites is provided by Krackler et al. (Krackler et al. 2010, Krackler et al. 2011).
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Figure 3: Hardwood resource types and areas of application for the products.

Hardwood flow

In Europe, the proportion of the forests is slowly shifting from coniferous to more mixed and
deciduous forests, and as a result the wood-based supply chain is also fragmented as there
are new areas of application for hardwoods. Overall, the value chain is becoming more
complex. Technological improvements have an impact on what type of wood is suitable for
various uses. Adaptation of processing technologies to the characteristic properties of
hardwoods increases the access to more efficient material yield and value creation. Figure 4
shows an overview of a general hardwood material flow chart. Hardwood species are
exemplarily written to the individual material flows. Presented are the more traditional sectors
such as sawmill, veneer and panel industries as well as the modern and more innovative
sectors which is connected to the pulp and fibre manufacturers or exists alone as a

biorefinery. Biorefinery products can be used as biopolymers, biomaterials or biofuels.

In addition to the main material flows of fuel wood, industrial roundwood and stem wood,
there are also co- and by product flows, which are raw material for other industries, such as
chips from the sawmill industry for the panel industry or by-products from the paper and
panel industry for the generation of heat and energy. At the end-of-life phase of products,
recover wood or paper flows occur, which are used as raw materials for industries or are

used to generate energy and heat.

Closing loops will become a more earnest endeavor, as the pressures mount to use
resources more efficiently and to eliminate waste; this will drive new value chain partnerships

within the tradition and modern hardwood industries.

This thesis focuses on solid hardwood wood sector which has as focal facility the hardwood
sawmills. It is an inhomogeneous business sector within the forest- and wood-based
industry. It consists primarily of small to medium-sized companies and even is split into

further specialists such as beech-wood and oak-wood processing mills
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Co-and By-Product Flow results from the diverse character of wood-based resources. The Recovered

Wood and Paper Flow is the end-of life flow of hardwood-based products according to a cascading
usage. Acronyms of wood species according to EN 13556 (Kihle and Teischinger (2017), adopted

Figure 4: The Main Flow shows the allocation of hardwood resources utilization to main products. The
from Suckling (2011)).

13



The utilisation of the renewable resource hardwood is a transdisciplinary topic. Especially
when the multi-level supply chain is considered. Therefore, the disciplines wood technology
and wood industry production management are applied in this thesis.

For the scientific work it was assumed that with the development of a cross-company
analysis method and by modelling the multi-stage hardwood chain, supply chain
management can be used to identify potentials along the supply chain and for the respective
actors.

Based on this assumption, the dissertation contains four scientific articles dealing with
specific aspects to be considered in these topics.

Paper I: Kihle et al. (2019a) investigates the interplay of product architecture, manufacturing
processes and dependent technology along a multi-tier supply chain.

Paper II: Kihle et al. (2016) focuses on the aspect of quantitative information providing
within the multi-tier supply chain as additional input to the paper before.

Paper lll: Kihle et al. (2019b) examines the strategic planning of a of future laminated beech
wood supply network (LBWSN) design.

Paper IV: Kuhle et al. (2019c) studies a more flexible beech wood supply network based on

form postponement.

In the next section, the problem description of the thesis and related work is presented. It is
followed by the description of the methodologies which are used in the individual papers.
Then, the results and the discussion are presented. At the end, the conclusion is presented
with an outlook.
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2. Problem Description and Related Work

In the following, the challenges considered in this thesis will be described in more detail and
the relevant literature will be presented that illustrate the interdisciplinary approach of wood
technology, product development and quality management as well as supply chain
management in order to analyse the topic of the multi-tier hardwood production network and
its challenges as well as to point out planning possibilities.

2.1. Challenges of the hardwood sector and approach of the thesis

For the quantitative use of hardwoods, for example in the German-speaking countries of
Europe, historical data shows that utility of hardwood as industrial roundwood and energy
wood develops progressively. In contrast to that, hardwood lumber is decreasing. Data from
1992 to 2017, provided by FAO, show an exemplary utilisation collapse up 30% for
Germany, Austria or Switzerland bevor and after the global economic crisis in 2007
(FAOSTAT, Figure 5). Between 1995 and 2013, there is a decreased production of
secondary hardwood products in hardwood consuming countries with high per capita
(Luppold and Baumgardner 2015,). Figure 6 also represents such a trend up to 2017.

Hardwood utilization (material & energetic)
50%

40%
30%
20%
10%

0%

% change to 1992

1992
1993
1994
1995
1996
1997
1998
1999

-10%

2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016

-20%

-30%

Austria (1992: 2 192 934 m? roundwood)
Germany (1992: 9 183 000 m? of roundwood)
Switzerland (1992: 1 180 000 m? of roundwood)

Figure 5: The hardwood utilization is presented for Austria, Germany and Switzerland. There is a
trend of more hardwood resources utilization after the time span of 2002 to 2004 for material and
energetic use (FAOSTAT).
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Figure 6: The production of sawn wood for non-coniferous is presented for Austria, Germany and
Switzerland. The diagram shows a negative trend at all, but an improvement is visible in the last
several years (FAOSTAT).

In general, it can be said that wood processing in Europe is very strongly focused on
coniferous wood and most production facilities are designed for coniferous roundwood
processing. Hardwoods are increasing in Central Europe and the quantity of hardwood sawn
products is decreasing. Currently, the main flow of resources streams directly from the forest
into the energy and heat utilisation. This results in the current state of hardwood industrial
processing and the associated challenges such as to develop sustainable and value-adding
utilisation concepts for the diverse range of hardwoods for main, co- and by-material flows.
The implementations of new utilization concepts are lacking. Thus, the utilisation of
hardwoods as energetic resource is progressively rising because it is be seen as an easy
and profitable solution for unused assortments (Krackler et al. 2011).

Few data is available for the use of hardwood assortments amounts and their utilisation,
production capacities or locations, demand quantities or other key values for planning tools
to support decisions related to supply chain management. The demand quantities for new
hardwood products are unclear, thus the production capacities of the production plants can
be dimensioned, for example. Also, industry-driven innovations are missing which are

focused on hardwood supply chain or products (Bollmus et al. 2017, Teischinger 2019).

Technical issues such as gluing and grading are underdeveloped and need to be studied as

well as drying of hardwoods. Drying processes have a higher cycle time and consume more

16



energy mostly due to the more complex anatomical structure and higher density (Wilhelms et
al. 2017). Thus currently, production cost result for hardwood products which have a
negative impact on the economic feasibility of hardwood construction products.

The question of raw material availability generally arises for all raw materials. For renewable
raw materials a seasonality has to be considered, which can lead to raw material limitations.
For hardwoods it can be said that there are restrictions on felling per year. For example in
Austria, regulations signify that all hardwoods used as timber should be harvested during the
dormant time. Otherwise, the buyer may refuse to accept roundwood harvested earlier
(Osterreichische Holzhandelsusancen 20086). In practice, deviations may occur, such as
when fast processing and transport to the sawmill is ensured. In the case of hardwoods, the
winter half-year is primarily used, starting in September, as the risk of storage and transport
damage to hardwoods is significantly reduced in the cooler months of the year.

The above-mentioned framework conditions and challenges, such as the lack of hardwood
concepts, the increased use in the energy sector and the lack of information along the
hardwood supply chain, make it necessary to examine the production network itself. There
are several challenges and issues that need to be addressed with individual approaches (Fi
gure 7).

The element of interest is in general the supply chains of solid hardwood products which is
studied with the multi-level Quality Function Deployment (QFD) and the Process-Technology
Matrix (PTM). A further focus is on the provision of data on production processes within the
network with the various players. An approach with quantitative data collection using Value
Stream Mapping (VSM) will provide the required data. The last element of interest is the
supply network design (SND) of the solid hardwood sector. Here, it includes forest
departments, sawmills, downstream facilities and customers. The SND is studied with an
optimisation model for the strategic planning of a solid hardwood network and a production
management concept is provided for a more flexible supply network. Finally, scenarios are
used due to data uncertainty.

17
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Fi gure 7: Overview of the structure of the thesis. The elements of interest are presented (blue) with
the corresponding approaches (green).
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2.2. Related work to the individual approaches

2.2.1. Multi-step Quality Function Deployment approach and Process
Technology
One way to manage the decline in production capacities and increase value is to develop
hardwood products for new markets. Dominated by optical applications, stakeholders in the
hardwood sector are increasingly interested in hardwood as a raw material for structural
building products such as veneer laminated timber, glued laminated timber (GLT) or
innovative new products (Luppold and Bumgardner, 2004; Aicher and Ohnesorge, 2011;
Hilbner, 2014; Ehrhart et al., 2016; Grabner et al., 2016; Verkasalo, 2017). Although there
are national technical approvals (e.g. in Germany), there is no fully established industrial
infrastructure to manufacture these products in a supply chain from forest to manufacturing

companies to customers.

The solid hardwood industry's product process portfolio for existing and new products is
demanding and complex because they must be adapted to the variability of individual wood
species. For new products this means a great deal of effort, as little is known about product-
process-settings. In order to narrow this gap and tackle the presented challenge, a
systematic approach to disclose processing opportunities is required. Product architecture,
production processes and production technologies have to be considered within one
analytical framework (Figure 8). Manufacturing systems must match the specific product
design requirements. These requirements change from product to product.

Kihle et al. (2019a) evolves a conceptual framework for a methodology to disaggregate
solid hardwood products to their physical blocks, functions, processes and dependent
technologies to provide and visualize information as well as specific data systematically for a
multi-level supply chain.

Process

(Manufacturing
process,
planning,

requirements)

Product

(Architecture,
requirements,

Technology
(Type, impact)

components)

Figure 8: The interlinked parameter product, process and technology are represented with further
included aspects. The intersections show the links between two or all three aspects.
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The product designs of products and manufacturing processes is strongly interconnected, as
confirmed by the product process matrix of Hayes and Wheelwright (1979). The product
architecture has an essential influence on the manufacturing. It is related to the structure and
components of the product, which are a synergy of a physical product part and an intangible
product part such as services or supplier related characteristics (Toivonen 2012).
Appropriate selection and optimisation of process chains is essential for product quality,
process performance, and production efficiency (Thompson et al. 2015).

For hardwood, single manufacturing processes must synchronize to the whole manufacturing
process chain as well as to the depending technology. Due to the variable properties of the
raw material, fixed and controlled manufacturing concepts with defined production processes
and associated technologies are required, so that e.g. the wood moisture in the downstream
processes is well controlled for a high and stable product quality. Available technology has
an impact on product architecture, possible process chains as well as firm performance (Lin
and Chang 2015).

In order to obtain the mentioned missing information about the supply chain, the product, the
manufacturing processes or the technology, there are works that look at individual aspects.
With the “Balanced Scorecard” firm strategies are translated with a top-down approach and
separates the strategies into individual perspectives like the customer perspective or internal
process perspective. Performance indicators are developed and gathered to a scorecard.
The measured values for the performance indicators show the degree of fulfilment (Kaplan
and Norton 2007; Bigliardi and Bottani 2010). The methodology is beneficial for
benchmarking manufacturing companies and divisions. But, the individual character of the
developed performance indicators can limit the comparison of firms and divisions (Westlund,
Furness-Lindén 2010).

Another framework to identify, design and assess the performance of a supply chain is the
Supply Chain Operation Reference Model (SCOR-Model (Supply Chain Council 2008)). For
the several supply chain actors, it focuses on the six business processes plan, source, make,
deliver, return and enable. The top-down approach breaks these processes down in sub-
processes. For each process, it can reach a three-level process detail. Schnetzler et al.
(2007) applied the SCOR-Model on national level to provide a communication tool while
Audy et al. (2012) analysed and compared international forest-based supply chains.

To visualize, analyze and optimise the product’s manufacturing life cycle, Value Stream
Mapping would be a suitable tool. The considered value stream includes the value adding
(internal production) and non-value adding (purchase, order and supply) activities that are
required to bring a product from raw material through delivery to the customer. VSM can

provide information about product manufacturing in combination with technology selection
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and specific values about manufacturing performance. After the analysis of the processes
and the development of a first VSM map, the data would be a quantity base for further
optimisation or simulation. With the Dynamic VSM approach, also the disadvantageous static
system can be overcome (Dos Santos, J. G. et al. 2015). The use of the VSM methodology
is suggested in Kiihle et al. (2016). To provide required data, they linked VSM with QFD.
With the focus on product development and quality management, QFD helps to support the
development of a long-term strategy. It translates customer requirements into technically
specific data. Step by step, it links these subjective customer requirements with the rational
design of the product and QFD supports multi-criteria decisions (Akao and Chan 2011).

Valverde and Daniela (2019) used VSM in the forest- and wood-based supply chain to tackle
the lack of information supply chain stakeholders and to improve the wood flow planning,

tract allocation, truck scheduling, and communication.

The literature on the various mapping and measurement tools shows that they do not meet
the necessary requirements to systematically analyze product architecture, production
processes and production technologies. To tackle this lack, Kiihle et al. (2019a) developed a
multi-step Quality Function Deployment approach. In order to analyze manufacturing process
chains of existing and new products, it must be clear how many product components will be
designed, how each component will be produced, and how each components and
manufacturing process affects and is affected by the others as well as by the technology
applied. For this purpose, a conceptual framework is developed based on an adapted multi-
step QFD approach with an elementary PTM. QFD uses the “House of Quality” (HOQ) which
supports the transformation process. Products, services or processes are designed to meet
customer demands. This is the foundation of the HoQ (Temponi et al. 1999). With a simple
structure, the HoQ guides the user through the procedure to develop the QFD (Hauser and
Clausing 1988; Wolfsmayr and Rauch 2014). The main function of the HOQ is a relationship
matrix which assesses the impact of the product quality characteristics (PQC) on customer
requirements. The main contribution of the paper is a conceptual consideration with a
conceptual framework rather than providing comprehensive solutions. The approach shows
that optimisation potential exists within the SH manufacturing chain based on alternative the
combinations of manufacturing processes and applied technologies. Forward, results
indicate that current production lines for appearance application do not support an efficient

and economical production of upcoming load-bearing products.

2.2.2. Data collection about the hardwood supply chain and network

A major challenge for this work was to obtain sound specific data of the predominantly small

and medium-sized enterprises. While the locations and current products are mainly known
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for forest departments and hardwood sawmills, other data that would form the basis for
strategic network planning, such as possible production capacities or conversion yields from
hardwood logs to lamella production, are hardly availabe. Also, the downstream facilities
contain unknown factors. Production data and economical expense are not available or can
only be assumed for the downstream facility and the customers. These data and parameters
may include production capacity of the facility, production costs, the potential product
demand etc.

In addition to the decomposition of the products into their product components with the help
of QFD in Kiihle et al. (2019a), Kiihle et al. (2016) propose to combine QFD and VSM in
order to methodically build up a relevant database. After the provision of the necessary
manufacturing process, the VSM enables the assignment of specific values to each process
chain element in the company. This approach could not be applied in the solid wood industry
to obtain more parameters about the solid wood business and its supply chains.

In many cases, the data for the necessary planning parameters was not available. In order to
remedy this deficiency, various approaches to data generation were used in Kihle et al.
(2019b and 2019c¢). The data were mainly derived from existing data sources like the
distribution of harvested beech wood per month from the given annual production and
capacity data or were scientific guesses like the percentage of beech wood harvested per

month.

2.2.3. Solid Hardwood Supply Network Design

2.2.3.1. Optimal location of laminated beech production plants within the solid
hardwood supply network
In order to reengineer the hardwood supply network and to add new facilities for the
downstream, new potential networks have to be designed. These alternatives can include
possible suppliers, locations, production and storage capacities as well as marketing and
shipment options (Klibi et al. 2010). Within the forest- and wood-based business, the
opening up of new facilities are strategic decisions with long-term impact. Thus, it is also
important to redesign the capacities and technologies of facilities within the divergent
transformation business (Vila et al. 2006).

The collective consideration of individual production units within a hardwood supply network
can help to achieve aggregated capacities and resources to satisfy a downstream demand
which is impossible as a solitary company. For the solid hardwood supply network, it is
necessary to think about locations of existing and new production facilities to examine if
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current locations are still suitable for future supply chains and where new production facilities
can be integrated into existing supply networks.

Within the operational research, the SND problem restructures supply networks to achieve
value creation in stakeholders involved (Klibi et al. 2010). Facility location problem (FLP) is a
subset of SND or discrete problems which deal with the location of at least one facility in a
given surrounding. Melo et al. (2009) identified four elementary aspects in their review which
may be considered in strategic supply chain planning with FLP: I) multi-layer/multi-capacity
facilities, multi commaodities, single/multiple periods, as well as deterministic or stochastic
parameters. For example, the benefit of using multiple periods is that SND can be adapted to
parameters which change over the periods like resource availability or customer demand
which is usual within the forest- and wood-based sector. Three fourth, who use the approach,
apply cost minimization objectives for FLP (Melo et al. 2009).

In the forest- and wood-based sector, a high proportion of FLP publications research the
utilization of woody biomass for heat and energy generation or as a resource for
biorefineries. The contribution is the allocation of resource amounts and locations to plants or
to biorefinery facilities as well as the opening of intermediate storage locations for the
transport from source to the customer (Johnson et al. 2014; Walther et al. 2012; Kanzian et
al. 2013; Gronalt and Rauch 2007; Rauch and Gronalt 2010). Advanced FLP focus on
integrated facilities within a supply chain network. Integrated biorefinery and forest product
SND are studied to support organizations in their investment decision (Feng et al. 2010;
Abasian et al. 2017). Additionally, FLP can consider biorefineries technologies which can
lead to centralized or decentralized plant concepts (Walther et al. 2012). Alayet et al. (2018)
provide a forest supply network model with independent business unites which are linked
through interdependent processes. The model helps to study applied supply chain
management methods. In their work, they compare Make-to-Order, Vendor Managed
Inventory (VMI), and a centralized planning approach. The latter leads to the highest profit.
The network design is characterized by perfect collaboration. The VMI approach fits for a

business environment which is more characterized by competition and non-collaborative.

Klibi et al. (2010) mentioned that there are three major classes of value drivers which should
be taken into account in SND. They are revenue drivers, cost drivers and capital expenditure.
All three are not necessarily relevant for SND at the same time. If models use deterministic
demand for the given number of periods, the revenues can be seen as a constant and the

model objective just minimizes the supply network cost.

Kihle et al. (2019b) provide a decision support model for strategic planning. The approach
supports the development a supply network providing laminated beech wood products. The

paper answers the important question of where the downstream facility must be located in
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order to obtain a supply network with the lowest costs and which hardwood sawmills should
be involved in the upcoming implementation phase. It uses available specific values from the
wood technology research and applies this data in the field of supply chain management.
The innovation in this paper is the application of the existing models to the solid hardwood
sector. The paper’s main contribution are data about the solid hardwood business and a
strategic planning model for designing a supply network for laminated beech products.

2.2.3.2. Form-based postponement in the solid hardwood supply network

In contrast to Kiihle et al. (2019b), the approach in Kiihle et al. (2019¢) contains two
markets served by sawmills: Sawn timber for furniture manufacturers and lamellas for
laminated beech wood products. In order to achieve this, hardwood sawmills need flexibility
in the production and order fulfillment, while keeping costs low and material yields high to
deliver on time.

Using an international survey approach, Kisperska-Moron and Swierczek (2011) found that
dynamic supply chains can undergo reconfigurations in response to increased demand for
customized products. They concluded that a “full postponement strategy” is possible but
depends on the level of product customization as well as a companies” manufacturing and

logistical capabilities.

For the forest- and wood-based sector it becomes clear that there has been a shift towards
more customization and just-in-time deliveries as well as orders becoming smaller and more
diverse (Espinoza et al. 2014). Mass customization concepts support these shifts and have a
positive impact on the domestic market strength of the sector (Lihra et al. 2008).

Audy et al. (2012), Hauslmayer and Gronalt (2008), Gronalt and Rauch (2008) and Alayet et
al. (2018) studied specific aspects of postponement in the forest- and wood-based sector.
However, the literature review shows that there is potential for further postponement studies
and that form postponement is not studied so far. Especially for postponement concepts in
the solid hardwood supply network, there are no comprehensive case studies available. An
important step in the development of the postponement concept is the identification of
decoupling points along the supply chain. These points are decisions which have an
influence on the downstream process and the customer's demand.

In Kiihle et al. (2019c¢), the synthesis of SND and mass customization is used to design a
network with the lowest supply network cost. A form postponement concept is introduced
within sawmills to enable a more flexible production. The decoupling point is relocated from
the round wood procurement process to the sawmill or from the first cutting process to the
second cutting process after the kiln-drying. The decision, what to produce, takes place after

the drying process and with a different intermediate product, sawn wood instead of
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roundwood. This shift influences the delivery time and the downstream production
processes. Thus, there is a time shift of four to eight weeks to the customer depending on

species and sawn board dimensions as well as a potential increase in material output.

2.3. Scenarios due to data uncertainty

Uncertainty exists in strategic planning processes with high investments. This means that at
a certain point in time there is not enough information available to predict certain resources,
demands, sales or other developments in the future. One method to tackle uncertainty is to
develop appropriate scenarios that present and can analyse potential alternative futures
perspectives (Mansoornejad 2012). Supply chain models and their uncertain data can be
classified into deterministic, stochastic-probabilistic models, hybrid, IT-driven. Here,
deterministic means that the value of certain variables is known. These models represent an
approximation of the business reality (Chatzikontidou et al. 2017). A comprehensive review
of SND under uncertainty was conducted by Govindan et al. (2017).

Within the forest- and wood-based industry, heuristics (Huka and Gronalt 2017), stochastic
programming (Zanjani et al. 2013), robust optimisation (Klibi et al. 2010) and generation of
scenarios (Abasian et al. 2017) are used. The latter approach is also used in Kiihle et al.
(2019b and 2019c).

Different scenarios are presented that simulate specific assumptions to support the
optimisation and evaluation of the solid hardwood SND. They deal with critical design
problems. In addition, the scenario planning process aims to find a balance between taking
sufficient realistic factors and maintaining the number of scenarios at a manageable level to

reduce complexity.
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3. Methodology

In order to meet the various challenges in solid hardwood utilisation described above,
different methods have been used to combine wood technology and supply chain

management.

In this thesis, multi-level QFD and PTM are used for quantitative and qualitive approaches.
The optimisation approach is used to model and plan the two supply networks under
consideration. In addition, process modelling is used in this thesis and finally scenarios are
generated to investigate possible future configurations of the supply networks.

3.1. Multi-step Quality Function Deployment and Process
Technology Matrix

This thesis is based on the methodology approach of Macabe and the American Supplier
Institute (Hauser and Clausing 1988; Mai 1998). Both works use more than one “House of
Quality” for a sufficient utilization. For comprehensive quality and product development
management, additional HoQ are applied which consider product components (HoQ II),
processes (HoQ IIl) and production planning (HoQ 1V). The framework helps to consider and
break down the complexity of the structure of the product architecture. The structure is
hierarchical and consists of four phases which are divided into product, component and
process planning as well as process execution. Each phase is represented in a diagram
which correlates requirements with its PQC. In the following level, the previous
implementations are adopted as requirements. The multi-step approach ensures
systematical development (Figure 9). Adjustments were made which are explained in detalil
in Kiihle et al. (2019).

HoQ I HoQ II HoQ III
Product Component Process
Planning Planning Planning
Input
¢ Product Components Processes
¢ Charact. ! v Charact. | ¢ Charact. |
Customer -~ What vs.y Selected What vs; Selected ~ What vs. ;
Requirements How Product C. How Components C. How
Specification Specification Specification
Result Result Result
Output
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Figure 9: The three House of Qualities are combined to the multi-step approach. The predefined
requirements of the HoQ | are the initialization for the development of the first HoQ. With the HoQ |
relationship matrix, the user determined the influence of PQC on the pre-defined requirements. The
illustrated specification section contains the PQC objectives and the evaluation part. The selected
PQC of the HoQ | are included in the HoQ as input requirements for the component quality
characteristics. Similar to HoQ |, HoQ Il and Il are executed.

The QFD standard does not take technology integration into account. Therefore, a PTM is
added according to the multi-step QFD approach. It represents the firm’s ability to perform its
processes with various existing technologies or modified machines. The process is taken
from the direction and function of the relationship matrix of a HoQ. Instead of rating the
influence of quality characteristics on the requirements, the matrix visualizes that the
considered technology has an effect on the downstream process or not.

The first main step shows processes (left row), provided by HoQ Ill, which are necessary for
a product. It also contains processes which are beyond company boundaries. In addition to
the processes, the technologies are collected for each process (column). The next main step
provides information about the influence of a technology on the entire process (Figure 15).

The advantage of the PTM after using QFD is that it evaluates the available technology for
individual manufacturing processes, thus at the end there is a decision support to choose the
appropriate technology to the necessary process which produces the required product

components.

3.2. Optimisation Approach

To support the strategic design of multi-tier solid hardwood supply chain, mathematical
optimisation is used in this thesis and two models are developed. Both calculate the lowest
cost for the supply network. Instead of each business unit trying to optimise its own activities
without considering other activities or business units in the supply network, optimisation
models are developed which focus on the lowest supply network cost for the product taking

into account all business unites in the network.

Kiihle et al. (2019b) considers a plant location allocation within a SND and Kiihle et al.
(2019c) uses an alternative production system to improve the multi-tier solid hardwood
supply network. While the first paper concerns a model with one supply chain, the second
paper deals with a model with two supply chains that can be extendable to multi supply
chains (Figure 10).
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Figure 10: The models of the solid hardwood supply network considered represent the actors involved
and the material flows between them. There is a direct material flow from one entity to all entities in the
next tier. From the forest departments, the roundwood flows either to the customers of either
laminated wood products or to the customers of the furniture sawn timber.

In Kiihle et al. (2019b), a mixed integer linear programming model (MILP) is proposed to
find an optimal design for a general LBWSN. It contains a FLP within a multi-level supply
chain. The model aims to minimize the cost of supply network by satisfying a specific product
demand per year. The model considers several parameters which characterize the four
entities forest departments, sawmills, laminated beech wood facility (LBWF), and customers.
Decision variables are introduced to describe material flows between the entities and within
the sawmills and production facilities.

It is to highlight that in the objective function the decision variable u;., unsatisfied demand of
customer c in period t, is used to guarantee maximal demand satisfaction. There will be
model configurations which do not satisfy the demand constraint thus a model objective
value of 0 will be provided. To counteract this effect, the decision variable u;, is introduced
thus also a not fully achieved demand satisfaction will provide a solution. Furthermore, the
model is characterized by the consideration of different production capacity options and the
allocation of plants as well as the limitation of the opening up of new plants. Since there is no
potential demand for the product because there is no manufacturer yet, a demand of 50,000

m? of laminated beech wood products per year has been assumed.

In Kiihle et al. (2019c¢), a linear programming model is purposed to find the minimal cost for
the supply network which fulfils a certain demand of two product markets per year. The
model considers several parameters which characterize the following five entities: forest

departments, sawmills, laminated beech wood facilities, beech sawn wood for furniture
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market and laminated beech wood market. As in Kiihle et al. (2019b), the decision variables
Ucpe @Nd Uy, Were introduced to ensure the fulfilment of demand with an objective function

that minimises costs. It is to highlight that time shifts have been introduced to reflect general

production and delivery times. Within the sawmills, there is a time shift of t + 2 and within the
LBWF t + 1 (4).

In addition, different material yields result from the developed process flows. They are
integrated into the optimisation model with several cutting patterns to choose from. The
calculations of the material yields are the basis for the subsequent numerical experiment.
The additional production processes, which are responsible for a possible increase of the
yield, also cause additional costs. They are presented depending on the sawmill’s production
capacity and its variable production cost.

Finally, although long-term planning is addressed for both models, mid-term data is used
because of the lack of it. For example, customer demand per year is used, which is split into
12 time periods.

The optimisation models for the strategic planning are calculated with the commercial
optimisation software FICO Xpress-Optimizer 29.01.07.

3.3. Process Modelling

Process models are simplified images of processes of an organization. They represent the
chronological-object-logical sequence of functions or activities. Depending on the objective,
process models can be modeled in varying degrees of detail and scope. Due to the
complexity, not all processes to be considered can usually be represented in a process
model. With the help of process models, existing processes can be clearly and
unambiguously documented.

In this thesis we have developed a divergent modeling of processes that are result from the
PTM (Figure 11), a process flow chart for production processes in the sawmill (Figure 12)
and the mathematical modeling of processes for their optimisation (Figure 13).
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Figure 11: The divergent process chain is represented for the solid parquet production. It is a result of
the general process chain development by QFD in combination with the Process-Technology Matrix.
The branching took place during the technology selection. Each technology branch represents either a
sawing process or a slicing process. The traditional and most commonly used approach includes the
three break down processes. The new manufacturing includes one break down process which is
followed by slicing (Kiihle et al. 2019a).

The process flow chart represents three main production process flows and connects the
decisions which result in diverse material flows and different material yields. The standard
process flows consist of either the production of lamellas for glued timber products as an
intermediate or of the sawn timber for furniture products (#0). A third process flow is added. It
represents the production of glued lamellas out of a single-layer panel. The concept is
developed by Ressel (2002) and is also considered by Hénnebeck (2008).

Within the process flow chart, there are two kinds of decisions. One is a general decision of
the material flow and the other is related to the quality of the input material. The general
decision assumes that sawmill owners try to satisfy the demand of lamellas more than the
demand of sawn timber for furniture products. 60.0% of intermediates flow into the lamella

production after the kiln-drying and 40.0% into sawn timber (#1).

There are three decisions which are related to the quality of the input material and they
decide if a specific input material is suitable for the next process step, which adds value to

the product or not (#2, 3 and 4).
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Figure 12: The process flow chart shows the three main production process with lamellas (right),
sawn timber (middle) and single-layer panel (left). They are connected by four decisions elements
which are marked with numbers. At the left, the position of the de-coupling point is presented between
forecast driven and order driven. Also, the types of decisions are represented with #1 the general
decision and #2, #3 and #4 the postponement decisions (Kiihle et al. 2019c).

In Kuihle et al. (2019b and c) mathematical modelling is applied with MILP. lts goal is the
formulation, solution and simplification of a mathematical model for a real problem from the
forest- and wood-based industry. The way of mathematical modeling depends very much on
the concrete problem.

In Kiihle et al. (2019b), a MILP is proposed to find an optimal design for a general LBWSN
considering the entities forests departments, sawmills, LBWF and customers as well as a set
of production capacity options and of time periods. It combines a supply network flow with a
FLP. The model aims to minimize the cost of supply network by satisfying a specific product
demand per year. The model considers several parameters which characterize the four
entities forest departments, sawmills, LBWF, and customers. Decision variables are
introduced to describe material flows between the entities and within the sawmills and
production facilities
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Figure 13: Generic LBWSN with the four entities forest departments (F), hardwood sawmills (S),
LBWEF (L) and customers (C). |, p, u, x and y represent decision variables and the notations C and D
represent parameters.

Compared to the previous paper, there are additional processes in Kiihle et al. (2019c),
since another type of processor has been added. Included are transport processes and
divergent production processes (sawing policy) in the sawmill.

3.4. Scenarios Setup

In order to simulate certain assumptions, various scenarios are presented. They support the
optimisation and evaluation of the solid hardwood SND. They deal with critical SND elements

such as the number of sawmills and laminated beech wood facilities and amount of
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roundwood. In Kiihle et al. (2019b), the opening of a LBWF is associated with high fixed
cost. Therefore, the scenarios are used to investigate whether a facility location is
competitive under various configuration. A total of 14 scenarios are calculated (Table 1).

Table 1: Developed scenarios with the defined parameters (Kiihle et al. 2019b).

. Additional Amount of Facility . Amount of
Scenarios . . . . Sourcing strategy  roundwood
Sawmill facilities  capacity option [m?]

#1 unlimited 3 AUT 146 023
#2 unlimited 3 AUT 146 023
#3 unlimited 3 AUT 146 023
#4 unlimited 6 AUT 146 023
#5 X unlimited 3 AUT 146 023
#6 X unlimited 6 AUT 146 023
#7 X unlimited 3 AUT + Neighbours 358 762
#8 X unlimited 6 AUT + Neighbours 358 762
#9 X 1 3 AUT + Neighbours 358 762
#10 X 1 6 AUT + Neighbours 358 762
#11 unlimited 3 AUT + Neighbours 358 762
#12 X unlimited 3 AUT + Neighbours 358 762
#13 X unlimited 6 AUT + Neighbours 358 762
#14 X unlimited 6 AUT + Neighbours 358 762

The advantageous locations of the laminated beech wood facilities and the hardwood
sawmills from Kiihle et al. (2019b) were used for the scenario configurations of Kiihle et al.
(2019c). Five scenarios were developed (Table 2).

Table 2: Developed scenarios with the defined parameters (Kiihle et al. 2019c).

Amount of Demand
. Amount of  Amount of .
Scenarios . o Sourcing strategy  roundwood
Sawmill facilities [m?]
#1 11 2 AUT 146 023 National
#2 11 2 AUT + Neighbours 358 762 National
#3 11 1 AUT + Neighbours 358 762 National
#4 11 1 AUT + Neighbours 358 762 National +
Transnational
#5 11 2 AUT + Neighbours 358 762 National +

Transnational

In addition to five scenarios, the three sawing policies were also used for each scenario
(Table 3). The supply network configurations and saw policies, are used to calculate a total
of 15 scenarios.

Table 3: Material yield and additional cost for the individual sawing policies. For each sawing policy,

the material yields for lamellas (product 1) and sawn timber (product 2) are presented in %. There are
relative cost expenditures for sawing policy 3 and 4 (Kiihle et al. 2019c).
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Sawing policy Material yield for product 1 and 2 [%)] Relative cost expenditures [%)]

1&2 0.220 0.0; 0.215 0.179; 0.0 0.400; 0
3 0.220 0.0; 0.0 0.400; 0.215 0.230; +10
4 0.220 0.0; 0.0 0.400; 0.297 0.230; +35

For each modification according to the scenario configuration, an optimisation model is

created and resolved.
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4. Main Results and Discussion

Within the framework of the multi-tier solid hardwood supply chain, the most important results
of this work are presented and discussed below. The future planning of the hardwood supply
chain and its products requires cross-company information. Therefore, a method is needed
that includes processes and information as well as the ability to analyse them. Kuihle et. al
(2019a) presents such a conceptual method. The developed method was designed to
systematically analyze the product, process and technology and to support decisions
improving hardwood operations (Figure 14 and Figure 15). It was carried out using three

hardwood products as examples.
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Figure 14: The three diagrams represent the results of the developed multi-level QFD and PTM
approach applied to the hardwood glue-laminated timber (Kiihle et al. 2019a).
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Figure 15: The PTM concentrates available information and influences which cause affects to
upcoming processes. Here, the PTM is shown for the hardwood glue-laminated timber (Kiihle et al.
2019a).
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In order to comply with standardisation and national approvals, future hardwood products
should focus more on the technical data of components and process parameter to ensure the
quality of the assembled product. Hardwoods have specific properties which can be
addressed by appropriate technology concepts to target them in different applications. For
appearance applications and new construction products, several product components should
performance optimally in terms of dimension, wood moisture content or gluing system. The
section objectives of the HoQ defines target values and quality objectives which support the
compliance of the required parameters.

According to (Marsillac and Roh 2014), “product architecture changes that are more
substantial and complex will generate more substantial and complex changes in the process
and supply chain systems associated with them”. This can be illustrated for the three
hardwood products and their subordinated application classes. In contrast to the solid panel
and parquet product, the hardwood GLT product differed in the application area, number of
manufacturing processes and the types of processes which are shown in HoQ Il and the
PTM. In addition, the applied GLT technology and its degree of complexity were differed
(Tani and Cimatti 2008).

Marsillac and Roh (2014) also note that production lines are designed to meet manufacturing
needs with their specific design characteristics. For the solid hardwood industry and the
selected products in Kiihle et al. (2019a), this means that it will be difficult to achieve
economical production for high technical products for construction applications if the
sawmill’s production lines were designed to meet requirements for appearance applications.
For example, existing saw patterns that are tailored to the requirements of sawn timber for
optical products must be rebuilt or adapted to building products so that the product process
portfolio fits along the supply chain and individual companies (Abasian et al. 2017, Torno et
al. 2013).

For the practical implementation of Kihle et al. (2019a), the utilization of the multi-step
procedure was not that challenging as collecting of production process information and data.
Considering the manufacturing of hardwood GLT, there was an information gap in how to
produce hardwood lamellas economically, from roundwood down to the beam and which

technology should be applied along the supply chain.

Results imply that upcoming manufacturing systems must match the specific product design
requirements in the solid hardwood supply chain. These requirements change for easy or
complex innovative product as well as for products which have been determined for different
application areas — here for appearance or construction applications. Also, it turns out that

potentials are present in the production of solid hardwood products, they are based here on a
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change of the production processes in the context of intermediate products and technology.
In Kiihle et al. (2019¢) one possibility is discussed further.

In addition to the paper already presented, there is a paper which represents an approach for
the inclusion of production parameters in order to take these into account for further planning
approaches. In contrast to the analysis tool of Kiihle et al. (2019a), this paper supports to
provide characteristic values from the manufacturing processes by using Value Stream
Mapping in the final step of the mulit-step QFD approach. The VSM method was not
considered feasible by companies to apply it to wood products, although new research
shows a different perspective (Valverde and Daniela 2019).

Kiihle et al. (2019b) investigate the expansion of a future LBWSN, which is a combination of
already existing and new production facilities. For a better future use of hardwood raw
materials it is necessary to consider the whole supply chain.

The results are presented for the cost parameters which are given in €/m? for the satisfied
individual demand per scenario and for the material parameters in % per scenario. Also, the
degree of production capacity utilization for sawmills is shown with a bar chart and the
opened LBWF (Figure 16).

Sawmill Facility Location
16/17/18 27| |1]23|4]|5]6|7]/8|9]10/11|12]13]14|15

Scenario| 1

EEE EEEEEE

| N

Figure 16: For all 14 scenarios, the used sawmills and facilities are represented. For the facility
locations, it is just shown if it is opened. The degree of sawmill capacity utilization is shown with
percentage bar sizes. The additional sawmill 27 is used every time when it was possible (Kiihle et al.
2019b).

For the single-product solid hardwood supply network, the used sawmill can be classified in
three groups: sawmills which ) manufacture beech and have a production capacity equal or
higher 20 000 m? of roundwood, Il) manufacture beech and have a production capacity lower
20 000 m?3 of roundwood or Ill) manufacture no beech and have a production capacity lower
20 000 m?3 of roundwood. The last two groups of sawmills require an increase in production
capacity such as new or improves technology. This may benefit the owner and the whole
LBWSN, but it calls into question the hardwood network, which consists of stakeholders with

own objectives.
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Another sawmill has been integrated to understand the impact that different entities and
parameters can have on the supply network (Figure 16, sawmill 27). Besides the full use of
its capacity, the opening of the sawmill can reduce the network production and transport
costs 5 €/m® each. The results for the opened facility locations are robust. The same two
locations are selected on a recurring basis for the 14 scenarios with different network
configurations in order to meet demand cost-effectively. Here is to highlight that both opened
facilities have bigger suppliers of lamellas in their closer distance which result in lower
transport and production cost.

The possibility to store raw materials and products has an impact to satisfy the demand.
Inventory plays an important role in considered supply network model because roundwood
and products are stored to provide them when they are needed. The availability of
roundwood is decreasing from spring time and whereas the demand from the side of the
sawmills starts to raise. Products and raw material are used from the storage to satisfy
demand. After May or June, the supply curve goes down because roundwood is not
economically available anymore although demand of final products and roundwood are still
existing (Kuhle et al. 2019b). It is to point out that the model has no storage limit constraints,
but they could be added easily.

By design, the optimisation model focusses on strategic planning to choose the optimal
LBWEF locations and material flow within the production network. For the model, the period of
scope is one year with 12 periods. It does not consider future resource increment of the local
forest sources. For investors, the investment horizon is an important aspect which can be 15
years and more. Studies show that there is an increase in hardwood stocks and that the
trend goes on (Berendt et al. 2017). This has an impact on the overall supply network cost.
To anticipate the consequences for this cost, the results from the national and the
transnational sourcing strategy are compared (Kuihle et al 2019b). It can be assumed that
the production cost will decrease per m3, the opening cost stays stable and the satisfied
demand will increase. Transportation cost increase because of the longer roundwood
allocation distances and in order to supply more customers. It is to be highlighted that this
can increases the degree of demand fulfilment by 18%. In total the overall cost of transport
increases. It can be assumed that saw log transport cost will decrease with a higher amount

of local resources available.

In Kiihle et al. (2019b and 2019c), the demand of 50 000 m? glued laminated beech wood
products was determined. Just like the quantity of resources, the demand side cannot be
predicted with certainty. Should demand be higher than expected, this would have a major

impact on the network structure. In the case laminated wood product demand increases from
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3% to 10%, for example, this can result in economies of scale affecting the total cost of
supply chain as described in Song and Sun (2016).

ltaly and Germany are the main buyers of Austrian wood-products. Therefore, 60% of the
demand are located transnational. If the additional demand is considered in the calculations,
the result is a slightly different network design and material flow. The satisfied demand
reaches 76%, which is 1% more than for the national demand only.

Data visualized like in Figure 16 can help to decide which stakeholders should be
cooperating to ensure reduced network and product costs. Results are available on
consumed and transported quantities as well as used forest departments, sawmills, opened
facilities and customer locations leading to optimised material flows through the supply
network. An important finding is that the production of laminated beech wood products must
be a cooperative planning between existing stakeholder and new ones. Instead of individual
stakeholder goals, we have defined an overall supply network objective. The potential
LBWSN can lead to sawmills with high qualitative manufacturing and reliable supply of beech
lamellas and to LBWF, which focuse on the production of high-quality laminated beech wood
products and the satisfaction of end customers.

Kiihle et al (2019b) considers the minimal supply network cost from raw material to the
customer and integrated transport as well specific manufacturing activities of the production
units. Beyond the paper of Torno et al. (2013), this paper integrated the decision to open
LBWF at determined locations as well as transportation activities between the units and
before and after the hardwood sawmills. Furthermore, it considered location positions of the
production units as well as capacity differentiations of the sawmills and the LBWF-.

Ouhimmou et al. (2008) conducted an analyze of a specific furniture company by using their
internal dataset and compared computed results with the results of the company planning
process. The provided dataset helped the authors to find potential performance
improvements. The main reason for the improvements increase was matching sawing
policies and hardwood logs to the customer’s demand configuration. In Kiihle et al. (2019b),
only one material yield is used for the sawing process for one class of beech logs which was
provided by Torno et al. (2013). At this point, there is potential for further studies which
should consider different sawing policies for various log dimensions or alternative sawing
policies which go along with the new intermediate products (see Kiihle et al. 2019c¢). Also, if
there is a deeper study of the LBWSN, it will be necessary to conduct a broader study for
collaboration between the beech wood production units either through information or
resource sharing. D’Amours and Rénnqvist (2008) report that this results in decreased cost
of executing the logistics activities, improve service, gain market shares, enhance capacities

as well as protect environment and mitigate climate change Issues. Just as authors before,
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Abasian et al. (2017) reported that collaboration has a significant effect on the supply
network profit.

As well as Feng et al. (2010) emphasize it, the used optimisation model is also capable in
evaluating various network designs with depended production unit parameters and amounts
to find the minimal cost of the supply network, but the results are scenario sensitive.
Therefore, further particular business data is required as well as scenario studies.

Findings for form-based postponement for the forest- and wood-based sector
especially on hardwood

In Kiihle et al. (2019c¢), the form postponement involves the delay of activities that determine
the form and function of products. This makes it necessary to adapt product processes or
product components such as dimensions. This is also true for this research work, as

Figure 12 shows where these adjustments and changes occur. Similar to van Kampen
(2013), the implementation of form postponement is only within a single location. The
literature shows that if several production units were needed to implement the postponement
concept, then the process costs for all involved would increase and the knowledge about
quality and quality fulfilment would decrease, since several production sites are involved and
a higher exchange of information is needed. Form postponement within a single production
unit is possible due to the modularity of the products, material and dimensions. The literature
refers to product and process modularity as an enabler for form postponement (Forza et al.
2008). This change in the production chain has an impact on the downstream like on the
material yield or on the entire supply network cost (Kiihle et al. 2019c).

A common advantage of postponement is seen in the reduction of uncertainty in the literature
(Hoek 2001). This statement cannot be answered directly in Kiihle et al. (2019¢). From the
results and the process flow chart can be said that on the one hand the combined processes
lead to a higher material yield and on the other hand the specification of the product can be
carried out later in production. This is possible by the modularity of the products, by finishing
processes at the end of the production chain in the sawmill and by the possibility to make
decisions to produce certain products in the production by increased decoupling point. For
the supply network and the fulfilment of customer requirements, this could lead to greater
flexibility and possibly to shorter delivery times.

The results of the SP 4 scenario show that new cutting patterns have to be developed in
order to fit the product process portfolio along the supply chain and for individual companies
(Abasian et al. 2017). The individual total cost comparison of SP4 to the variants of SP 2 and
3 shows that cost reductions are possible there (table 4). The result suggests that it is more
likely to buy raw materials nationally and satisfy customer demands, as S1's cost reductions

are the highest in comparison to the other scenarios. Here it must be pointed out that the
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scenario serves the lowest demand of the absolute quantity. Delivery transport costs have an
important role to play here. It must be taken into account that with an increased demand, the
distances to the individual customers also increase and thus the transport costs also rise
proportionately. This is especially true when roundwood is procured abroad and derived from
distant locations. The same applies to end products. This effect can also be seen in Kiihle et
al. (2019b). They give literature recommendations, which deal more specifically with this
challenge and with further challenges in the hardwood production network.

Table 4: Here the relative reduced costs per m3 compared to the SP values are alongside the relative
additional costs. Negative rel A total cost must be compared to positive rel sup cost.

Comparison of rel A total cost [%] rel sup cost [%]

sawing policies S1 S2 S3 S4 S5| Min Max
3&2 -0.6 0.6 1.3 2.0 2.5 1.0 1.5
4 &2 -4.6 -2.6 -0.2 0.8 0.2 3.4 54
4 &3 -4.0 -3.2 -1.5 -1.2 -2.3 3.4 54

For strategic planning of the supply network, the form postponement developed here and the
associated adjustments to the production processes have the advantage that they lead to
increased material utilization. On the supply side, this leads to lower demand for raw
materials within the supply network and to an increased satisfaction of demand on the
customer side. This is reflected in the increases in capacity utilisation in processing and the
constant capacity in the sawmill (table 5). Both could lead to clear financial advantages,
which would have to be considered in tactical planning and operational execution. There is
still potential for further work to move from strategic planning to a daily implementation.

Within the solid hardwood production network, sawmills face the greatest challenges. The
production processes that lead to a diverse material flow also results in the most changes.
However, this work shows that there are several decision-making options leading to further
room for action. In addition to retaining the existing products, it is possible to switch
completely to new products, to stay with the known products or to use a mixed form. For the
latter, this work shows that with the help of the developed production processes, further
points in the process flow arise at which the production of an intermediate can be decided.

This gives the producer more flexibility in meeting demand.

When it comes to the question of resource strategy, this model reaches its limits because the
scenario with the shortest path also generates the lowest costs. Here it is the national
resources supply and national product demand. Although hardwood is a locally available
commodity, it is traded globally. In Central Europe, for example, Beech can be sourced
relatively well locally and nationally, but most producers supply a transnational or global
demand (Luppold and S. Bumgardner 2015).
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5. Conclusion and Further Research Paths

This thesis proposes a new approach for mulit-tier solid hardwood supply chains. Solutions
are based on qualitive methodologies such as Quality Function Deployment and Process
Technology Matrix to analyse supply chains cross-company, optimisation techniques for the
strategic planning of the SND and postponement strategy from the field of mass
customization to overcome challenges within the supply network.

With regard to the methods developed, it should be noted that they can be applied in many
ways to other forest- and wood-based products and supply chains. Although the optimisation
models were mainly applied to laminated hardwood products, the models can be easily
adapted. Either there are specific changes to the model or by the input data used.

Kiihle et al. (2019a) includes a conceptual framework for a methodology to disaggregate
solid hardwood products. The approach has examined the possibility of integrating product
architecture, manufacturing processes and technology solutions into a systematic approach
in order to analyze and identify the relations between them and how the relations have
affected each other. The solid hardwood products panel, parquet and GLT have been
chosen to illustrate the concept. Based on multi-step QFD and PTM approach, requirements
on products have been represented by the HoQ I. The match of product components and
manufacturing processes has been devised with the HoQ Il and Ill. The potential influence of
a chosen technology has been demonstrated with the PTM. Manufacturing systems must
match the specific product design requirements. These requirements change for easy or
complex innovative product as well as for products which have been determined for different
application areas — here for appearance or construction applications.

Kiihle et al. (2016) is a supplement to the first. It shows that qualitative data can be collected
as well as quantitative on production processes within the multi-tier hardwood supply chain.
Value Stream Mapping is recommended for this purpose.

Kiihle et al. (2019b) provides data for the solid hardwood business and develops a MILP
model for the design of an LBWSN. For a new hardwood product, the model covers the
important strategic decision where to locate a glued laminated wood facility within the
existing production network with the lowest supply network cost. The results of the
optimisation model, e.g. material flows and sawmills involved, can be considered for further
planning. From the allocation of a production site, the continuous laminated beech wood
production must be guaranteed by a secure lamella supply by the sawmills. It will be
challenging to develop a cooperation planning of the network actors on a tactical and
operational level.
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In Kiihle et al. (2019c), an optimisation model is proposed to analyse the impact of a new,
innovative product within the existing solid hardwood supply chain. In addition, a
postponement strategy was developed and defined in order to add flexibility to the supply of
solid hardwood products for two different markets. For this end, alternative production
processes were developed and presented, which also led in new material yields. The
approach presented in the paper shows that sufficient raw materials are available to serve
the market of sawn beech timber for furniture according to the defined demands. In the case
of laminated beech wood products, it is not the raw material or the capacities of the sawmills
that are a limitation, but the capacities of the downstream production. There is unused
capacity, both on the resource side and on the manufacturing side. The challenge of
individual resource locations or sawmills arises when the decentralized production concepts
of the stakeholders are considered in detail. The consideration and integration of alternative
production processes have led to lower supply network costs and increased utilisation of raw

materials.

The advantage of form postponement concepts lie in shorter delivery times, which however
come with higher production costs (Waller et al. 2000). When deciding on the it, companies
face an increase in production costs and an increase in expected revenues due to a better
estimate of demand. Therefore, it is important for companies to find the optimal balance
between costs and benefits achieved by the postponement process (Bagchi and Gaur
2018).

Finally, the challenges that arise during the conversion of production processes and the
application of the form postponement concept, can be mastered at an early stage by through
change management. This change management is mentioned as the single most critical
success factor during such major adaptions of processes (Hoek 2001). For the hardwood
supply network, factors which support this change process are, for example, more
administration and planning skills to adapt to fast changing production requirements,
powerful, flexible, as well as user-friendly Information technology and the increase of labour
skills such as the degree of technical competence and flexibility (Lihra et al. 2008).

Future Research

The conceptual frameworks and strategic planning must followed by further leading to
tactical planning and operational implementation. For example, facility layout planning is a
process that requires continuous improvement to adapt to new products, market changes
and alternative production technologies. Also, the seasonal nature of raw material supply has
a major influence on the storage assignment and internal logistics. Here, concepts such as
multi-period or rolling horizon planning could be used to tackle challenges on the tactical

level.
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With future supply chains such as laminated beech products, a clear supply chain
management must be established in the future due to the potential demand quantity.
Although the volume of 50 000 m? of laminated wood products in the forest- and wood-based
sector is minimal, this is not the case for the solid hardwood sector. To achieve this, several
log suppliers and hardwood sawmills must efficiently exchange material and information with
each other in order to save costs and time. Papers, which already tackled aforementioned
aspects, show that a comprehensively developed model with well detailed data can identify
further potentials in unused capacities. Thus, simultaneous considerations of the mechanical,
production and network aspects will lead to further cost reductions within the LBWSN
(Ouhimmou et al. 2008; Audy et al. 2012).

Overall, the biggest challenge is to provide data for the model parameters in order to create
additional planning models to support decision making for participants in the hardwood
supply chain.
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STRUCTURE ANALYSIS OF A PRODUCTION NETWORK BY MEANS OF QUALITY
FUNCTION DEVELOPMENT AND VALUE STREAM MAPPING

Sebastian Kiihle', Alfred Teischinger?, Manfred Gronalt®

ABSTRACT: The purpose of the paper is a conceptual framework to analyse supply chain networks by providing
information. The approach uses the Quality Function Deployment (QFD) and Value Stream Mapping (VSM)
methodology for a better understanding of the interaction and reaction of upstream and downstream companies in the
supply chain network. The focus is on products, process chains and related technology. For this purpose quantitative
and qualitative information is necessary. We using two methods and combine them to analyse the network from two
directions. The QFD starts from the customer and product side - the so called customer view. The VSM focuses
product’s manufacturing life cycle. The approach is applied to the solid hardwood production network as case study.
The expected result is a procedure to evaluate systematically the actual network on resource-efficient capacity
utilisation as well as redundant and limiting process chain elements.

KEYWORDS: Quality Function Deployment, Hardwood, Supply Chain Network, Technology, Process Chain

Elements, Value Stream Mapping

1 INTRODUCTION

Hardwood industry faces major challenges in Europe
and beyond [1, 2, 3]. It has to find its stability and
market place once again. The increasing hardwood
timber stock in forest is still in contrast with a stable
slightly decreasing utilisation in the wood-based
[1]. A gap is evolving between resource growth and
material utilisation. One reason for the issue concerns
the missing links in the supply chain (SC) from
to product and customer or it is better to say that the
intransparent links and supply chain network
lead to complexity [3, 4]. Those links and activities
essential parts of a supply chain network (SCN). SCN
members produce products step by step (

Figure 1). Every single manufacturing and processing
step within SCN chances the quality of the ready-made
product. Each business, which is involved in the product
transformation process, is responsible for the product
quality.

[4] describe different aspects where complexity occurs
within SC and focuses on global sourcing. There are
interesting ideas mentioned which are also issues for
companies which act nationally or cross-nationally.
Although, companies act nationally, competitors are
located global nowadays. Inefficient SC can relate from
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complex SC structures or product design. The focal
company may not have production quality problems. The
problems can also be traced back to the upstream
stakeholders.

Downstream

Wood Primary
Industry

Customer
Resource

Figure 1: Selectet dependant supply chain network and
process steps. The primary industry provides the downstream
manufacturings with intermedia products. The system
boundary relates to the inter business links between wood
resource to sawmill and produced finished products from the
downstream manufacturer to customer.

The hypothesis is that information provision about the
supply chain structure provides knowledge which leads
to an increase of efficiency by SC structure optimization.
Within the SC and process chain, transparency relates on
the one hand to insight considering the match of adjoins
process chain elements but also to correlated technology.
Thus, the process chain elements bridge a link from
product design to technology.



Our approach uses the Quality Function Deployment and
Value Stream Mapping methodology for a better
understanding of the interaction and reaction of upstream
and downstream companies in the SCN and their specific
process functions.

For this purpose the paper is organized as follows: First
the scope of the paper is given. The literature review in
chapter 2 contains both tools and describes their basic
functions.  Additionally, both methodologies are
considered to the research field of SC and their
application. After that, chapter 3 illustrates the specific
guidelines for the conceptual framework which forms
the innovative approach. Chapter 4 gives a summarised
overview of the case study. Chapter 5 concludes the

paper.
2 LITERATURE

2.1 QFD

2.1.1 Whatis QFD?

Yoji Akao, developer of QFD, defines QFD as planning
and development tool for quality functions of a product,
which are requirement from customer as quality
characteristics. The ASI (American Supplier Institute)
goes one step further and specifies the definition. By
companies, customer requirements have to transform
into internal production potentials. These potentials have
to be reflected on products development phases from
product design up to product launch. [5] indicates that
the application of QFD has a framework procedure but
the task in each step cannot divided into subtask and
completed in corresponding departments. QFD lives
from cross-division collaboration and hence QFD
receives its success. Thus, the two main functions of
QFD are customer orientation and teamwork.

2.1.2 Benefits

The core of the Quality Function Deployment is formed
by customer requirements for a selected product. Its
ultimate objective is the satisfaction of the customer.
With regard to the supply chain — even though the
product/customer is the last element in the supply chain
or the first — its ultimate objective is the fulfilment of
customer demands in quantity and quality. The HOQ is
the tool of the QFD which meets these requirements. It is
a conceptual scheme and guides the user through the
procedure to develop the QFD. The main function of the
HOQ is a matrix correlating two different attributes. The
general procedure includes particular components and
forms a recognisable shape (Figure 2). It helps to
transform  customer requirements into  internal
characteristics. It is similar to a utility analysis. In both
cases you use a liker scale to compare different physical
units with subjective background of the user. But
compared with a utility analysis it has addition functions.
At first you do not compare criteria class 1 with criteria
class 1. Instead you compare customer requirements
(information class 1) with internal  product
characteristics. These are transformed information which
depends on company’s resources and measurable
product characteristics. And second the user develops the
matrix with objectives. These objectives are mostly

quantitative, technical data like ranges of length or
speed.
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1) “What”— Customer Requirements
Voice of Customer
2) “How” — Engineered Product Characteristics
3) “How vs. What” — Interrelation Matrix
How much supports “How” the “What”
4) “How vs. How” — Technical Correlation Matrix
5)  “Why” — Assessment Matrix of contestant
6) “How much” — Determination of technical targets
7) Priority of “How”

Figure 2: The general House of Quality

Every part of the house has its reason and the user has to
fill it with life in form of quantity or quality information.
Furthermore, basic sections are benchmark and a
technical correlation matrix which shows possible
technical difficulties. The latter is often used in
combination with TRIZ.

With a multi-step QFD approach the user reveals cross-
functional information. We use the approach from
Macabe and ASI [6, 7]. The structure is hierarchical and
contains of four phases which are executed successively.
The four phases are divided into product, component and
process planning as well as process execution (Figure 3).
Each phase is represented in a chart which correlates the
requirements (“what”) with its implementation (“how”).
In the following level, the former implementations are
transferred as requirements. Therefore, the multi-step
approach ensures a systematically development. A
detailed description of the multi-step execution is shown
in [7].

2.1.3 Limits

The QFD method has a critical deficit why decision
maker or manager use it just once. At the early stages, it
requires more time. Also, it should occupy time periods
from heads of division. The combined company
knowledge results in progressive solutions and pre-
determined quality and process parameter. Principally,
the unavoidable time expenditure at the beginning and
the resource binding follows in decreased cost and post-
processes at further steps.
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Figure 3: The multi-step approach of the QFD

Learning effects will decrease the expenditures and raise
the yield. Thus, it is not the whole issue but the
combination of time and inflexible, static adjustments
brings up the crucial deficit. If the user modifies some
requirements or internal characteristics, he has to adjust
all effected parts all the way down. Due to QFD is an
iterative process adjustments are inevitable.

2.1.4 Recommendation
The authors recommend for comprehensive information
about QFD like procedure, application, performance [5],
detailed explanation of the several house parts and the
multi matrix approach [6, 7] , objectives [8], [9] and the
classic review from [10].

22 VSM

2.2.1 Whatis VSM?

VSM is a tool of lean manufacturing, originates from the
Toyota Production System [11], that helps to understand
material and information flow as products make their
way through value stream. VSM enables the allocation
of specific data to each process chain element in the
company. The value stream includes the value adding
(internal production) and non-value adding (purchase,
order and supply) activities that are required to bring a

VSM is a documentation tool and maps material and
information flows from the raw material over the
transformation processes to the customer at the
operational level [12]. VSM is a draft of a product’s
manufacturing life cycle which perceives all phases
throughout the production process. The goals of VSM
are to observe material flow in real time from the final
customer to the raw material and to visualize losses in
the process. The methodology consists of visualization,
analyzing and optimization of the product’s
manufacturing life cycle (PMLC). Three steps lead to a
leaner manufacturing process. First it is examined the
current status — value stream analysis. Modern
companies have a wide product catalog, thus product
families are used to follow their production stream. Then
it is designed a target state of the production process —
value stream design. The last step is to develop a
program of measure to achieve the future state. The
method targets at a lean, dynamic and customer
controlled value stream, with short lead time and
reduced inventories [8, 9]. It is widely used in industrial
practice.

2.2.2 Benefit of VSM
The VSM enables the allocation of specific values to

i
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Figure 4:Value Stream Map example



each process chain element in the company. It is
recommended to go the product manufacturing cycle.
For the person, who maps the process, it is necessary to
get an objective data base. Production manager calculate
with specific data which often reflect not the reality. This
fixed data developed over time and now it belongs to
daily structure. The first optimization potential arises due
to the gap between fixed process data and real process
data.The intertwined material flows with the associated
individual work station of the component as well as the
products will be disentangled and systematically mapped
Gathered transparency at the shop floor is premise for
production optimisation. The representation of technical
processes, materials and information flow with
corresponding specific data shows the linkage between
the production processes and their controlling
information flows [13]. The VSM tool helps to consider
the product manufacturing cycle as a whole. It is more
than the sum of the individual parts. Specific business
knowledge and experience links the parts to an efficient
production line [14].

On the organisational level VSM provide a common
language and learning effect [12]. The mapped processes
and corresponding information are described with fixed
terms.

2.2.3 Limitation

In their literature research, [15] identify eleven
categories of problems during VSM implementation.
They establish a guideline from the analysis of the
causes. The considered issues have their core in the
usage of the VSM method which are linked to the
companies’ production concepts. VSM can be
effectively applied on linear process chains. Divergent
material flows, like wood disintegrating processes, have
to consider separately. Parallel downstream processes
are not possible to draw or would not show their
influence. A recipe is to build product families. A
product family is a grouping of products which start at
similarities in resource over manufacturing processes
and up to geometrical dimensions. Another main
weakness point is general one. Limitation relates to the
level of knowledge of the employees. In this case it
would be a lack of training in basic lean concepts which
helps mapping the products manufacturing cycle but not
the development of a future state [16].

2.2.4 Recommendation literature for VSM

The authors recommends for comprehensive information
about VSM and products development [17]. Their paper
focuses on decreasing the time of product development
process which takes around four to five years. They
provide a comprehensive strategy to implement VSM as
lean management tool in the process. At the beginning,
they use pareto analysis to identify the top portion of
causes which need to be addressed to resolve majority of
problems or time consuming factors. [18] study the
quality issue of a process chain and call it Quality Value
Stream Mapping (QVSM). The procedure of QVSM
helps to increase the transparency of quality control in
process chains by considering present quality defects,
quality inspections and quality control loops.

2.3 QFD + VSM FOR A SC OR SN

QFD and VSM are widely used regarding the
methodologies as management tool for decision makers
in single companies. Both consider complexity as long-
term strategy. With QFD, the user looks at the
complexity of the product structure within a company
and takes it apart. This decreases the complexity by a
multi-step procedure and develops systematically step by
step a link between product and production planning as
well as quality planning. This procedure achieves
possibilities for optimisation strategies. With VSM, the
user looks at the complexity of the process chains of the
internal production.

[19] use QFD to connect manufacturing with cross
divisional strategies to overcome the gap between
diverse strategy directions in several divisions. Their
approach provides a systematic tool to simplify strategy
formulation. With a modified multi-step approach they
realize the connection of manufacturing strategy with
action plans. But with this modification, they lose the
connection to the product and design. To some extent,
complexities within business strategy arise from highly
unintegrated business functions due to an intricate
product design. Hence, issues occur in supply, demand,
destitution and sailing.

Furthermore, scientific papers propose different
approaches to tackle specific problems of the SC with
QFD like supplier selection [20] [21], supply logistic
planning [22], logistic service [23]. [24] focus on the
main objective of SC management — fulfilment of
customer needs. The authors see business resources,
facilities as well as business functions including
transportation, distribution,

Inventory and work force support the fulfilment process.
Competitive strategies which consider these factors and
aim to meet the customer needs will increase the
business position. Therefore, they use in the first HoQ
business competition strategy (customer requirements)
correlated to supply chain design strategies (engineered
product characteristics).

So far, QFD is used as management tool to work out
products designs or supply chain strategies which
consider customer needs. But, the literature does not
provide any study that incorporates with the analysis of
process chains for product manufacturing and the
interrelated technology in an SCN environment. QFD
makes it possible to ground the base for supply chain
optimisation. Usually, QFD is a product development
tool with quality management integration. The systemic
procedures enable the product disassembly up to detailed
production planning. Through comparing the optimised
process chain with the current manufacturing process
chain the scope of optimisation potential will be revealed
also over business borders. The following methodology
section will present the conceptual framework to analyse
the process chain of a SC with QFD and SCM.

3 METHOD

Analysis methodologies require an extensive generation
of information and presentation possibilities. For the
qualitive and quantitive analysis of SCN instruments are



needed as they guarantee a structured and consistent
implementation of the actual state and performance of
their actors. The linchpin of this method is the
application of the multi-step QFD approach towards the
several semi-finished and final products of the supply
chain. The general workflow is illustrated in Figure 5.

1. Choose the SC business area

O

2. Seleced and dependent SCN mebers

O

[ )
[ 3. Set up the products of the chosen SCN members and ]
[ l

gather information on material and process chains

O

4. Develope VSM for products

O

5. Set up QFD for the semi-finished and finished products
with the SCN application

A
[ 6. Analyse the selected SCN l

Figure 5: Workflow for supply chain network analysis

The following part describes modifications and
instructions which affect the input and output factors of
the multi-step QFD procedure to guarantee cross-
company functional analysis.

Contrary to the general ultimate objective of the QFD it
should be considered that the approach changes from a
methodical product planning and development
methodology to a supply chain analysis methodology
based on the semi-finished and final products of the
particular member. Consequently, four determinations
need to be considered when using QFD.

At the time of consideration, the given products are used
to represent the objective direction. The products
implicate the market and customer requirements at the
current point of time. Therefore, the voice of the
customer is an obsolete input factor. Requirements that
represent the business objectives of the various members
are crucial for the SCN input. The input criteria design
the solution space and have to apply to all supply chain
members. According to [25] functions of The Iron
Triangle (quality, time and cost) determine the solution
space. At the initial implementation of the multi-step
procedure the EPC of the HOQ I can be defined by
focusing on the semi-finished or final products of the
particular member.

Another determination affects the component planning in
the HOQ II. In compliance with the amount of product
components functions have to be attributed to the
individual component. Components without functions
are obsolete. Hence, it is guaranteed that each
component is considered in the following HOQ III and
HOQ IV.

A further determination is related to the production
execution (HOQ IV). In contrast to the general
development of the production characteristics, which
should relate to the result of the HOQ III, fixed process
chain elements (PCE) are used. A PCE is regarded as a
transformation action whose output material is the input

material of the next transformation action. The sum of
the single PCE forms the process chain (PC) of a specific
product (Figure 6). Thus, the PC of the given semi-
finished or final products of the particular SCN member
is used as the production characteristics of the HOQ IV.
Each individual process in the manufacturing and
processing industry can be documented with specific
values like tool dimensions, material dimension,
processing speed or cycle time. At this point an
extensive performance recording takes place, which
requires production engineering background that is not
possible with just QFD.

Input, Output
. :
Process Chain | [ Process Chain
O_» Element 1 > Element 2 @

Figure 6: Transformation process and simplified production
process chain.

Therefore, VSM is integrated. The value stream mapping
(VSM) enables the allocation of specific values to each
PCE in the company. The intertwined material flows
with the associated individual work station of the
component as well as the products will be disentangled
and systematically mapped. After the execution of the
integrated VSM tool two ways of evaluation are
possible. One way uses current methodologies for
analysing VSM. Primarily, approaches lead to
identifying, quantifying, minimizing or eliminating
wasted processes. According to [26] root cause analysis
are necessary because VSM is just an analysis method to
determine the actual state. [9] is recommended for
analytically solve of core problems. The other way uses
the VSM results for QFD network analysis as
information carrier. VSM separates material and
information flows into individual pieces. These pieces
represent the single PCE with current dedicated
technological parameters. The crucial information is
transferred into HOQ 4. The modified QFD is the QFD
with the supply chain oriented determination plus the
integrated VSM.

The ultimate objective of functional depend information
retrieval in SCN can be achieved by the consideration of
the above mentioned determinations and instructions.

So far, there are two types for the assessment and
utilisation of the QFD charts regarding the chosen
products of SCN. The former takes into account the
PCE. It analyses the redundancy. We use a process
matrix for this purpose. It visualises the PCE along the
SC so that redundant processes can be identified easily.
The latter considers the functional dependency. The user
of the QFD in SCN has to tailor the functions according
to the individual operational business area. In the
manufacturing and processing industry operators of the
QFD in SCN develop product-based functions. These
refer primarily to the material properties which are
processed through manufacturing engineering processes
like forming, separation or assembly. For example, if the
user establishes the EPC attribute ‘surface quality” in the
HOQ I and transfers it to each component in the HOQ 11,



it is possible to identify the current dependent
influencing parameter for the surface quality.

4 CASE STUDY AND PRELIMINARY
RESULTS

So far, the conceptual framework is established.
Different supply chains and process chains are
disassembled if possible. A comprehensive evaluation
has not been done yet. The following part represents the
current heavily summarised results of the approach.
Figure 7 illustrates the progress overview on the basis of
the above given execution procedure.

1. Choose the supply chain business area Done
2. Select linked and dependent SCN Done
members
3. Set up the semi-finished and finished
products of the chosen SCN members Done
and gather information on material and
process chains
4. Set up QFD for the semi-finished and Done
finished products with the SCN
applications
5. Set up VSM for the semi-finished and Not Done
finished products
0,
6. Analysis of selected SCN 20%

Figure 7: Progress of the hardwood SCN analysis

For the application of the modified QFD methodology
for SCN we chose several process chains of the solid
hardwood processing industry. The primary industry is
the sawmill. Based on the sawmill semi-finished
products we selected the dependent downstream
industries with their process chains (figure 8). The
system boundary frames our contemplation space of the
SCN. In the beginning the input parameters into the
sawmill limit the system and at the end the output
parameters from the downstream manufacturer, primary
the product, limit the system.

After defining the system boundary, the combination of
information about the several supply chains and the
execution of the VSM (Appendix I) leads to the modified
SCN QFD. We transferred the crucial information in the
HOQ IV and got a high density of specific process
values (Appendix II). The production part of HOQ IV
include the crucial PCE. The example in the Appendix I
represents the HOQ IV for a prefinished hardwood floor.
Each column illustrates one PCE. The specific values for
each PCE can be recorded at the bottom section. We
gathered specific values to attributes like several times,
dimensions, wood moisture and yields. It is possible to
modify the section according to the type of production
and necessary values.

5 CONCLUSION

The purpose of this paper was to present a new approach
for gathering and analysing information of a SCN. The
study was based on quality functions which are run

throughout the downstream manufacturer up to the
primary industry. Additionally, we wanted to provide the
practical user with a ready-to-use tool. It was found that
in order to design an efficient hardwood production
network, extensive structured, filtered and analysed
information is necessary to increase transparency and to
raise efficiency in the decision making progress.

Results compare practical data from VSM with the
detailed data from the multi-step QFD procedure. Both
methodologies are approaches to consider product
manufacturing life cycle in an even more holistic way.
The information of the PMLC is collected over a
plurality of sources which are connected to the product
like the different technologies and specific machines.
Linked processes can be analysed systematically

Currently, the hypothesis cannot be confirmed or denied.
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Appendix I: Value Stream Mapping example
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Connecting Product Design, Process, and Technology
Decisions to Strengthen the Solid Hardwood Business
with a Multi-Step Quality Function Deployment
Approach

Sebastian Kiihle,** Alfred Teischinger,* and Manfred Gronalt b

Hardwood is currently underestimated with respect to its utilisation and its
value creation potential. Due to changes in forest management in various
countries, hardwood resources will become more important. However,
solid hardwood (SH) production capacities, mainly structured as small to
medium-sized enterprises (SME), are dropping or have dropped already
because of changes in the wood products market. Enhancing the SH
sector, the foundation of products, processes, and technology must be
better understood. To support the SME SH business, the approach used
here focuses on manufacturing processes of the first and secondary
downstream industry. A multi-step Quality Function Deployment has been
developed to match the manufacturing process with the product
architecture, and a Process-Technology Matrix has been added to
visualize the influence of technology on the manufacturing process. Both
have been applied on three chosen hardwood products which are solid
wood panel, parquet, and glued-laminated timber. The main contribution
of the paper is a conceptual consideration with a conceptual framework
rather than providing comprehensive solutions. Optimization potential
exists within the SH manufacturing chain based on alternative the
combinations of manufacturing processes and applied technologies.

Keywords: Quality Function Deployment; Hardwood; Production Processes; Technology;
Process-Technology Matrix; Structure Design

Contact information: a: BOKU - University of Natural Resources and Life Sciences, Vienna, Department of
Material Science and Process Engineering, Institute of Wood Technology and Renewable Materials,
Konrad-Lorenz-Strafse 24, 3430 Tulln, Austria; b: BOKU - University of Natural Resources and Life
Sciences, Vienna, Department of Economics and Social Sciences, Institute of Production and Logistics,
Feistmantelstrafie 4, 1180 Vienna, Austria; *Corresponding author: skuehle@boku.ac.at

INTRODUCTION

Due to the adoption of measures to deal with climate change and its causes, the
share of hardwood resources has increased and there is an increase in the forest stock in
central Europe (Berendt et al. 2017, BMLFUW 2015). On the other hand, the production
and utilization of hardwood lumber in Europe have decreased in the last decades (Luppold
and Baumgardner 2015).

There is a gap between increasing forest resources and the corresponding
production capacities of solid hardwood (SH) (Krackler ef al. 2011). Further, the product-
process portfolio of the wood industries is challenging and complex because they are based
on mixed wood species with a high variety. In order to narrow this gap and tackle the
challenge, a systematic approach to disclose processing opportunities is required. For this,
an integrated analytical framework, multi-step Quality Function Deployment (QFD), is
developed and applied to representative products and related technologies.

Klhle et al. (2019). “Business approach for hardwood,” BioResources 14(1), 2229-2255. 2229



PEER-REVIEWED ARTICLE biOI‘eSOUI‘CGS. com

Looking for New Products and their Architecture

Designs of products and manufacturing processes are strongly connected, which
has been demonstrated by the product process matrix of Hayes and Wheelwright (1979).
Subsequent studies have enhanced the concept of the two-dimensional perspective and
integrated a third one — the supply chain. Researchers have found an overlapping influence
of product, process, and supply chain, which has resulted in the three-dimensional
concurrent engineering concept (3DCE) (Fine 2000). The method supports the integration
of firm core competences to achieve competitive advantage. Product, process, and supply
chain must be treated as a single, fully integrated capability and managed in parallel instead
of as separate capabilities.

At this point, a simplification is proposed to render a complex subject more
tractable. Instead of matching a product, process, and supply chain, this paper focuses on
the aspect of product, manufacturing process, and the dependent technology (Fig. 1). Only
when a certain processing step is to be carried out will it be considered which technology
can be used for it and how it is related to the other processes and product components. The
aspect hardwood supply chain is an important component and will increase, but it is not an
essential part in this work. Since the increased interest in hardwood resources, much
research in product development has been performed (Wehrmann and Torno 2015).
However, there has been a lack of successful technology implementations.

Process
Manu-
facturing,
planning,
requirements

Product
Architecture,
requirements,
components,

Technology
Type,
requirements,
influence

Fig. 1. The interlinked parameter product, process and technology are represented with further
included aspects. The intersections show the links between two or all three aspects.

The Influence of Product Architecture on the Manufacturing Processes

The product’s architecture has an essential influence on the manufacturing. It is
related to the structure and components of the product. Product architecture is defined as
“the basic physical building blocks of the product in terms of what they do and what their
interfaces are to the rest of the device” (Ulrich and Eppinger 2015). It is a synergy of a
tangible, physical product part and an intangible product part such as services or supplier
related characteristics (Toivonen 2012). Each physical building block, in this work referred
to as product components, has a specific function and is connected with further product
components. The sum of the product components is the product. These components are
produced by single chain of process elements. Appropriate selection and optimization of
process chains is essential for product quality, process performance, and production
efficiency (Thompson ez al. 2016).

For hardwood, single manufacturing processes must be synchronized to the whole
manufacturing process chain as well as to the depending technology. Due to the specific
natural raw material, determined and controlled manufacturing concepts are required with
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defined production processes and related technologies. Thus, e.g., wood moisture content
is well managed within the downstream processes for high and stable product quality.

Technology and its Impact on Processes

Available technology has an impact on product architecture, possible process
chains, as well as firm performance (Lin and Chang 2015). The technology must be
economically viable to firms and it has to match the requirements on production capacity
as well as the quality of the product. It is important that the technology supports its
purposed manufacturing process and the adjacent processes.

Comprehensive knowledge is necessary to support this aspect because the
technologies, which are used along the production chain from raw material to intermediate
products, have a strong influence on the component’s final properties (wood texture,
colour, moisture content, strength, efc.). Therefore, specific methods are required to
support the creation of a technological knowledge base and to support the identification of
unknown cause-effect relations over the entire process chain.

Currently, a fast-growing development of new technologies and technology
combinations can be recognized in the wood-based sector. These developments offer
companies the opportunities to be more competitive in the marketplace in terms of time,
cost, flexibility, or quality.

The relations between product architecture and manufacturing system, consisting
of manufacturing process and technology, must be understood and managed during the
design phases or during improvement processes. Existing links between both aspects
represent how they affect each other. Changes in the products may require new
technologies, and an additional process or a product may require improved changes to
implement a more efficient manufacturing chain.

Approach Selection

With the focus on product development and quality management, Quality Function
Deployment (QFD) helps to support the development of a long-term strategy. It translates
customer requirements into technically specific data. Step by step, it links these subjective
customer requirements with the rational design of the product and QFD supports multi-
criteria decisions (Akao and Chan 2011).

Further, in order to analyze manufacturing process chains, it must be clear how
many product components will be designed, how each component will be produced, and
how each component and manufacturing process affects and is affected by the others as
well as by the technology applied. For this purpose, a conceptual framework is developed
based on an adapted multi-step QFD approach with an elementary Process-Technology
Matrix (PTM).

The method visualizes the decomposition of the product as well as processes and
gathers systematically the necessary characteristic data. The execution of the method needs
low resource investments. The method supports a fundamental, cross-company
decomposition of the product, which is an important element of this work. Also, the results
of the QFD methodology support the identification of performance indicators and the
determination of improvement priorities of the indicators (Franceschini et al. 2009).

For a far-reaching thematic consideration, it can be said that QFD is already used
in a wood-based context. Melemez et al. (2013) used the tool to design a small timber
trailer for small pieces of wood. Gusakova (2016) conducted a competitive analysis of
biorefinery firm strategies with QFD as analyzing tool. Wolfsmayr and Rauch (2014) used
QFD to identify barriers and drivers for the forest biomass supply with specific transport
sequence types. Wagner et al. (2007) applied QFD to the Chilean wood-based industry to
assess if the competitive advantages of the company stay in line with their customer needs.
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In order to identify suitable hardwood species for a specific product, Neyses and Sandberg
(2015) combine QFD and multivariate data analyses, which then are used for a structured,
quantifiable, and easy-to-use methodology. By applying QFD to the SME wood-based
network, Massa and Gessa (2016) aimed to achieve the improvement of the network
partner collaboration, the product innovation in the supply chain, the product quality, the
competitiveness in the market, the responsiveness to final user requirements, and to
highlight the criticalities in the production process along the whole supply chain.

The literature shows that QFD supports the development of products, services, and
strategies. It reveals that QFD is a qualitative and semiquantitative method with limitation.
Several authors improve this situation by combining QFD with additional methods to
reduce the limitation of QFD and to improve the final results. To the best of our knowledge
it can be said that a multi-step QFD has not been used for setting up the framework to
analyze processing potentials in the SH supply chain.

This paper aims to support developments in the SH business that require
redesigning and revisiting of conceptual considerations. To achieve this objective, it
examines the possibility of integrating product, manufacturing process data, and
technology solutions into a systematic approach. The paper places emphasis on supporting
these conceptual considerations with a conceptual framework more than providing
comprehensive solutions to detailed designing of the product and manufacturing system
and detailed manufacturing process planning. These results provide manager, practitioner
and researcher with further information to prepare for new processing options.

METHOD

The method part comprises the development of the multi-step QFD process and the
description of the Process-Technology Matrix. It finishes with the visualization of the two
steps that build the conceptual framework.

The here presented conceptual framework with the two main steps is the product of
an iterative process. Several feedback loops were used to develop the framework. First
ideas and concepts were presented at dedicated conferences and industry expert meetings.
Received feedback was used to improve the intermediate concepts up to the multi-step
QFD approach presented here.

Quality Function Deployment - Using Customer Perspective

The core of the QFD is formed by the quality functions of a product. These
functions are developed and planned with the help of the QFD. Quality functions are
requirements of the customers and are integrated by the “Voice of Customer”. These
requirements are transformed into feasible company quality characteristic (Akao 1990). By
companies, customer requirements are transformed into internal production potentials - the
product quality characteristics (PQC). These potentials have to be reflected in product
development phases from product design up to product launch (Saatweber 2011; Hauser
and Clausing 1988; Mai 1998). To develop and define PQC fitting to the customer
requirements, a company’s product designer and engineer team lists those PQC that are
expected to affect one or more input requirements (Table 1). If a PQC do not affect a
requirement, it is redundant, or the team missed a customer aspect (Hauser and Clausing
1988).

The “House of Quality” (HOQ) is the tool of the QFD that supports the
transformation process. Products, services, or processes are designed to meet customer
demands. This is the foundation of the HoQ (Temponi et al. 1999). With a simple structure,
the HoQ guides the user through the procedure to develop the QFD (Hauser and Clausing
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1988; Wolfsmayr and Rauch 2014). The main function of the HOQ is a relationship matrix
(RSM) that assesses the effect of PQC on customer requirements. The relation is given by
graphical symbols that represent the numerical numbers 9, 3, 1, 0 or by the numerical
numbers directly. The final result of the first HoQ is knowledge, which is provided by
translating systematically the customer requirements into quality characteristics of the
product or service by the firm’s own capabilities. The knowledge is summarized by the
HoQ. Subsequently, the house enables multifaceted correlation, which is visualized to
support decision-making.

Originally, the PQC and RSM is populated by an inter-divisional team which
consists of product planners, design engineers, manufacturing engineers, and salespeople
to translate simultaneously the VOC and edit the matrix. Here, the RSM was populated by
the authors with the support of the iterative process.

Multi-step Quality Function Deployment approach

In this study, the presented methodology uses the approach from Macabe and the
American Supplier Institute (Hauser and Clausing 1988; Mai 1998). It is an often used
approach to implement a multi-step QFD concept. In most cases one House of Quality
(HoQ) was not sufficient to gather the critical quality functions. For a full quality and
product development management, further HoQ units can be applied, which consider
product components (HoQ II) as well as processes (HoQ III) and production planning (HoQ
IV). The framework helps to look at the complexity of the product architecture structure
and takes it apart. This decreases the complexity by a multi-step procedure and
systematically develops a link between product and production planning as well as quality
planning. The structure is hierarchical and comprises four phases, which are divided into
product, component, and process planning as well as process execution. Each phase is
represented in a chart which correlates requirements with its engineered characteristics. In
the next level, the former implementations are transferred as requirements. Therefore, the
multi-step approach ensures a systematical development.

Modifications are needed because contrary to the general ultimate objective of the
QFD, it should be pointed out that the presented conceptual approach has an additional
objective. Beside the methodical product planning and development, it also aims to support
the analysis of product structure, manufacturing process chain, and linked technologies
based on semi-finished and final products. The decision about product design,
manufacturing processes and technologies are long-standing decisions and choices that
impact the future. The quality assurance planning, maintenances as well as work instruction
of the HoQ IV consist of mid- to short-term decisions that are strongly variable from the
chosen product of the individual firm. Thus, for the presented approach the detailed,
mention aspects are not used because of the conceptual consideration of this paper (Fig. 2).
Instead of the HoQ IV, a PTM is added subsequently (next section).

A further adaption of the concept is related to the input information. Two possible
ways are here suggested to start from the customer perspective. The first one is the
traditional one and targets product and quality development. The input material is gathered
by interviews, questionnaires, and market research in order to define the customer need.
The employed tool depends on the possible firm resources. The second way implies that
the focus is based on the three aspects of product, process, as well as technology and that
they match properly. It already has been assumed that the product is designed to meet
customer demands. If one uses the assigned requirements of a product that are part of the
recent product portfolio, one ensures a level of product quality. The requirements are the
already determined product components, in-house production steps, and applied
technologies. This helps to go beyond the product development process of QFD and
evolves to a general consideration of the production process at all. Additionally to the to
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the product improvement, a re-engineering of manufacturing process and applied
technology are possible. Due to the intended conceptual considerations, it is suggested to
use general requirements as input for this way. In this work, the second way is chosen. To
guarantee an analogue procedure for the several products, the same requirements are
defined for every single hardwood product considered - higher product quality, lower
production cost, lower delivery time, higher material yield, and better design. With the
developed procedure, it should guaranty that the product architecture with its components
and functions matches the requirements (HoQ I, II) and that the manufacturing process
matches the product components.

The same procedure is done for the selected component characteristics in HoQ 11
Selected PQC are translated into technical component characteristics such as material
quality or grain direction. The used information is provided by educated guesses, scientific
papers and studies, interviews and discussion with experts, standardization committees, as
well as wood-based interest magazines and brochures.

For HoQ III, standard wood-related manufacturing processes are used, which
convert input raw material into a determined product (Wagenfiihrer and Scholz 2018).

HoQ I HoQ II HoQ III
Product Component Process
Planning Planning Planning
Input
Product Components Processes
¢ Charact. ! « Charact. | ¢ Charact. |
Customer ~ What vs.y Selected What vs; Selected ~ What vs. ;
Requirements How Product C. How Components C. How
Specification Specification Specification
Result Result Result
Output

Fig. 2. The three House of Qualities are combined to the multi-step approach. The pre-defined
requirements of the HoQ | are the initialization to develop the first HoQ. With the HoQ | relationship
matrix, the user determined the influence of product quality characteristics on the pre-defined
requirements. The illustrated specification section contains the PQC objectives and the evaluation
part. The selected PQC of the HoQ | are included in the HoQ as input requirements for the
component quality characteristics. Analogue to HoQ I, HoQ Il and Il are executed.

Process-Technology Matrix

Technology is a firm’s key resource. It enables companies to develop products and
to increase productivity Thus technology is linked with business performance (Lin and
Chang 2015).

The standard QFD has no consideration of technology integration. Therefore, a
PTM is added after the multi-step QFD approach. It represents the firm’s possibilities to
execute their processes with various existing technologies or modified machines. The
procedure is adopted from the direction and function of the RSM of a HoQ. Instead of
rating the effect of quality characteristics on requirements, the matrix visualizes that the
considered technology has an affect or no effect on the downstream process.

The first main step reveals processes (left row), provided by HoQ III, which are
necessary for a product. Also, it contains processes that are beyond company boundaries.
In addition to the processes, the technologies are gathered for each process (column). The
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next main step provides information about the influence of a technology on the whole
process chain (Fig. 5).

Studies, papers, and information obtained from a firm are used to assess the effect
of technology on the downstream processes on a low level of detail. The accumulated
information gives an overview of considered technologies and their influence. In contrast
to the HoQ, the PTM only visualizes the impact. Thus, essential information must be
recorded separately. In this work the symbol “x” illustrates connected influence limitation
between process and technology and “1” illustrates influence of the technology on the
process.

The advantage of the PTM after the QFD is that it assesses available technology
for individual manufacturing processes. Thus, in the end, there is a decision support to
choose the fitting technology to the necessary process that produces the required product
components.

Briefly summarized, the conceptual framework consists of two major steps. During
the first step, the user develops the multi-step QFD approach. It starts with the analysis of
a selected product in the HoQ I and results in the depending, broken down manufacturing
processes. Then, the processes are transferred to the PTM, which represents the second
step. It contrasts processes with technology (Fig. 3).

Apply exterior Determine the product Develop the process

requirements as input for % characterisitcs and .| planning and receive the

focused product execcute the component key manufacturing process
optimisation (HOQ I) planning (HOQ 1II) (HOQ II)
Step 1 :
Identify the impact of

Step 2 technology on the Whokz

downstream manufacturing
processes (PTM)

Fig. 3. An overview of the entire methodological process. Step one consists of the execution of the
three HoQ. Step two comprises the transition from HoQ Ill to the PTM and the execution of it.

MATERIAL

In the following section, the SH business is described briefly as well as the three
chosen hardwood products solid wood panel, parquet, and glued-laminated timber (GLT).
Information and specific data from diverse sources are used to populate the framework.
Sources are provided by educated guesses, scientific papers and studies, interviews and
discussion with experts, standardizations, wood-based interest magazines, and company
brochures. Some references are mentioned within the individual product sections. The
multi-step methodology works best when the individual user fills it with their own business
data.

Solid Hardwood Supply Chain Designs

Within the SH business sector, there are enterprises that manage the whole supply
chain from raw material procurement down to the installation of the end-product; also there
are firms specialized on particular added value creating processes (Ouhimmou et al. 2008;
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Gil and Frayret 2015). Further, there are firms that produce softwood-hardwood-mixed
products, too, but they are only specialized in processing and manufacturing of one wood
species and procure the other one.

In this study, the secondary industries are considered with sawmills at the beginning
and followed by downstream industries (solid wood panel, parquet, and glued laminated
timber facility). The manufacturing process steps mainly used in sawmills are log sorting,
debarking, scanning, sawing of the log to sawn timber and by-products, timber trimming,
timber drying, and grading. These manufacturing steps set up the main processes.
Commonly, further manufacturing processes are used to increase the added value and the
product variety for the sawmill owner. The manufacturing processes mainly used in the
secondary downstream industry are formatting, milling, gluing, finger jointing,
assembling, and finishing processes (brushing, colouring, and coatings of wood surfaces).

Almost all manufacturing processes and technologies given in this paper are
available and used in the hardwood industry in a certain way or used by companies in part,
except continuous drying, which is not applied at all. For producing SH GLT, mainly
softwood process and technology configurations are used. At the moment the authors are
not aware of any company which continuously produces SH GLT.

Solid Hardwood Resource

Several European countries have a high share of hardwoods in their forest stock
(e.g. France, Portugal, Germany, Austria, Poland, Slovakia, Romania); thus the industry of
those countries is based on the income from hardwood-based products and the value
creation from hardwood products. They are already engaged in comprehensive hardwood
research projects (Wehrmann and Torno 2015; Grabner et al. 2016; Bollmus et al. 2017).

The downstream sector primarily purchases logs from nearby private or public
forest owners and delivers hardwood lumber to national or transnational sales markets. The
national forest sector is an important supplier of wood for the domestic downstream
businesses. The adjacent sawmills and downstream companies are supplied by their
regional forestry department.

Selected Solid Hardwood Products

The three selected SH products are presented briefly to give the reader a short
overview on the product and the foundation to understand the decisions that are made
within the multi-step QFD. SH panels and parquet are traditional, existing hardwood
products. In contrast to them, hardwood GLT products are not manufactured continuously
up to now.

Solid hardwood panel

SH panels are panel shaped solid wood materials (ONORM EN 13353:2011). They
consist of finger jointed or continued wood lamellas. These panels are built of one or more
wood layers, while every other layer of the multi-layer panels is shifted by 90 degrees.
Lamellas used are graded according to firm specific classifications and planed afterwards.
The primary use is linked with its characteristics. According to the standard, the final SH
panels have a thickness of 20 to 60 mm, a width of max. 1250 mm and a length of max.
15000 mm. SH panels are suited for non-structural products like workbenches, table tops,
furniture components or stair cases.

Hardwood parquet

The wood flooring product type parquet is used as one and multi-layer wood
flooring product (ONORM EN 13756:2018). In both cases, hardwood is used
predominantly. In contrast to parquet strips as solid flooring product, the engineered
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flooring (multi-layer parquet) consists of more than one layer. Each layer has a specific
function. One can distinguish between two different functions. The top layer provides the
surface that is responsible for abrasion resistance and accounts for the aesthetical
appearance. The high degree of hardness of hardwood makes it an appropriate material for
parquet flooring. The further layers, which can be also made of softwood species,
contribute to the necessary panel thickness and are responsible for dimension stability.
There are several parquet types which vary in dimension, composition, installation and
appearance (ONORM EN 13756:2018).

In this paper, parquet is seen as a multi-layer product. In the following, the focus is
put on the production of the parquet lamellas which are produced from pre-manufactured
sawn blocks. Currently, the manufacturing process is mainly the sawing process to split-
up the pre-sawn and dried timber blocks in order to receive the parquet lamellas for the
surface layer. Also, other manufacturing processes such as slicing may be applied.

Hardwood glued laminated timber

In general, GLT is an industrially produced load-bearing engineered wood product,
produced from softwoods mainly. It consists of at least two fibre-parallel glued, dried
timbers (ONORM EN 14080). In the case of hardwood GLT, the hardwood timber planks
are graded visually or by machine. Potentially weak points are cut out. Finger joints are
used to produce an infinite timber lamella, which is then cut to the requested length.
Finally, the length specific timbers are face-glued together fibre-parallel to the required
dimension of the beam. Timber for construction is an application area with a high demand
on quality assurance and reliability and where well-established companies exist to meet the
demand.

Hence, this application area also has moved into the focus of hardwood research.
For a decade, increased efforts have been taken to establish several hardwood types in this
application field. Comprehensive reviews are provided by Krackler et al. (2010, 2011),
Blenk et al. (2015), as well as Wehrmann and Torno (2015) about hardwood GLT research
and utilization. Except for poplar, hardwood GLT is not covered by the EN standard
mentioned above. A technical national approval is necessary in order to trade it as a
loadbearing building component. At present, several national technical approvals exist to
produce hardwood GLT and to apply it in wood or hybrid buildings (Germany: Allgemeine
bauaufsichtliche Zulassung Z-9.1-679, Switzerland: SIA 265:2012; SIA 265/1:2009).
Hardwood research shows evidence that it is possible to use the hardwood resource for
GLT, but it also reveals that the current manufacturing process of GLT is not economically
viable (Torno et al. 2013).

RESULTS

The following section comprises the results of the multi-step QFD approach as well
as the results of the PTM for the three selected SH products. In the context of this paper, it
is not possible to present all information from the HoQ tables developed. Therefore, the
methodology is extensively executed for the first product. The most important information
is highlighted for HOQ and PTM of the other two products.

Solid Hardwood Panel
HoQ1

The initialization of the HoQ I begins with taking down the input parameters in
form of requirements. The requirements were directed from the perspective of the customer
or the product. Initiatively, the pre-defined requirements were implemented. Then the
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requirements were weighted on a scale of 1 to 5 (Appendix A - HoQ I). The low importance
(2) for cost resulted from the assumption that the costs (procurement, production, delivery)
were stable. When considering all requirements, it was more relevant to give greater
importance to quality and material utilization (4). Further, dominant quality characteristics,
which best met the requirements, were presented in the columns of the HoQ under the HoQ
roof. If the developed PQC represents specific requirements, then it can be shown in the
RSM. Table 1 provides a brief extract of the requirements, PQC and objectives from the
HoQ L

In order to improve the quality of product, overall requirements were translated into
quality characteristics concerning the customer demands. The link between product
requirements and PQC is given in the middle part, the RSM. The RSM showed that all
requirements were satisfied by one PQC at least (value 9). The requirement of lower
product cost was covered by three PQC. A strong link was shown between unit price,
product quality and resource utilization to the product cost. The requirement of higher
product quality was represented by the PQC dimension tolerance and product quality,
lower delivery time by the characteristics through-put time and lead time, higher material
yields by the PQC resource utilization, and better design by finishing process. In contrast
to the mostly positive influences, there were also influences which limited others. The
requirements of higher product quality generated limitations.

Further critical aspects and barriers were taken down in the so-called HoQ roof.
The roof gives a quick access of supports or limitations within PQC pairs. High negative
correlations existed between unit price and product quality. It was assumed that the
production and investment cost were formed due to the increase in product quality. To
increase the quality, firms invested in new technology and application to ensure the
fulfilment of quality requirements. The roof represented further minor and one higher
positive correlation. The latter consisted of two PQC which had to be minimized for a
progressive SH panel quality. In this case, it was assumed that the tolerance was a part of
the total product quality.

The cellar of the HoQ represents the evaluation part. It consists of PQC objectives
and their grading. The objectives of the PQC primarily are in-house definitions. In this
case, the SH panel is an interior design product and furniture. It has an optical function.
For this purpose, there are standards to be observed but they target at optical quality issues
as well as size accuracy and not on mechanical wood characteristics for static issues. From
the 11 PQC considered and evaluated, six were chosen because of their results. They were
dimension tolerance, through-put time, product quality, resource utilization, dimension
geometry, and components connection.

Table 1. Customer Requirements, Product Quality Characteristics and
Dependent Objectives for the SH Panel with Examples. Applied in the HoQ I.

What — Customer How - Product quality Objectives

requirements characteristics

higher product quality product quality - frequency of | frequency of Error after

errors delivery —e. g. 1 %

lower product cost unit price 41 — 160 €/m?

lower delivery time through put time e.g. 7,5 working days

higher material yield resource recovery from intermedia product - 85
%

better design surface quality firm definition — e.g.
roughness after EN ISO
25178
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HoQ 11

The output of HoQ I became the input of HoQ II, the PQC selected. Further
processing was done analogous to the HoQ I. PQC were weighted (Appendix A - HoQ II).
The product characteristics of through-put time and resource utilization played an
important role in the HoQ II (value 5 and 4). For the PQC, product component
characteristics were defined. They are represented in the columns at the top part. The
components were divided into sub-sections. Objectives for the sub-sections were taken
down in the cellar. For the SH panel, several characteristics are considered which were
responsible for the optical function and additive characteristics which were responsible for
the connection of the wood parts. The RSM represents the value assignments. Every PQC
was satisfied by at least one component characteristic.

HoQ Il

In HoQ I1I, the critical component characteristics formed the requirements for the
process characteristics. The first step was to weight the requirements (Appendix A - HoQ
IIT). The material quality was most important for the HoQ III (value 4). Then, the
manufacturing process steps were developed and the RSM was edited.

( Measure N Roundwood pre- N Scan / Sawing ‘ Sorting
roundwood treatment roundwood 1. Cut / —‘
— /77*77% R~ — === e e = == ~
Brying ‘ Sorting : Sawing ! Lath bon ding ) ¥ Assemble lath : Finishing
to panel processes

~_ - ~ _—~

2. Cut /

Fig. 4. The process chain for the SH panel is represented. The red cycles are the most important
processes if the component requirements from HoQ Il are taken into account.

The HoQ III provided the critical processes (

- =

Measure Roundwood pre- Scan / Sawing .
( Bl —» —P —
\| roundwood | treatment roundwood \ 1. Cut Boring —‘
= //7*77%' =y = —_—= Sy == == == e
Brying Serting : Sawing & Lath bonding { Assemble lath ) Finishing
2. Cut to panel processes

Fig.). The foundation was built from the steps before. Six of 10 were chosen as the
most important ones. In the HoQ III evaluation part, the secondary processes such as
roundwood scanning or sorting of sawn timber blocks are not as important as the core
processes roundwood measurement, cutting, drying, and connecting the components,
although the secondary processes play an important role for grading and quality
differentiation. These processes are in charge of the selection if the wood piece becomes
an expected high value and low value product. Grading rules are used. In the company, a
high density of information about the national grading rules is necessary for this step and
optimal machine adjustments.

Process-technology matrix

So far, the quality functions of the three HoQ are developed to meet the
requirements but little attention has been paid to influences of one process and technology
compared to the following downstream manufacturing processes. The PTM concentrates
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available information and influences that affect upcoming processes (Appendix D). In
order to determine the scope of it, all developed process steps were used from the HoQ III.
Thus, 11 processes were taken down. The technology section was filled with nine main
sections. The first two manufacturing steps were combined to one section, which contained
the pre-processing technologies for the roundwood. One process was left out within the
technology section, the de-stacking.

A closer look will be taken on drying process (Fig. 5). The drying process was
separated into pre-drying, natural drying, and technical drying. Air drying and conventional
drying are technologies with the least limitation, the greatest frequency of use, and the
highest quantity of research. Their advantages are based on low cost and high quality. In
contrast, the other technologies contain limitations in cost and quality, but they have
advantages in higher process speed for specific technology-wood type combinations.

In this case, it is to say that the PTM gives only an overview. For example, air
drying and conventional drying are just superordinate categories of drying concepts. The
several existing implementations of air drying and the machine configurations for
conventional drying are not mentioned. The individual user has to carry out the method
part according to his or her requirements and data basis to achieve a detailed level to assess
technology and processes. With the support of a more extensive data basis for the PTM,
the user could not only say that continuous, vacuum and alternative drying concepts and
technologies have a limiting effect on the downstream processes and products but also
which limitations and how it limits and effects the product quality or downstream
processes.

From the given PTM for the SH panel, it can be concluded that air drying as pre-
drying and conventional drying as technical drying should be chosen.
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Fig. 5. An extract of the SH panel PTM is represented (Appendix D). On the left site, the
manufacturing processes are illustrated, which are developed in the HoQ Ill. The top illustrates the
gathered technology to one process. Here, the drying process is represented with its drying
technology concepts. The drying process itself has an impact on all downstream processes. Air
and conventional drying are the drying concepts with low negative impact on the downstream
processes and quality.
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Hardwood Parquet
HoQ I 11, 11l

For the HoQ I, the same requirements were used as for the SH panel. The parquet
product characteristic objectives were developed as well as the RSM (Appendix B).
Supplementary to the solid panel, wood product humidity, surface quality and dimension
stability were an important evidence for the product quality of SH parquet. Analogous to
the SH panel production, the same processes were executed from the roundwood
manufacturing to the sawing of the parquet bloc. After the second sawing process, the
main- and co-products were graded and separated. The parquet blocs were moved to the
third sawing process for the parquet lamellas production. These processes were followed
by sorting according to the surface quality, top layer production (gluing and pressing),
conditioning, joining of the three layers and finally the profiling and finishing processes
(Fig. 6).

Measure _>Roundwood pre-| | Scan Sawing Sorting Drying
roundwood treatment roundwood 1. cut
v
- Sawing
Planing —» Sawing —»  Sorting —®» 3.cutraw —»  Sorting —» Assemble to | _
2. cut planks . top-layer
friez
v
Conditioning Assembly Finish
components processes

Fig. 6. The general process chain is represented for the solid parquet production.

Process-technology matrix

A total of 15 processes were transferred from the HoQ III to the PTM (Appendix
E). The ultimate result showed diverged process flows for the SH parquet production.
Three slightly different manufacturing process chains were developed whereby process
steps could be reduced. Related technologies were taken down in columns to the required
production processes.

For the conventional parquet production, three disintegration processes were
necessary from roundwood to parquet lamella. Every disintegration process was followed
by a grading step. The grading step grouped the intermedia products. The last steps
contained top layer and components assembly as well as finally finishing process.

The standard production line branching-off was caused by an alternative
technology, which was inserted into the disintegrating process step, the veneer slicing.
Currently, veneer slicing is not a standard process for decorative top layer but
implementations were done to slice final parquet lamella to the dimension of 1.5 mm to
4 mm.

The new veneering process replaced the different cutting technologies from the
roundwood until the thin-cutting of the lamellas. For each exchange of the technology, the
slicing machines had to be adjusted to the appropriate requirements because the input
material changed with progressing production. Further, intermedia steps were reduced
depending on veneer slicing incorporation between roundwood processing and top layer
building (Fig. 7).
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Fig. 7. The divergent process chain is represented for the solid parquet production. It is a result of
the general process chain development by QFD in combination with the Process-Technology
Matrix. The branching happened at the technology selection. Here, every technology branch
represents either a sawing process or a slicing process. The traditional and most used process
includes the three break down process. The new manufacturing includes one break down process
which is followed by slicing.

Hardwood Glued Laminated Timber
HoQ I, 11, Ill & Process-Technology Matrix

For the hardwood GLT product, the same input requirements were used. Their
importance was defined by weightings. High values were assigned to lower product cost
(5) and lower delivery time (4) as well as higher material utilization (4) because of low
yield material utilization, high unit costs per cubic meter, missing of suitable standard
processes, and purchasable product dimensions as well as the related low delivery time for
hardwood lamellas, which were identified by scientific research and practical experience.

Dealing with the HoQ I, strength class and standard requirements were added, and
product dimension stability was removed (Appendix C). In addition, the optimization
directions shifted because of the new objectives associated for the PQC. All requirements
are satisfied by at least one PQC (value 9). Further, contra-productive influences were
captured for unit cost, surface quality and through-put time on product cost and quality.
Here, it is assumed that the higher quality will increase the production cost; therefore the
assigned value is negative. The same is assumed for the surface quality. In the case of the
stable through-put time, it is assumed that the effort for higher quality influences the
production time and is negative to the lower production cost. Most important PQC was the
utilization of raw material with a 20% share. In HoQ II, the objectives for the quality
component characteristics were taken down under the RSM. The objectives solely based
on standardization in the case of the GLT product. The requirements for the material
strength of the GLT had to be ensured. After the identification of the main quality
component characteristics, the key aspects were transferred to the HoQ III.

For hardwood, missing comprehensive information of the inner stem structure
made it necessary to saw stems into untreated, undried wooden planks. The concept based
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on the fact to obtain lamellas from dried wooden blanks. More information could be
gathered from dried planks. Thus, visual quality grading would be possible. Afterwards,
the graded planks were ripped into main and co-products with a multi-rip saw. The
following steps were equal to the softwood GLT production concept (Fig. 8). Afterwards,
the PTM was conducted (Appendix F).

Measure Roundwood pre- Scan Turn + centre N 1. Cut Sort
roundwood treatment roundwood roundwood roundwood planks —‘
v
Try » Grade planks > 2. Cutinto > Format —» Grad strength Finger joint &
products products glue lamella
v
Conditioning Glue + compress Finishing
= = >
lamella lamella to GLT Assembly work processes

Fig. 8. The general process chain is represented for the hardwood GLT

DISCUSSION

The method developed was designed to analyze systematically the product, process,
and technology and to support decisions improving hardwood operations. In the following
we will discuss the results generated for the hardwood products under consideration and
the framework applied.

To fulfil standardization and national approvals, upcoming hardwood products
should have the focus more on the technical data of the components and process parameter
to guarantee the quality of the assembled product. Hardwoods have specific properties that
can be tackled by fitting technology concepts in order to selectively use them in different
application areas. For appearance applications and new construction products, several
product components should show optimal performance in dimension, wood moisture
content or gluing system. The section objectives of the HoQ determined target values and
quality objectives which support the observance of the demanded parameters.

Also, the HoQ correlation matrix in the roof was important. In this work, it was
executed only for the HoQ I. To highlight the critical aspects and barriers between the
components or between processes it should be executed for the HoQ II and III. This part
was considered in a limited extent methodologically due to the data and information
available. For a more comprehensive approach to the correlation matrix and possible
adaptations, reference is made to further literature such as Melemez et al. (2013) or Hauser
and Clausing (1988).

Furthermore, results suggest that researchers and practitioner should not draw far-
reaching conclusions from exemplary hardwood GLT productions on manufacturing
systems which were designed for a different purpose like panel or floor products.

According to Marsillac and Roh (2014), “product architecture changes that are
more substantial and complex will generate more substantial and complex changes in the
process and supply chain systems associated with them”. This can be shown for the three
hardwood products and their subordinated application classes. Contrary to the solid panel
and parquet product, the hardwood GLT product differed in the application area, number
of manufacturing processes and the types of processes which are shown in HoQ III and the
PTM. Additionally, the applied GLT technology as well as its complexity level differed
(Tani and Cimatti 2008). Also, Marsillac and Roh (2014) notice that production lines are
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designed to meet manufacturing needs with their specific design characteristics. For the
SH industry and the selected products in this work, this means that if the sawmill
production lines were designed to meet requirements for appearance applications, they can
not achieve an economical production for high technical products for construction
applications. For example, if existing sawing patterns are designed to meet the demands of
sawn wood for appearance products, they have to be reconsidered for construction products
thus the product-process portfolio fits along the supply chain and the individual companies
(Torno et al. 2013; Abasian et al. 2016).

Optimization potential exists within the SH manufacturing chain, although there
are standard product types. In the case study, it is based on process and technology shifts.
The gathered results for the parquet product suggest that the production chain can be
reengineered by the allowance of alternative technology concepts. The process slicing with
dependent technology could be integrated rather than sawing. It could reduce the current
manufacturing chain by several sawing steps which generated also extensive changes in
the manufacturing and supply chain systems which are associated with them.

For the authors of the paper, the utilization of the multi-step procedure was not that
challenging, such as collecting of processing information and data. In contrast, for
companies it will be the other way round. The first executions of the systemic approach
with several steps will need a training period. However, the same procedure in every HoQ
with just different information helps to use the method. A workshop will increase the speed
to use the method and generate a deeper understanding of the linked information. Within
the workshop, a design team will use the multi-step approach to develop their common
product from the weighting of requirements over defining PQC to manufacturing processes
and technologies.

As mentioned before, collecting information and data for the several HoQ was a
challenge. Considering the manufacturing of hardwood GLT, there was an information gap
in how to produce hardwood lamellas economically, from saw log down to the beam and
which technology should be applied. Less information was found for HoQ III and the PTM.

Every time the multi-step QFD is performed, it starts with determining the
requirements. This paper is more focused on developing the HoQ phases and PTM. Thus,
the weightings were determined and allocated. These weightings change for each product.
In a firm’s context, providing customer requirements will be very challenging but also
valuable for the company that has to deal with customer opinions and the market more
intensively.

CONCLUSIONS

1. This study evolves a conceptual framework for a methodology to disaggregate SH
products to their physical blocks, functions, processes, and dependent technology in
order to support the SH business that require redesigning and revisiting of conceptual
considerations. The SH products panel, parquet and GLT have been chosen to illustrate
the concept.

2. The approach has examined the possibility of integrating product architecture,
manufacturing processes and technology solutions into a systematic approach in order
to analyze and identify the relations between them and how the relations have affected
each other.

3. Based on multi-step Quality Function Deployment and Process-Technology Matrix
approach, the developed methodology has visualized how influences of the three
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aspects interact. Requirements on products have been represented by the HoQ 1. The
match of product components and manufacturing processes has been devised with the
HoQ II and III. The potential influence of a chosen technology has been demonstrated
with the PTM.

4. Manufacturing systems must match the specific product design requirements. These
requirements change for easy or complex innovative product as well as for products
which have been determined for different application areas — here for appearance or
construction applications

5. The contribution of this work is the development of a comprehensive method that
provides and visualizes information as well as specific data systematically to support
operational decisions and determine better courses of action, whether for managers,
practitioners, or researchers. However, the general examples used here are only a
sample and so may limit the implications of detailed results. In this work, the ideal
manufacturing process chains for three hardwood products have been considered. For
significant results, company owners and operation managers of one specific supply
chain need to apply the method. Thus, results received can be compared with the
original manufacturing chains to identify optimization potential. Also, there has not
been a feasibility study or comparison of possible technology for one process. Here,
the results point at further potential to integrate other methods, e.g. AHP could be used
for multi-criterial decisions in the technology selection process.
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APPENDIX D — PTM - SOLID HARDWOOD PANEL
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1 Introduction
1.1 Change of hardwood resources

Currently, within the hardwood business, the challenge is to develop sustainable and individual
utilization concepts which consider species, quality, supply network and further aspects because
more resource potential will be available prospectively. It becomes apparent that the proportion of
deciduous forest area increases as well as the amount of harvested hardwood (BMLFUW 2015a;
BMLFUW 2015b; BMEL 2017). The utilization of hardwoods as timber has decreased tremen-
dously in the last two decades in Europe, but the utilization of hardwoods as industrial roundwood
and fuel wood develops progressively in contrast.

1.2 Hardwood products

For the hardwood companies, a study by Lehner et al. (2014) concludes that there is low potential
to increase the market volume in the traditional area like doors, staircases, flooring and more. The
authors see more market potential in the development of glued cross sections based on hardwood
or hybrid products for the construction market like hardwood cross-laminated timber, glulam and
laminated veneer lumber. For construction applications, the production of lamellas requires defined
strength properties by respective standards. Torno et al. (2013) applied such rules on the conver-
sion of beech roundwood leading to the production of lamellas for beech glued laminated timber.
They considered saw logs of different dimensions and qualities and three sawing technologies.
They analysed the kiln-drying, planing, and strength grading processes. As a result, the yield was
found to be between 17% and 22%. One has to highlight that they did not take in account co- and
by-products.

In contrast to the technology concepts to produce these hardwood load-bearing component
(Krackler et al. 2011; Blenk et al. 2015; Tran et al. 2016; Espinoza and Buehlmann 2018), one of
the most important points that has not been addressed so far, is that there is currently no provider
on the market who can continuously deliver glued hardwood timber products in Europe. There are
less knowledge and experience with modern hardwood supply networks and the performance of
structural hardwood applications. Also, comprehensive data about the supply network, stakeholders
and the linked material flows is missing.

In addition to the technological requirements for manufacturing as well as strength testing
of the lamellas and the depend on production line at the sawmills and downstream facilities, the
hardwood supply network also has to be studied about possible quantities of the final products.
A coniferous glued-laminated timber (glulam) plant is in the range up to 100000 m? as well as a
cross-laminated timber plant. The timber supply for this production capacity must be provided con-
tinuously and promptly for further processing along a hardwood supply network. Beech wood is a
potential resource for this case but has some availability limitation in summer (Berendt et al. 2017).
In Central Europe, it is widespread, and it can be provided for a one-hardwood-type-only product.

1.3 Hardwood supply network

A potential beech wood supply network for laminated beech (LBWSN) would be a combination of
already existing stakeholders (forest departments and sawmills) and new stakeholders (laminated
wood production facility and customers). In a graph, it is represented by nodes as the stakeholders
and arcs as material flow between the nodes thus the material is transported from source nodes,
the forest department, over facility nodes to demand zone nodes, which represent the customers.
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The main raw material of the supply network is hardwood saw logs. In sawmills, these logs
are processed into lamellas using specific cutting patterns for producing rough glulam laminations
(Torno et al. 2013). The kiln-dried beech timber is shipped to the downstream facility where it is
further manufactured and assembled to various glued hardwood products like glulam or cross-
laminated timber. Finally, the products are shipped from the facility to the customer zones.

While the locations and current products are known for forest departments and hardwood
sawmills, further data is rather unknown for strategic network planning such as potential production
capacities or transformation yield from hardwood roundwood to lamellas. Also, the downstream
facilities contain uncertain factors. Production data and economical expense are not available or
can be assumed for the downstream facility and the customers. Such data and parameters may
comprise facility production capacity, production costs, the potential product demand etc.

In order to reengineer the network and to add new facilities for the downstream, new potential
networks have to be designed. These alternatives can include possible suppliers, locations, produc-
tion and storage capacities as well as marketing and shipment options (Klibi et al. 2010). Within
the forest- and wood-based business, the opening up of new facilities are strategic decisions with
long-term impact. Thus, it is also important to redesign the capacities and technologies of facilities
within the divergent transformation business (Vila et al. 2006).

The collective consideration of individual production units within a supply chain can help to
achieve aggregated capacities and resources to satisfy a downstream demand which is impossible
as a solitary company. The combination of all these factors makes the planning of the LBWSN
complex in the combination of the various factors and difficult in the computation with a big
amount of data. The network needs a decision support system to support the strategical planning
process and policy makers in the estimation of the potential consequences of their strategic busi-
ness choices (Drucker 1995).

1.4 Optimization and facility location problem (FLP)

Within the operational research, the supply network design problem (SNDP) restructures supply
networks to achieve value creation in stakeholders involved (Klibi et al. 2010).

FLP is a subset of supply network design or discrete problems which deal with the location
of at least one facility in a given surrounding. The aim is to optimize the objective function like
revenue, profit, cost, distances, covering or others. FLP is applied in public, private or military
sector on a national or international level (Farahani et al. 2010). They can be focused on single
echelon, single period and capacitated facilities such as manufacturing or distribution facility
location-allocation problems. Facilities locations are chosen from a determined set of candidates to
satisfy the demand of customers. The objective is to minimize the total cost covering fixed opening
and variable operational cost or transport cost (ReVelle et al. 2008).

Furthermore, Melo et al. (2009) identified four elementary aspects in their review which may
be considered in strategic supply chain planning with FLP: multi-layer/multi-capacity facilities,
multi commodities, single/multiple periods, as well as deterministic or stochastic parameters. For
example, the benefit of using multiple periods is that supply network designs can be adapted to
parameters which change over the periods like resource availability or customer demand.

Within the forest- and wood-based sector, a high share of FLP publications deals with
the use of woody biomass for heat and energy generation or as a resource for biorefineries.
The contribution is the allocation of resource amounts and locations to plants or to biorefinery
facilities as well as the opening of intermediate storage locations for the transport from source
to the user (Gronalt and Rauch 2007; Rauch and Gronalt 2010; Kanzian et al. 2013; Johnson et
al. 2014). Advanced FLP focus on integrated facilities within a supply chain network. Integrated
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biorefinery and forest product supply chain network designs are studied to support organizations
in their investment decision (Feng et al. 2010; Abasian et al. 2017). Further, FLP can consider
biorefineries technologies which can lead to centralized or decentralized plant concepts (Walther
et al. 2012).

These integrated forest supply chain models represent almost unreachable, ideal networks.
They consist of a cooperative and connective supply chain with optimal material and information
flows. However, the real world problems have stakeholders with their own objectives thus lacks of
coordination occur between stakeholders. Therefore, Alayet et al. (2018) provide a forest supply
network model with independent business unites which are linked through interdependent pro-
cesses. The model helps to study applied supply chain management methods. In their work, they
compare Make-to-Order, Vendor Managed Inventory, and a centralized planning approach. The
latter leads to the highest profit. The network design is characterized by perfect collaboration. The
Vendor Managed Inventory approach fits for a business environment which is more characterized
by competition and non-collaborative.

Klibi et al. (2010) mentioned that there are three major classes of value drivers which should
be taken into account in supply chain network design. They are revenue drivers, cost drivers and
capital expenditure. All three are not necessarily relevant for supply network design at the same
time. If models use deterministic demand for the given number of periods, the revenues can be
seen as a constant and the model objective just minimizes the supply network cost. Further, a
review of facility location SCM shows that three fourth of the considered literature applied cost
minimization objectives. That is highlighted by the authors because most businesses are profit
oriented (Melo et al. 2009).

Finally, there is uncertainty involved in strategic planning processes with high investments.
This means that there is not sufficient information at a specific time to predict specific resource,
demand, sales or other developments in the future. One method to tackle uncertainty is the devel-
opment of appropriate scenarios representing potential alternative futures that can be analyzed
(Mansoornejad 2012).

For the laminated beech wood production network, there is no optimization model with
collected data which could support the opening of downstream facilities to produce the laminated
products yet available.

The presented works deal with supply network design, i.e. location problems in the forest-
and wood-based business and hardwood products. None of the basic works relates in particular to
the hardwood sector, which has an increased potential for raw material growth due to the emerg-
ing climate change. The novelty in this paper is the application of the existing models to the solid
hardwood sector. Therefore, the main contribution of the paper is to collect data about the solid
hardwood business for developing a strategic planning model to design a supply network for
laminated beech products. Therefore, this research focuses on the FLP within a supply network
design with the following characteristics:

* The laminated beech wood supply network under consideration is a multi-period, single-

product and multi-layer supply network.

* Demand in each period (monthly) is deterministic and known.

* At least one facility is opened from a set of candidates.

* Customers can receive the product from one or multiple downstream facilities.

* Several different possible scenarios are used to simulate various network designs.

The results support decision makers where to locate a downstream facility within an existing
production network with the lowest supply network cost and which hardwood sawmills should be
involved in the upcoming implementation phase.
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This paper aims to support standard decisions within the solid hardwood network where
to allocate new manufacturing facilities for load-bearing applications and to analyses the beech
material flow within the hardwood supply network for laminated timber purposes.

2 Material and methods

The following section describes the considered supply chain and its entities with forest departments,
sawmills, downstream facilities and customers (Fig. 1). Data will be provided for each considered
entity. It is from several sources as well as calculated and determined. Then, the mathematical pro-
gram model description will present the exact formulation. It is followed by the chosen scenario.
They are edited based on various roundwood supply and production capacity configurations to
demonstrate the impact on the network design and because of the uncertainty of future develop-
ments. The section is completed with data preparation and processing.

2.1 Supply network
2.1.1 Forest areas, distribution and roundwood supply

48% of Austria were covered with forests in 2013. The annual increment was 30.4 million m? of
standing wood and 25.9 million m? (85%) of it was harvested. 82% of the forest land is owned
by the private and 18% by the public sector. The forest area consists of 28 % deciduous and 72%
coniferous tree shares (proHolz 2013). In the case of wood harvesting, the proportion was 83%
softwood and 17% hardwood in 2015. All in all, 17.5 million m3 of the harvested wood was utilized,
as there is harvesting loss in bark an wood of about 10%. (BMLFUW 2016). The most commercial
species are spruce (Picea abies (L.) H. Karst., 69%), European beech (Fagus sylvatica L., 7%) and
Scots pine (Pinus sylvestris L., 6%) (BFW 2017).

Forest Hardwood Downstream
Departments Sawmills Facilities

Customers

Fig. 1. The laminated beech wood supply network stakeholders and the material flows between
them. There is a direct flow from one entity to all entities of the next tier. The source is at the
forest departments and finishes at the sink, the customers. From several candidates, optimal
downstream facilities are chosen to be opened within supply network.
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¥ M Forest Location
IV B Sawmill Location

_____ v M Locations
v B Customer

Fig. 2. The map represents the location of the several hardwood stakeholders. Forest departments with soft- and hard-
wood (green - 94), hardwood sawmills (orange - 27), laminated beech wood facility candidates (black -15) and custom-
ers (blue — have the same location as the forest departments - 88).

Deciduous trees are mainly located in the north-east and south-east of Austria. According to
the Austrian forest inventory data of the period 200709, the four highest deciduous stocks are in
Lower Austria, Styria, Upper Austria and Carinthia (BFW 2017). For the utilization of hardwood
in 2015, Lower Austria used almost the same amount as all the other 8 federal states together.
It is followed by Upper Austria, Styria and Burgenland. The amount of harvested hardwood for
material utilization (mid-diameter > 20 cm) was 288 000 m? harvested timber of which approxi-
mately 146 000 m? of harvested timber was beech wood (BMLFUW 2016). In the model, 88 forest
departments are considered which provide roundwood (Fig. 2). Their location is determined by
the central global positioning system coordinates of the district cities. Hardwood amounts are
differently distributed at each department and not every department supplies beech roundwood.
The geographic orientation of Austria makes transnational raw material procurement necessary
thus sawmills procure wood from adjacent countries like Germany or Hungary. If transnational
raw material procurement from neighbor countries is also considered, an additional 212730 m?3
are available (Table 1).

Table 1. Countries and amounts for beech roundwood procurement.

Country City as central Share of beech ~ Share of beech in Production, Sawlogs and ~ Amount of beech in
location in the country, the chosen location, veneer logs, non-coniferous* the chosen location,
estimated estimated [m? of roundwood] calculated

[m? of roundwood]

Slovakia Nitra 25% 10% 1558996 38975
Hungary Székesfehérvar 6% 40% 919400 22066
Czech Republic  Iglau 8% 10% 496 000 3968
Germany Landshut 18% 8% 3356883 48339
Slovenia Celje 30% 30% 320823 28874
Croatia Zagreb 36% 10% 1958567 70508
Total 212730
* FAOSTAT
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Fig. 3. Development of the annual product demand and the roundwood availability over the year.

In Fig. 3 the development of the yearly roundwood availability (12 periods) and the course
of product demand is displayed. The values are used as a distribution key because the amounts of
product demand and resources are only given per year.

2.1.2 Hardwood sawmills

The possible product amount depends on the availability of raw material, sawmill production
capacities and demand. The Austrian hardwood sawmills have a wide range of production capac-
ity. In 2015, 25-30 sawmills were operated with a sawing capacity from 1000 to 80000 m3 of
roundwood (Holzkurier 2015). These hardwood sawmills are located almost in proximity to the
forest resources. Less than half of the sawmills are in the north-east and less than a half are in the
south-east of the considered region. In 2015 sawmills processed approximately 309 000 m? of round-
wood. An estimated 132 000 m? of the annual hardwood roundwood amount is beech wood. If only
sawmills are considered which have a higher production capacity than 4550 m3 of roundwood each
and manufacture beech, the result is an ultimate production capacity of 116250 m? of roundwood
per year. 4550 m3 of saw logs are processed to a final product amount of 1000 m? of sawn timber
using a material yield of 22% (#;). Together, all hardwood sawmills can produce 275500 m? of
roundwood which have a higher production capacity than 4550 m? of roundwood each.

In addition to the already existing sawmills, another hardwood sawmill is introduced with
the cutting capacity of 40000 m? of roundwood, which is located in Lower Austria. It is assumed
that sawmill production capacity is missing in the federal state of Austria with the highest decidu-
ous stock.

For the sawmill production cost, Rathke et al. (2012) conducted a study about different hard-
wood sawing types and presented a cost parameter for band saws with cutting costs 0f 36.09 € m3
of roundwood. In this paper, we chose 35 € m= for the annual production capacity interval from
25000 to 45000 m? of roundwood. Higher production capacities are calculated with 30 € m—3 and
lower ones with 40 € m—3. For sawmills with a production capacity under 10 000 m3 of roundwood
per year 45 € m=3 are used. The data can be modified for different planning purposes. Finally, an
inventory is considered at the sawmills and downstream facilities which balances the fluctuation
in raw material and products over the year by storing them to an earlier point of time if possible.
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2.1.3 Laminated beech wood facilities (LBWF)

A modern LBWF satisfy a demand of 16-20000 m3 per year. As a reference, in Switzerland, the
ultimate investment cost comes to 21.3 million CHF (19.9 million €) including real estate, infra-
structure, machines for the production line as well as furnishings and equipment (Vogtli 2013).
These costs are taken into account by annuity calculation over 20 years and a 5% interest rate.

For the supply chain model, 15 different locations where proposed as possible LBWF loca-
tions which are directly supplied by the sawmills. The facilities are distributed by following the
two requirements: First, all federal states have to be considered and second, the locations have to
be chosen with the lowest square meter purchasing price in the selected federal state. The yield
recovery of the facility is determined with 95% (7). The 5% loss is related to the joining process
only. Further, the facilities have different production capacity options (CAP),). Three types are
determined with (O=1) 20000 m3, (O=2) 15000 m? and (O=3) 10000 m3. According to the size,
the investment costs are adapted. These types represent only one shift. A second shift is selectable
with three extra option (34000 m? (0=4), 25500 m? (O=5) and 17000 m3 (O=6)). They are
representing 170% of the original option capacity. These additional options do not influence the
investments of the newly opened facility, but it may influence the facility location allocations and
material flows because of the production capacity increase.

2.1.4 Customer demand

The demand for hardwood construction products is set to 50 000 m3 per year. For laminated timber
products, we guess that products of approximately 1.8 million m3 were produced which mainly
consist of softwood (Kaufmann et al. 2011). 50000 m? are less than 3% substitution of the soft-
wood laminated timber products. This amount is distributed all over Austria. The timber building
distribution key of the survey was used to allocate the demand to the federal states. The detailed
demand, within the Austrian federal states, is distributed over the several districts with the relation
inhabitants per district. Also, a combined distribution key is determined for the national (40%) and
transnational (60%) demand (Table 2).

Table 2. Demand distribution key for Austria (Kaufmann et al. 2011), Italy and Germany.

Countries Scenario #1 — #13 Scenario #14
Federal States Weighting [%] Amount [m?] Weighting [%)] Amount [m?]
Austria 100.00 50000 40.00 19998
Lower Austria 21.52 10760 21.52 4303
Upper Austria 17.01 8505 17.01 3403
Styria 16.53 8265 16.53 3306
Vienna 12.59 6295 12.59 2519
Tyrol 9.66 4830 9.66 1932
Carinthia 8.06 4030 8.06 1612
Salzburg 6.39 3195 6.39 1278
Burgenland 4.24 2120 4.24 844
Vorarlberg 4.00 2000 4.00 801
Italy 0 0 18.00 9000
Germany 0 0 42.00 21000
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2.1.5 Transportation data

In this paper a simplified transport situation is assumed. Three transport cost coefficients are deter-
mined with C1 (from forest department to sawmill), C2 (from sawmills to LBWF) and C3 (from
LBWEF to the customer). Each is made up of a unit cost per km divided by 28 m? of roundwood
loading volume and multiplied by two for two directions. For C1 4 € m3km~!, for C2 3 € m*km!,
and C3 2.5 € m*km! are assumed. For C1, the value computed is in line with the provided values
from Borcherding (2007) for the driving distance between 50 to 100 km. The decreasing values
for C2 and C3 simulate the increasing load density resulting from lower wood humidity and better
packing potential through dimension formatting from the resource location to the customer. The
applied simplicity either considers decreasing the cost for higher driven distances and no different
vehicle possibilities (Suurs 2002).

2.2 Model description

We propose a mixed integer linear programming model (MILP) to find an optimal design for a
general LBWSN considering the aforementioned entities. It combines a supply network flow with
a FLP. The model aims to minimize the cost of supply network by satisfying a specific product
demand per year. The model considers several parameters which characterize the four entities
forest departments, sawmills, LBWF, and customers. Decision variables are introduced to describe
material flows between the entities and within the sawmills and production facilities (Fig. 4).

The following section presents the exact formulation of the MILP model, defining sets,
parameters [min; max], the objective function, decision variables, and constraints.

Indices
F Set of forests departments
S Set of sawmills
L Set of laminated beech wood facility locations
C Set of customers
(0] Set of options
T Set of periods
YVio
i gwR Dts igwswl. i Flwl Pu i 31113 s
Xifs
S L
T’l T]Z
CA Pf I J’E;"an'.s CinvR Cfmd cinvl Cstlrrms cinvl Clprod cinvB Cltcrans D,
CAPg CAP,
Copen

lo

Fig. 4. Generic LBWSN with the four entities forest departments (F), hardwood sawmills (S), LBWF (L) and cus-
tomers (C). I, p, u, x and y represent decision variables and the notations C and D represent parameters.
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Parameters

Ccre Fixed cost to open new LBWF location / with capacity option o [11301 682 €;
14941682 €]

Chm Transportation distance from forest /'to sawmill s [0 km; 523 km]

clyans Transportation distance from sawmill s to LBWF /[0 km, 507 km]

Clrans Transportation distance from LBWF / to customer ¢ [0 km; 506 km]

Cspmd Unit sawing cost at sawmill s [30 €, 45 €]

Clpmd Unit production cost at LBWF / [30 €]

CAPy Amount of resource at forest location £ in period ¢ [0 m3 of roundwood;
8461 m? of roundwood]

CAP Production capacity at sawmill s in period # [0 m3; 7083 m?3]

CAP), Production capacity at LBWF [/ with capacity option o [833 m3; 2125 m?3]

Dy The demand of Customer in period # [0 m3; 2211 m?]

Lax Max amount of new LBWF [0; 15]

M High value [400]

CimR Unit inventory cost for raw material at sawmill [12 €]

Ccimk Unit inventory cost for the product at sawmill [10 €]

cimvi Unit inventory cost for raw material at LBWF [10 €]

CcimvB Unit inventory cost for the product at LBWF [8 €]

C1,Co,C5 Transport cost coefficient [0.2856 € m*km ™!, 0.071 € m*km !, 0.178 € m*km!]

7 Yield at sawmills to disassembly hardwood stems to timber [0.22]

12 Yield at LBWF to assembly hardwood timber to beams [0.95]

SinvR Start inventory for raw material at sawmill [0 m3 of roundwood]

SinvL Start inventory for the product at a sawmill [0 m3]

Simvi Start inventory for raw material at LBWF [0 m?]

SinvB Start inventory for product at LBWF [0 m?]

Variables

X Amount of roundwood shipped from forest /'to sawmill s in period t [m?3]

Xisi Amount of lamellas shipped from sawmill s to LBWF [ in period ¢ [m?]

Xtle Amount of product shipped from LBWF / to customer c in period ¢ [m?]

Drs Amount of consumed roundwood at sawmill s in period 7 [m3]

DPu Amount of consumed lamellas at LBWF [ in period 7 [m3]

iR Inventory level of raw material at sawmill s in period 7 [m? of roundwood]

jimL Inventory level of product at sawmill s in period ¢ [m?]

it"l”"f Inventory level of raw material at LBWF / in period ¢ [m?]

itianB Inventory level of product at LBWF [ in period ¢ [m?]

Vio 1, if LBWF [ is open with capacity option o, 0 otherwise

Uye Unsatisfied demand of customer ¢ in period ¢

2.2.1 Objective function
The objective function is to minimize the total cost of the supply network. The costs of the model

comprise sawing at the sawmills, transportation, production at the LBWF, inventory, demand
shortage and fixed cost to open new LBWF (1).

10
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The decision variable .., is used to guaranty maximal demand satisfaction. There will be model
configurations which do not satisfy the demand constraint thus a model objective value of 0 will
be provided. To counteract this effect, the decision variable u,. is introduced thus also a not fully
achieved demand satisfaction will provide a solution.

2.2.2 Constraints

Constraint (2) and (3) provide the production and supply capacity constraint.
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Constraint (4) to (11) assure that the material flow is balanced at the different positions. For
the several periods, the sum of incoming and outgoing material flows has to be zero. Constraints
(4), (6), (8) and (10) represent the inventory levels for the periods higher than one, while every
other constraint represents the inventory level for the first periods. Thus, the start inventory S is
introduced. Constraint (12) can be used to limit the number of LBWF. Every opened LBWF has just
one production capacity option (13). Constraint (14) assures that the available LBWF production
capacity with option o can not exceeded. Constraint (15) defines the demand satisfaction constraints
stating that the determined demand is every time satisfied by the sum of the product shipment and
the unsatisfied demand variable. Finally, variables are defined in constraint (16) and (17).

2.3 Numerical experiments and scenario setup

In order to test the sensitivity of the optimal LBWSN design, several assumptions are made for
key parameters of the network stakeholders. Opening a LBWF is linked with a high fixed cost.
Therefore, the scenarios are used to examine if a facility location is competitive under various
configuration. Altogether, 14 individual scenarios are designed. The matrix of scenarios is pro-
vided in Table 3.

The first two scenarios represent the current situation of the network. They consider only
beech processing sawmills and a national sourcing strategy (SO with AUT) with an amount of
roundwood (AR) of 146 023 m3. The difference to the first scenario (#1) is that the #2 has a minimal
production capacity threshold of 4550 m? of roundwood.

For the following scenarios, the sawmill production capacity is increased in total by using
all hardwood sawmills for the converting of beech wood. The existing cutting technologies would
make it possible to change the hardwood type.

#3 represents the new adaption of the total sawmill capacity. In #4, it is possible to have a
LBWF with six different production capacities options (FCO).

In #5 and #6, the additional hardwood sawmill (AS) is used.

Table 3. Developed scenarios with the defined parameters.

Scenarios Additional sawmill Amount of facilities Facility capacity option Sourcing strategy Amount of roundwood
(ADS) (AF) (FCO) (SO) (AR)
#1 unlimited 3 AUT 146023
#2 unlimited 3 AUT 146023
#3 unlimited 3 AUT 146023
#4 unlimited 6 AUT 146023
#5 X unlimited 3 AUT 146023
#6 X unlimited 6 AUT 146023
#7 X unlimited 3 AUT + Neighbours 358762
#8 X unlimited 6 AUT + Neighbours 358762
#9 X 1 3 AUT + Neighbours 358762
#10 X 1 6 AUT + Neighbours 358762
#11 unlimited 3 AUT + Neighbours 358762
#12 X unlimited 3 AUT + Neighbours 358762
#13 X unlimited 6 AUT + Neighbours 358762
#14 X unlimited 6 AUT + Neighbours 358762

12
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#7 to #8 are based on the previous assumptions plus a transnational sourcing strategy (SO
AUT + Neighbours). This sourcing strategy is also assumed for the following scenarios. On the
one hand, there would not be enough beech roundwood to fulfill all demand with a national one.
On the other hand, a shorter distance can be used.

For #9 to #10, it is assumed that the amount of LBWF (AF) is limited to one. The high
financial risk of the investment and the uncertain demand makes it more reasonable to open only
one facility and to accept the unsatisfied demand.

#11 to #13 represent the configuration of an alternative network design based on the existing
sawmill locations but with increased production capacities. Additional to the LBWF capacities
also sawmills capacities can be modified; thus the LBWSN is re-engineered by optimized material
flows. The #13 configuration includes all 27 hardwood processing sawmills. Their cutting capaci-
ties are set to 20000 m3 of roundwood at least. The investment costs for the required technology
adoption are not considered in the model. The focus is based on the minimal supply network cost
and the design with the corresponding material flow.

The last configuration (#14) is similar to #13. Only the national and transnational demand
is different. 40% of the demand is located in Austria, and 60% are located in Germany (70%) and
Italy (30%).

For every modification according to the scenario configuration, a MILP model is calculated
and resolved again.

After the calculation, the results are presented and analyzed in two steps. The first represents
cost parameters which are given in € m for the satisfied individual demand per scenario. There are
the total cost (objective value minus the unsatisfied cost), the opening cost for the chosen amount of
facilities and the capacity option, the transport cost from each used entity, the production cost (sawing
cost at sawmills and production cost at the LBWF) and the combined storage cost for sawmill and
LBWE. The second part shows material parameters in % per scenario. The degree of production
capacity utilization for individual sawmills is shown with a bar chart and which LBWF is opened.

The model is implemented in the modeling language Xpress Mosel Version 4.0.0 using FICO
Xpress-Optimizer 29.01.07 as a solver. All numerical tests were run on a standard laptop with a
2.8 GHz processor and 48.0 GB RAM.

3 Results

The solver runtime never lasts more than 40 sec for the given problem size. For example, the model
counts 53 814 variables, 3304 constraints and 107 124 non-zero elements in #13.

The graphical output, for #1, shows that the sawmills are located in the north-east or south-
east. Also, the LBWF has a south-east location in the network (Fig. 5).

The total supply costs per satisfied demand of laminated beech products range from 309 to
351 € m3 and the satisfied demands range from 14847 to 38 242 m3 (Table 4).

The lowest opening cost is calculated for #14 with 27 € m=3. This means that 27 € m= of the
cost is investment cost. Also, they have the lowest transportation cost but not the lowest demand
satisfaction. #2 represents the lowest demand satisfaction and minimal production cost over all
calculations. It is the scenario with the lowest production capacity. Thus only sawmills are con-
sidered which cut beech and have a production capacity threshold of 4550 m? of roundwood. #2
also has the highest total cost of supply.

Considering the production costs in contrast to the remaining costs, Fig. 6 illustrates that
production cost makes up around half of the total supply cost but reaches two thirds in scenario #6.
The storage cost can be neglected because they take a very small share of the remaining supply costs.

13
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Fig. 5. Material flow of #1. The individual colours illustrate the material flows from forest locations to sawmills (green),
from sawmills to facility locations (orange) and from facility location to customer (yellow).

Table 4. Financial performance results for scenarios #1 to #14.

Cost #1 #2 #3 #4 #5 #6 #7 #8 #9 #10  #11 #12 #13 #14
parameter

Sadiesfied 14972 14847 23942 26639 24181 24378 30000 33451 19992 31092 34703 34710 37548 38242
demand [m?]

Totalsupply 345 351 339 332 324 309 330 322 311 323 341 331 323 321
cost per m?

[€ m~]

Openi3ng cost 48 49 53 41 53 30 49 33 46 30 47 47 34 27 €
[Em™]

Transport 109 121 79 86 71 76 87 94 70 92 92 87 92 93 €
cost [€ m]

Production 186 178 202 202 195 198 191 191 193 197 197 192 192 197€
cost [€ m™]

Storage cost 2 2 5 2 5 5 4 4 2 5 5 5 4 4€
[€m™]

400 €
350 €

300€
250 €
200 €
150 €
100 €
50 €
0€
#7 #8

#1 #2 #3 #4 #5 #6 #9  #10 #11 #12 #13 #14

B Opening cost €/m®  m Transport cost €/m® M Production cost €/m® M Storage cost €/m?

Fig. 6. The total supply network costs are represented per satisfied demand and for each sceanrio.
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Table 5. Material performance results for scenarios #1 to #14.

Material parameter #1 #2 #3 #4 #5 #6 #7 #8 #9 #10  #11  #12  #13  #14
Degree of demand 30 30 48 53 48 49 60 67 40 62 69 69 15 76
fulfillment [%]

Amount of used 49 49 78 8 79 80 40 45 27 41 46 46 50 51

resources [%]

Amount of imported 0 0 0 0 0 0 25 27 6 17 25 24 27 28
resources [%]

Amount of used saw- 54 61 42 46 37 37 45 51 30 23 27 26 28 28
mill capacity [%]

Amount ofused LBWF 100 99 60 78 69 98 100 98 100 91 99 87 8 75
capacity [%]

The material performances are shown in Table 5 for all calculations. For four chosen scenar-
ios, Fig. 7 shows the satisfied demand and resource supply over the year. They are chosen because
#6 has the lowest total cost of supply, #8 has no sawmill capacity adaption but transnational sourc-
ing, in #9 only one LBWF can be opened, and in #13 the highest resource, sawmill and LBWF
capacities are available. The degree of demand fulfillment is at the lowest point in #1 and #2 and
increased gradually from 30% up to 76%. The expansion of the roundwood sourcing locations
and amounts shows also a change in the amount of used resources from #6 to #7. The amount of
imported roundwood reaches 28% in #14. The highest utilization of the sawmill capacities is in #2
with the lowest sawmill capacity in total. Almost all opened LBWF have a high capacity utilization.
Three even reach the capacity limit.

Scenario #6 Scenario #8
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Scenario #13
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==Demand[m¥] e Product transport from facility to customer [m?]

Fig. 7. Material performance results are shown for scenario 6, 8, 9 and 13. The raw material (orange,) and demand of
products (black, m? of product, right diagram title) curves result from the key distribution parameter and have the same
development in the four diagrams. In contrast to the following three scenarios, #6 includes a national souring only.
Roundwood (grey, m? roundwood, left diagram title) product transportation (red, m3 of product, right diagram title) are
the results of the individual scenarios.
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Over the year, the curves for customer demand and availability of resource proceed in
opposite directions. While the demand of laminated wood products for construction purposes has
high season over summer, roundwood availability has low season.

For #6 in Fig. 7, the demand is almost satisfied for the first three months and roundwood is
provided at a high level. Up to April, the demand recovers after a demand downturn in March, but
the product supply stays low the following months. With the assumption of transnational roundwood
procurement, which achieves a higher roundwood amount, the demand is satisfied on a higher level
(#8). If the amount of new LBWF is limited, also the supply of products to customer is limited
and fixed on a specific level (#9 with only one LBWF). With the possibility of more sawmills with
cutting capacity over 20000 m? of roundwood, the demand can be satisfied on a high level with
roundwood procurement shortage in July (#13).

To understand the sawmill side and the integration of each sawmill into the supply network
designs, the operated sawmills are presented in Fig. 8. Additionally, the degree of capacity utilization
is shown and the opened LBWF are represented. The additional sawmill 27 is always used if it is
possible and it always reaches the capacity limit. Considering the specific used sawmills in the sce-
narios, it is obvious that also in #11 to #14 the same sawmills are used than in the scenarios before,
although every sawmill location is available to produce lamellas and that with a raised threshold.

With the focus on open a LBWF within the supply network, the scenarios calculated two
optimal locations for the facilities for #1 to #13 and an additional one for the #14. One, L 12, is
located in Styria and the second one, L 4, is located in Lower Austria and the third one, L 8, is
located in Upper Austria.

Finally, different limits occur within the scenarios. The first two scenarios show a very low
degree of demand fulfillment by a high total cost of supply and a high percentage of used sawmill
capacity. The provided sawmill capacity is the limit for these scenarios because the distances and
transport cost also increase with a higher sawmill capacity use. More roundwood is used in the
next four scenarios because higher production capacity is available at the sawmills; thus it results
in a higher demand fulfillment and lower total supply cost. Here, the roundwood is at the highest
consumption compared to the other scenarios. For the following scenarios, the degree of demand
fulfillment illustrates the limit. It is at the highest level compared to the previous scenarios.

Sawmill Facility Location
15|16/17|18/19/20(21|22 27| |1]|2|3/4[5|6|7|8|9]10[1112|13|14/15

=ml _Hl

=

HEE EEEEEE

Fig. 8. For all 14 scenarios, the used sawmills and facilities are represented. For the facility locations, it is just shown if
it is opened. The degree of sawmill capacity utilization is shown with percentage bar sizes. The additional sawmill 27
is used every time when it was possible.
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4 Discussion and conclusions

With the developed approach, proposed in the current paper, the LBWSN flows from forest depart-
ments via hardwood sawmills and the optional downstream facility for construction purpose to the
final customer, can be optimized. Also, different scenarios are presented which simulate specific
assumptions to support the optimization and the evaluation of the supply chain network designs.
In most practical situations, a quite large number of scenarios is possible but only a few of them
can be considered in the optimization process for reasons of time. With the focus on opening up
a LBWF within the supply network, two locations are calculated repetitive for optimal locations
in the several scenarios. Further aspects will be discussed which result from the outcome of the
scenarios and which are linked to the developments in the LBWSN.

4.1 Sawmill characterization and LBWF location

Both opened facilities have bigger suppliers of lamellas in their closer distance which result in
lower transport and production cost. Further, the used sawmill can be classified in three groups:
sawmills which I) manufacture beech and have a production capacity equal or higher 20 000 m? of
roundwood, IT) manufacture beech and have a production capacity lower 20 000 m3 of roundwood
or I1I) manufacture no beech and have a production capacity lower 20000 m? of roundwood. The
last two groups of sawmills need a raise of production capacity like new or enhanced technology.
This can benefit the owner and the whole LBWSN, but it challenges the hardwood network which
contains of stakeholders with own objectives. Thus in the most cases, it is easier to design a new
network from scratch than to reengineer it. Optimizing existing processes means that new processes
have to be integrated in running operations and the transition has to be well planned from one to
the other network design. In this work, an addition sawmill was integrated to study the impact on
the network (Fig. 8, sawmill 27). Besides the full use of its capacity, the opening of the sawmill
can reduce the network production and transport costs 5 € m—3 each (Table 4, #11 and #12).

4.2 The inventory role

The possibility to store raw materials and products has an impact to satisfy the demand. Inventory
plays an important role in this network and model because roundwood and products are stored
to provide them when they are needed. The availability of roundwood is decreasing from spring
time and whereas the demand from the side of the sawmills starts to raise. Fig. 7 represents how
the material flows react to the situation and with the high demand gradient from the beginning of
spring. For example #13, the production capacity is limited to 3541 m3 for the assigned LBWF.
After the demand gap in March, the satisfied demand went over the production capacity. Products
and raw material are used from the storage to satisfy demand. After May, the curve goes down
because roundwood is not economically available anymore although demand of final products and
roundwood are still existing. It is to point out that the model has no storage limit constraints, but
they could be added easily.

4.3 Raw material increase and the influence on the supply network
By design, the optimization model focusses on strategic planning to choose the optimal LBWF
locations and material flow within the production network. For the model, the period of scope is

one year with 12 periods. It does not consider future resource increment of the local forest sources.
For the investors, the investment horizon is an important aspect which can be 15 years and more.
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Studies show that there is an increase in hardwood stocks and that the trend goes on. This has an
impact on the overall supply network cost. To anticipate the consequences for this cost, the national
(#5 and #6) and transnational (#7 and #8) sourcing strategy are compared. It can be assumed that
the production cost will decrease per m?, the opening cost stays stable (decrease from #5 to #7
and increase from #6 to #8) and the satisfied demand will increase. Transportation cost increase
because of the longer roundwood allocation distances and in order to supply more customers. It is
to be highlighted that this increases the degree of demand fulfillment by 18% (#6 to #8). In total the
overall cost of transport increases from 76 € m= (#6) to 87 € m3 (#8). It can be assumed that saw
log transport cost will decrease with a higher amount of local resources available. Nevertheless,
it is possible to work out further cost reduction when the procurement part is investigated in more
detail. Potential can be found in the use of different means of transports, the strategy of sourcing
like collective procurement of logs or further advanced transport tactics like back hauling.

4.4 Change of demand

In this paper, demand was determined to 50000 m3 glued laminated beech wood products. In the
same way as the resource amount, also the demand side can not be predicted with certainty. In the
case the demand would be higher than expected, it would strongly affect the network structure.
In the case, laminated wood product demand increases from 3% to 10%, as an example, this can
result in economy of scale effects which will affect the total supply chain costs as described by
Song and Sun (2016).

Italy and Germany are the major buyers of Austrian wood-products. Therefore, 60% of the
demand are located transnationally. When the additional demand is considered in the calculations,
this results in a slightly different network design and material flow. The satisfied demand reaches
76% (#14), which is 1% more than for the national demand only. Like before, the additional saw-
mill 27 is used. For the opened LBWEF, it is noticeable that facility 8 (Upper Austria) is opened
in addition to 4 and 12. The opening cost are the lowest for all scenarios, although it is optimal
to open three facilities which result in a lower amount of used facility capacity. The total supply
cost makes up 321 € m3 and the transport cost 93 € m—3. With the computed results, the #14 is in
accordance with the other 13 scenarios.

4.5 Managerial implication

Data, which is visualized in Fig. 8, can support the decision which stakeholders should be cooperat-
ing to guaranty reduced network and product costs. Results about used and transported amounts as
well as used forest departments, sawmills, opened facilities and customer locations are available,
which lead to optimized material flows through the supply network. One important insight is that
the production of laminated beech wood products has to be a cooperative planning between existing
stakeholder and new ones. Instead of individual stakeholder goals, we defined an overall supply
network objective. The potential LBWSN can lead to sawmills with qualitative manufacturing
and secure supply of beech lamellas and to LBWF which are focused on producing qualitative
laminated beech wood products and satisfying final customers.

4.6 Further outcomes
This paper looks at the minimal supply network cost from raw material to the customer and inte-

grated transportation as well specific manufacturing activities of the production units. Beyond
the paper of Torno et al. (2013), this paper integrated the decision to open downstream facilities
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at determined locations as well as transportation activities between the units and before and after
the sawmills. Further, this paper considered location positions of the production units as well as
capacity differentiations of the sawmills and the LBWF.

Ouhimmou et al. (2008) conducted an analyze of a specific furniture company by using
their internal dataset and compared computed results with the results of the company planning
process. The provided dataset helped the authors to find potential performance improvements.
The main reason for the improvements increase was fitting sawing policies and hardwood logs to
the customer’s demand configuration. In this paper, only one material yield is used for the sawing
process for one class of beech logs which was provided by Torno et al. (2013). At this point, there is
potential for further studies which should consider different sawing policies for various log dimen-
sions or alternative sawing policies which go along with the new intermediate products. Also, if
there is a deeper study of the laminated beech wood supply network, it will be necessary to conduct
a broader study for collaboration between the beech wood production units either through infor-
mation or resource sharing. D" Amours and Ronnqvist (2008) report that this results in decreased
cost of executing the logistics activities, improve service, gain market shares, enhance capacities
as well as protect environment and mitigate climate change Issues. Just as authors before, Abasian
et al. (2017) reported that collaboration has a significant effect on the supply network profit.

As well as Feng et al. (2010) emphasize it, this model is also capable in evaluating various
network designs with depended production unit parameters and amounts to find the minimal cost
of the supply network, but the results are scenario sensitive. Therefore, further particular business
data is required as well as scenario studies.

5 Concluding remarks

In general, this work provides data to the solid hardwood business and develops a MILP model
in order to design a LBWSN. For a new product in the hardwood sector, the model covers the
important strategic decision where to locate a glued laminated wood facility within the existing
production network with the lowest supply network cost. The results of the optimization model, e.g.
material flows and sawmills involved, can be considered for further planning. From the allocation
of a production site, the continuous laminated beech wood production has to be guaranteed by a
secure lamella supply by the sawmills. It will be challenging to develop a cooperation planning of
the network actors on a tactical and operational level. Papers, which already tackled aforementioned
aspects, show that a comprehensively developed model with well detailed data can identify further
potentials in unused capacities. Thus, simultaneous considerations of the mechanical, production
and network aspects will lead to further cost reductions within the LBWSN (Audy et al. 2012;
Ouhimmou et al. 2008).
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Abstract: For the foreseeable future the hardwood production network has an
advantage due to the increasing availability of resources. The main challenge is to
integrate the upcoming volume of raw material into the existing supply chain for
sustainable value creation. This paper examines a form-based postponement concept
in order to understand the balance between the benefits of increasing flexibility and
the costs caused by it. The contribution of this paper is to apply a form postponement
concept in the forest- and wood-based sector, especially the hardwood sector. This
paper contains a process flow chart with additional production processes, parameters
for material yields of the alternative production processes, an optimization model
which calculates the lowest supply network cost and a case study with several network
configurations. Results computed from the developed model and configurations show
that there are several potentials for an enhanced flexibility of the supply network. On
the one hand the combined processes lead to a higher material yield and on the other
hand the specification of the product can be carried out later in production. This is
made possible by the modularity of the products, by finishing processes at the end of

the production unite and by the identification of more decoupling points.
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1. Introduction
In Europe, hardwood is becoming an increasing component of forests and this could benefit the
hardwood production network.

Within this supply network, one of the main challenges is the integration of the growing volume
of the raw material into existing production supply networks with their production facilities for
sustainable value-creation. In the last two decades, the sub-sectors of industrial roundwood and
fuelwood have steadily developed. This is not the case for the solid hardwood sector where
individual and innovative utilization concepts are still absent. Market potential can be seen in
laminated hardwood products for the construction industry (Luppold & Bumgardner, 2015).

Beech timber for glulam products has been investigated for over 20 years now with issues such
as grading, finger joining and lamella connection. It has been shown that the suitability of beech
wood as a laminated wood product is somewhat impaired by its durability and shrinkage (Breinig,
Briichert, Haas, & Sauter, 2015). Although it is technically possible to manufacture laminated
beech wood products, there is a lack of research on the strategic planning of a solid hardwood
supply network, especially within a network that is specialized in other product types. Currently, no
company is constantly producing laminated hardwood products for the construction industry.
Kiihle, Teischinger, and Gronalt (2019) provided data to the solid hardwood business and develop
a mixed-integer linear programming to design a laminated beech wood supply network.

For the flow of solid hardwood material, the sawmill is the focal element since it leads through
production processes from sawing into a diverse material flow. Since material costs account for 40
- 70% of total costs, cutting patterns must match the demand of the final product. This has
a major impact on total costs, material yield and revenue (Buehlmann, Edward Thomas, & Zuo,
2011; Torno, Knorz, & van de Kuilen, 2013).

There is a point in the process flow at which the manufacturer has to decide what to produce
and for whom. To be more flexible and to have leverage within the supply network, a manufacturer
should continue to analyse, adding this point to the existing knowledge. Within the hardwood
sawmill, there are several decoupling points (DP) depending on products, production capacity and
strategy. Either the procurement of raw material is already allocated to a customer order, or the
primary and secondary log breakdown is allocated to a customer by using specific sawing patterns,
also known as sawing policies (SP). Alternatively, this can also be undertaken during the edging
and trimming of the dried board and herein lies potential which is supported in this paper. With
two main product classes, furniture and construction, flexibility in production is necessary in order
to satisfy order fulfilment, as well as maintaining low cost and high material yield.

It turns out that the potential lies in the use of the increased stock of hardwoods, which will
continue to increase over the next decades and thus they gain even more importance. The
challenge is to adapt supply networks and product concepts accordingly and to take into account
the trend towards more customization within production planning. Postponement is a mass
customization concept, which can close the gap.

We propose a postponement strategy within the hardwood sawmill which has an impact on the
whole supply network. Consequently, the following section deals with the literature concerning the

Page 3 of 19



Kuhle et al.,, Cogent Business & Management (2019), 6: 1701887 O;K-: Cogent P b us | Nness & mana ge me nt

https://doi.org/10.1080/23311975.2019.1701887

properties and benefits of postponement concepts as well as applied postponement concepts in
the forest- and wood-based industry, especially the hardwood sector.

2. Literature review and preparatory work

The review of literature presents the properties of postponement and how this production man-
agement concept is used in the forestry- and wood-based sector. At the end of this section, the
conclusions from the literature review and their significance for this paper will be presented in
condensed form.

Postponement is used to reduce the potential uncertainty and to achieve flexibility in the product
customization (Brun & Zorzini, 2009). It can be applied to move the DP closer to the customer. The DP
is a boundary which specifies the position in the chain where the customization occurs. It distin-
guishes between forecast-driven operations in which future customer orders are anticipated and
order-driven operations which are executed in the basis of customer orders (Hoek, 2001).

Companies use postponement to determine the DP in order to reduce customer lead time whilst
permitting a degree of customization as well as to reduce the costs of the product and process
variety (Iacocca & Liberatore, 2018; Trentin, Salvador, Forza, & Rungtusanatham, 2011). The
concept affects inventory level as well as inventory cost, delivery lead time, supply chain flexibility
and responsiveness all of which permits a quick reaction to changing customer needs, preferences
and options (Saghiri, 2011).

For a company, there are two extremes of postponement: 1) the make-to-stock (MTS) which is
suitable for high volume and low variety products and has the DP at the end of the process, and 2)
the make-to-order (MTO) which is suitable for low volume and high variety products and has the
DP at the beginning of the process. Production planning in a hybrid surrounding, like the production
of intermediates for the construction and furniture market in the forest- and wood-based industry,
is more challenging because both concepts have to be taken into account (Wilson, 2018).

Generally, postponement can be classified into three types: time, place and form postponement.
Time postponement is the delaying of product movement for as long as possible within a physical
distribution process which may support the minimization of costs and may maximize the respon-
siveness (Servare Junior, Cardoso, Cruz, & Paiva, 2018).

Place postponement is defined as maintaining the inventory at a centralized location and form
postponement includes manufacturing, assembling, labelling and packaging postponement to
finalize the product in response to customer orders (Bagchi & Gaur, 2018).

Further classifications of the postponement literature are presented in Hoek (2001).

For postponement, there are enablers which support the success of the implementation. For
example, product modularity, component and process standardisation or process reorganization is
seen as an enabler of postponement (Forza, Salvador, & Trentin, 2008; Saghiri, 2011).

Like Liu et al. (2014) and Al-Salim and Choobineh (2009) showed, there are several papers which
methodically combine their research for the best DP in the process chain with an optimization
model.

Harrison and Skipworth (2008) pointed out that form postponement can increase the flexibility
of the production planning system but there is a gap between the theoretical perspective and
practical implementation which has to be overcome. These gaps can be filled by the sectoral
implementation of postponement.
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For the forest- and wood-based sector it becomes clear that there has been a shift towards more
customization and just-in-time deliveries as well as orders becoming smaller and more diverse
(Espinoza, Buehlmann, Bumgardner, & Smith, 2014). Mass customization concepts support these
shifts and have a positive impact on the domestic market strength of the sector (Lihra, Buehlmann,
& Beauregard, 2008).

The following literature research shows that there are several papers that deal with
a postponement in the forest- and wood-based industry and the advantages in application.

Audy et al. (2012) conducted an international case study in six different countries. Their main aim
was to describe the wood supply chain and markets in order to assess their agility and tailoring
capabilities. The focus was based on the forest activities. Two results are taken from the study for this
paper: 1) the performance of tailoring is linked to the location of the DP and 2) the study identified two
processes where most of the product differentiation activities (PDA) take place and concluded that the
tailoring of a product specifications should take place before the PDA.

Nicholls and Bumgardner (2018) discussed the challenges and opportunities for North American
hardwood manufacturers in using customization strategies with the related concepts of agility,
lean manufacturing, economic clustering, and supply chain management. For the place postpone-
ment, the literature review found that imported components should be received as intermediates
which are customized with features added at decentralized hubs closer to consumers.

Hauslmayer and Gronalt (2008) proposed a mass customization concept in the parquet industry
for the production of wooden floorings. They implemented a time postponement. With this
approach, they added more value to low-grade materials as well as reducing customer complaints
about the final product defects.

Vendor-managed inventory (VMI), which involves time postponement but not necessarily place
postponement, can reduce the overall raw material stock presented by Gronalt and Rauch (2008).
Simultaneously, it increased the solid structure timber service level. In their research, the VMI was used
to control the stock of sawn wood which is produced at a sawmill and delivered as raw material for solid
structure timber production. With the VMI approach, it was possible to flatten demand deviations.

Alayet, Lehoux, and Lebel (2018) used postponement concepts with the goal of optimizing
harvesting, storage, transportation, and production operations while improving the competitive-
ness of this proposed forest products supply chain. Postponement concepts are contained within
MTS, MTO and VMI to optimize supply chain profit with a mathematical model. As in Gronalt and
Rauch (2008), Alayet et al. (2018) showed that postponement strategies have a significant benefit
for the user. For example, it provides the flexibility to adjust production to satisfy demand and VMI
which leads to significant inventory cost reductions.

The literature review shows that there is potential for further postponement studies within the
forest- and wood-based supply chains and that form postponement is not studied so far. Especially
for postponement concepts in the solid hardwood supply network, there are no comprehensive
case studies available. From the literature, it follows that the modularity of products must be taken
into account, for example, through the use of standardized product components that can be
assembled or standardized processes. An important step in the development of the postponement
concept is the identification of DP along the supply chain. These points are decisions which have an
influence on the downstream process and the customer’s demand.

In this paper, the applied form postponement concept is introduced within sawmills. The DP is
relocated from the roundwood procurement process to the sawmill or from the first cutting
process to the second cutting process after the kiln-drying. The decision what to produce takes
place after the drying process and with a different intermediate product: sawn wood instead of
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Figure 1. The model of a solid
hardwood supply network is
presented with its stakeholders
and the material flows between
them. There is a direct flow
from one entity to all entities in
the next tier. The source is the
forest department and the sink
is the customer of either lami-
nated wood products or for
furniture sawn timber.

roundwood. This shift influences the delivery time and the downstream production processes.
Thus, there is a time shift of four to 8 weeks to the customer depending on species and sawn board
dimensions as well as a potential increase in material output.

The planning of the hardwood supply network is complex due to the extensive data used for the
production network. Difficulties arise from the calculation of large amounts of data. Thus, the
calculations of the supply network costs need a decision support (Drucker, 1995). Kiihle et al.
(2019) provided data of the solid hardwood production network and approaches for the mathe-
matical model.

The research question in this paper is the following: Will the introduction of form postponement
lead to lower supply network costs and increased use of resources?

The aim is to study the cost/benefit relationship of the chosen postponement policy and its
impact on a potential solid hardwood production network.

The main contribution of this paper is the development of a future production concept using
form postponement to close the gap between the increasing importance of hardwoods and the
lack of production concepts within the solid hardwood supply network. Here, the appearance as
well as the structural market are chosen with sawn beech timber and beech lamellas as inter-
mediate products. Also, alternative process flows are presented with resulting yields of material
and the chosen basic cutting patterns.

3. Material and methods

In order to create a flexible production concept with the lowest supply network costs which
satisfies the demand of the two hardwood product markets, a process flow chart is firstly devel-
oped with additional production process flows. Secondly, the resulting material yields are deter-
mined for the alternative production flows. Thirdly, an optimization model is developed to
calculate the lowest supply network cost from the forest departments to sawmills and then
downstream manufacturers to the customer. Finally, the model is applied to the Austrian solid
hardwood network as a case study with several varying network configurations.

3.1. The supply network considered

This paper considers the supply network which includes forest departments providing beech
roundwood, hardwood sawmills which distribute the material flow either to the laminated
beech wood facilities (LBWF) or to the furniture market and finally customer using laminated
beech products (Figure 1).

Customer of glue
lamianted wood
products

Laminated beech
wood facilities

. N X

Sawmills

M

Customer of
furniture sawn
timber
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3.2. Process flow

3.2.1. Material flows
The process flow chart represents three main production process flows and connects the decisions
which result in diverse material flows and different material yields (Figure 2).

The standard process flows consist of either the production of lamellas for glued timber products
as an intermediate or of the sawn timber for furniture products (#0). A third process flow is added.
It represents the production of glued lamellas out of a single-layer panel. The concept is developed
by Ressel (2002) and is also considered by Hénnebeck (2008).

Within the process flow chart, there are two kinds of decisions. One is a general decision of the
material flow and the other is related to the quality of the input material. The general decision
assumes that sawmill owners try to satisfy the demand of lamellas more than the demand of
sawn timber for furniture products. 60.0% of intermediates flow into the lamella production after
the kiln-drying and 40.0% into sawn timber (#1).

There are three decisions which are related to the quality of the input material and they decide if
a specific input material is suitable for the next process step, which adds value to the product
or not.

The strength sorting is based on standards which divide the material flow into lamellas which
are suitable for laminated timber products and which are not. The latter flows into the sawn timber
process chain for furniture products (#2).

Within the production of sawn timber, there is a decision which determines whether the input
material is suitable for the sawn timber intermediate or not. If yes, then the sawn timber is
completed and stored and if it does not fulfil the quality requirements, then it goes into the
production process of the single-layer panel (#3).

The last decision determines if the input material is suitable for the production of a single-layer
panel. If the decision is positive, the material goes into production. Otherwise, the material is not
considered in this paper (#4).

3.2.2. Calculation of the relative material yield

Different material yields result from the process flows developed. They are integrated into the
optimization model with several cutting patterns to choose from. The calculations of the material
yields are the basis for the subsequent numerical experiment.

An initial proportion of 64.0% is assumed which results after the drying process (Table 1). From
this initial amount 60.0% are dedicated to the production of lamellas and 40.0% to sawn timber.
Thus, there is a first mixed outcome with 21.5% of lamellas and 17.9% of sawn timber as the
final product of the hardwood sawmill. From the decision #3, there is an additional amount of
5.1% for the sawn timber. Finally, from the decision #4, 8.2% of material flow into lamellas.
Besides the additional material flows, there is the possibility to only choose either the production
of lamellas with 22.0% or sawn timber with 40.0 %. A compilation of the values is presented in
Table 2.

The additional production processes that are responsible for a potential increase in yields also
generate additional costs. The additional costs were determined according to the relative cost
expenditure as presented in Table 3 according to the SP. In Table 4 the additional costs are
presented alongside the variable sawing cost. The result is a cost span with a minimum and
maximum value (Table 4).
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Figure 2. The process flow chart
shows the three main produc-
tion processes with lamellas
(right), sawn timber (middle)
and single-layer panel (left).
They are connected by four
decisions elements which are
marked with numbers. At the
left, the position of the decou-
pling point is presented
between forecast driven and
order driven. Also, the types of
decisions are represented with
#1 the general decision and #2,
#3 and #4 the postponement
decisions.
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Table 1. Calculated material yields for the two different final products by considering the
additional production process flows. The four decisions from the process chart are shown as

well as the resulting relative material yields, which are added to the quantity of the end-

product
Lamellas for Sawn timber for
laminated timber [%] furniture products
[%]
Relative amount of input 64.0
material after the drying
process
#1 Chosen distribution for 60.0 40.0
the raw material
#2 Standard mixed outcome
Raw material 38.4 25.6
By-products distribution 44.0 30.0
By-products 16.9 7.7
+ sawmill products 215 17.9
#3 Alternative utilisation of
out sorted lamellas for
sawn timber
Utilisation of by-products 30.0
+ for sawn timber 5.1
#4 Utilisation of out sorted
sawn timber for single-
layer panel
Utilisation of by-products 30.0 40.0
+ for lamellar 5.1 3.1

Table 2. The final material outputs resulting from the additional process decisions and SP are|

displayed. They are printed in bold for the individual SP

Process 1 Process 2 Process 3
Sawing Lamella Sawn Lamella Sawn Sorted out Single-layer
policy [%] timber [%] timber lamellas for | panel for the
[%] [%] furniture manufacture of
sawn timber lamellas [%]
[%]

1.1 22.0 (100%) 0.0

1.2 0.0 40.0 (100%)

2 38.4 (60%) | 25.6 (40%) 21.5 17.9

3 38.4 (60%) | 25.6 (40%) 215 17.9 23.0 (+5.1)

4 38.4 (60%) | 25.6 (40%) 21.5 17.9 23.0 (+5.1) 29.7 (+ 8.2)

3.3. Model description

We propose a linear programming model to find the minimal cost for the supply network which
fulfils a specific demand of two product markets per year. The model considers several parameters
which characterize the following five entities: forest departments, sawmills, LBWF, buyer of beech
sawn wood for furniture and laminated beech wood market.

Decision variables are introduced to describe material flows in these entities and within the solid
hardwood supply network.
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Table 3. Material yield and additional cost for the individual SP. For each SP, the material
yields for lamellas (product 1) and sawn timber (product 2) are presented in %. From SP 1, the

basis policy, the following policies are developed. There are relative cost expenditures for SP 3

and 4

Sawing policy Material yield for product 1 Relative cost expenditures
and 2 [%] [%]

1 0.220 0.0; 0.0 0.400 0

2 0.220 0.0; 0.215 0.179; 0.0 0.400; 0

3 0.220 0.0; 0.0 0.400; 0.215 0.230; +10

4 0.220 0.0; 0.0 0.400; 0.297 0.230; +35

Table 4. Additional expenditures of the alternative production processes are presented

depending on the sawmill production capacity in %. This results into a cost span which is
shown with min and max values

Sawing policy Sawmill capacity Cutting cost Additional cost

[m3 of [€/m? [€/m?
roundwood] roundwood] roundwood]

1and 2 > 45 000 (+0%) 30.00 Min +0.00
< 20 000 (+0%) 48.00 Max +0.00
3 > 45 000 (+10%) 30.00 Min +3.00
<20 000 (+10%) 48.00 Max +4.80
4 > 45 000 (+35%) 30.00 Min +10.50
<20 000 (+35%) 48.00 Max +16.80

The following section presents the exact formulation of the optimization model, defining sets,

the objective function, decision variables and constraints.

Indices

F Set of forest departments

S Set of sawmills

L Set of laminated beech wood facility

M Set of customers for furniture sawn timber

C Set of customers for laminated beech wood products

P Set of products

A Set of sawing policy

T Set of periods

Parameter

C;gans Transportation distance from forest f to sawmill s in km

Ctrans Transportation distance from sawmill s to LBWF | in km

Clrans Transportation distance from sawmill s to customer of furniture sawn timber
m in km

Ctrans Transportation distance from LBWF | to customer c in km

cProds Unit sawing cost at sawmill s in €/m?
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CprodL
CAPy
CAPy
CAPpt
SZ’)VSR
SlpnvSP
Sg)vLR
SgWLP
q)nvSR
c;)nvSP
Cg‘IVLR
CZWLP

Dcpt

Dmpt

Cl: CZ: C3
alphagp

n

Cmat

B, M
Variables

X fst

Xsmpt
Xslpt
X lept
pust

Pipt
I'invSR
st
iinvSP
spt
I'invLR
Ipt
,'invLP
Ipt
Ucpt

u mpt

Unit sawing cost at LBWF in €/m?

Amount of resource at forest location f in period t in m® of roundwood
Production capacity at sawmill s in period t in m?

Production capacity at LBWF | for product p in period t in m?

Start inventory of raw material p at sawmill in m® of roundwood

Start inventory of product p at sawmill in m?

Start inventory of raw material p at LBWF m?

Start inventory of product p at LBWF m?

Unit inventory cost for raw material p at sawmill in €/m?3
Unit inventory cost for product p at sawmill in €/m?

Unit inventory cost for raw material p at LBWF in €/m3
Unit inventory cost for product p at LBWF in €/m?

Demand of laminated beech wood product p from customer c in period t
in m?

Demand of furniture sawn timber p from customer m in period t in m?
Transport cost coefficient in €/m3km

proportion of intermediate product p produced when applying sawing policy a
Material yield at LBWF

Unit procurement cost of raw material in €

High values

Amount of roundwood shipped from forest f to sawmill s in period t in m® of
roundwood

Amount of sawn timber p shipped from sawmill s to customer m in period t in m?
Amount of lamella p shipped from sawmill s to LBWF L in period t in m?
Amount of product p shipped from LBWF | to customer c in period t m?

Amount of consumed roundwood at sawmill s wit sawing policy a in period t in
m? of roundwood

Amount of consumed lamella p at LBWF | in period t in m?

Inventory level of raw material at sawmill s in period t in m® of roundwood
Inventory level of product p at sawmill s in period t in m3

Inventory level of raw material p at LBWF L in period t m?

Inventory level of product p at LBWF | in period t m?

Unsatisfied demand of laminated beech wood product p at customer c in period t
in m?

Unsatisfied demand of sawn timber product p at customer c in period t in m?

3.3.1. Objective function

The objective function is to minimize the total cost of the supply network. The costs of the model
comprise transportation, sawing at the sawmills, production at the LBWF, inventory at the sawmills
and the LBWF, roundwood procurement and demand shortage (1).
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H trans trans trans
min(z) = Y Cp=x Cfs * Xpst + > CoxCo™ * Xsmpt + > Cox ™™ = Xslpt
teT feF,seS 5eS,meM,peP,teT SeS,leL,peP teT

dS
+ ) G o+ Cltéuns *Xigpt + X CB°% % past + > cprodt Pipt

seS,leLpeP teT aeA SeS teT leL ,peP teT
+ Z Cg}VSR * igvSR + Z ngSP * I’S';;;SL + Z C;;'IVLR " IierR + Z C;;'IVLP % I;g‘t/LP
teT,seS 5eS,peP teT leL ,peP.teT leL ,peP,teT
-mat
+ Z C * Xfst + Z B % Ucpt + Z M x Umpt
feF.seSteT ceC,pePteT, meM,peP teT

(1)

The decision variables ucy: and ump: are used to guarantee maximal demand satisfaction up to
specific network cost. There will be model configurations which do not satisfy the demand constraint
thus a model objective value of 0 will be provided. To counteract this effect, the decision variables
are introduced thus also a not fully achieved demand satisfaction will provide a solution.

3.3.2. Constraints

Constraints (2-4) are introduced as parameters for the material flow equalization Equations (2)
represents the used roundwood, (3) the produced intermediate products at the sawmill and (4)
the final laminated beech wood product. It is to highlight this that time shifts have been
introduced to reflect general production and delivery times. Within the sawmills (3), there is
a time shift of t + 2 and within the LBWF t + 1 (4).

Constraints (5-7) provide the production and supply capacity constraint for forest departments,
sawmills and LBWF.

Constraints (7), (9), (11) and (13) represent the inventory levels for the periods higher than one,
while every other constraint represents the inventory level for the first periods. Thus, the start
inventory Sy is introduced.

Constraint (15-16) defines the demand satisfaction constraints stating that the determined
demand is every time-satisfied by the sum of the product shipment and the unsatisfied demand
variable. Finally, variables are defined as non-negativity (17).

const == Y. Past VseS, teT (2)
acA
Prosp(e+2) := Y, alphgp * past Vlel, peP, teT (3)
acA

asSppe1) =M * Ppt Vlel, peP, teT (4)

Y Xt < CAPy  VfeF, teT (5)

SeS

2 Past < CAPst VSES7 teT (6)

acA

ig™F = iR+ X X — con,VseS, teT|t>1 7)
feF

insR = SR 4 ¥ Xt —const  VseS, teT|t=1 @)
feF

,';r;’\gSP — ,';f;‘gfl) +Prospt — Y, Xsmpt — L Xspt  VS€S, peP, teT|t>1 9)

meM leL
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3.3.3. Numerical experiments and scenario setup

Five supply network configurations are developed in order to test the sensitivity and to evaluate
the resulting network cost for each of the configurations. In the following, supply network config-
urations are referred to as scenarios.

The first scenarios (S1) represents a national sourcing strategy and a national customer demand
which is satisfied by two LBWF. For the second scenarios (S2), the sourcing strategy changes from
national to transnational with resources from bordering countries. Scenario three (S3) is used in
order to examine the supply of laminated beech wood production from only one location. All other
parameters are the same as in the second scenario. In additionally to S3, a transnational demand
is defined for the fourth scenario (S4). After the expansion of the demand in S4, two LBWF
locations are implemented for the fifth scenario (S5) in order to examine the impact of the
distribution of the production locations.

In addition to the five given network configurations, the specific sawing policies are calculated in
individual scenarios. The material yields for each policy are used from Table 3 as well as the
additional costs from Table 4. Policy #1 can only meet customer demand for product 1 or 2, as the
policy is applied to only one. Instead of calculating these individually, they are integrated into saw
policies #2, #3, and #4.

With the supply network configurations and saw policies, 15 scenarios are calculated in total.

3.3.4. Performance measurement
To report information regarding the performance of the considered supply network configurations,
the total costs of the individual scenarios are presented in €/m* and compared in combination with
the sawing policies used (totalcostqpng scenario), Which are a result of the developed production
processes to achieve a more flexible supply network. A matrix (Table 7) will represent the savings
or decreases of cost with relA total cost in % for the comparison:

total cost,; — total costy;

[ A l = 1009 1
rel A total costy1_»; total costry * 100% (18)
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The calculated cost differences are compared to the costs emerging from the supplementary
production process supcostqne(Equation 20). Therefore, the mean value of all computed total
cost is used (Equation 19).

- 1 n
total COStalpha,scenario = E 2 total COStalpha.scenario (19)
i=1

sup costgipng

rel sup costaphg = * 100% (20)

total COStalpha,scenario

The degree of satisfied demand for laminated as well as sawn beech timber products, the amount
of resources used, the level of imported resources, the utilisation of sawmill capacity and the level
of facility capacity used are presented in %.

4. Results

The material performances are shown in Table 5 for the computed supply network configura-
tions. The objective of a production supply network is to fulfil the demand of the customers with
specific constraints. In this model, the demand of two different markets must be satisfied. For
almost all SP and scenario combinations, the demand has been met for sawn beech timber (DF
ST). The highest demand of laminated beech wood products has been met with 73.0% with SP 4
(DF GLP).

Only 68.0% of the available resources are used with the national sourcing strategy of S1 (A UR).
With the transnational resource locations, low amounts are used which is represented by the low
value for used resources and the low value of imported resources (A IR) for S2—S5.

No more than 52.0% of the sawmill capacity was used (A USC). For LBWF, the capacity was
almost fully utilized for the network constellation with only one of them used (A UFC). With SP 4,
the constellation with two facilities are almost completely utilized.

Table 6 represents the total cost for the SP in combination with the five scenarios. The lowest total cost
is calculated for S1 in combination with SP 4. If only the SP are considered, then the lowest costs are
calculated for SP & for the first three scenarios and for SP 2 for the last two. The scenarios with only one
LBWF always have costs higher than the equal scenario settings with two facilities. Considering the
scenarios and the highest total cost, S3 and S4 have a value higher than S5 with the transnational
demand.

The flexibility of the production processes has an impact on the cost. By way of an illustration,
there is an increase of 10.0% on the production cost resulting from the adaption of process for SP 3

Table 5. Material performance results of the chosen SP 2, 3 and 4 as well as scenarios 1 to 5

are presented in %

Sawing policy

Parameter 2 [%] 3 [%] 4 [%]

S1 | S2 |S3 |S4 | S5 |S1 | S2 | S3 |S4 | S5 |S1|S2|S3|S4 | S5
DF GLP 23 31 22 20| 26| 38 55 37 36 54| 61 73 39 39 73
DF ST 100 | 100 | 100 | 100 | 100 | 96 | 100 | 100 | 100 | 100 | 84 | 100 | 100 | 100 | 100
A UR 68 341 29 29 34| 68 341 29 29 34| 68 34 27 27 34
AIR 0 8 4 4 8 0 8 4 4 8 0 9 4 4 9
A USC 441 52 46 | 45 51| 44 52 46 | 45 51| 44 52 43 43 52
A UFC 47 1 69| 93 91 67 | 47 69 93 91 67 | 76 91 97 | 97 91
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Table 6. Total cost of the chosen SP and scenarios are presented

Sawing policy Scenarios [€]

s1 S2 S3 S4 S5
2 306 311 313 314 309
3 304 312 318 320 317
4 292 302 313 316 310

Table 7. Here the relative-reduced costs per m3 compared to the SP values are alongside the

relative additional costs

Comparison relAtotalcost [%] relsupcost|%)]
°: :ﬂ:’:;g s1 $2 s3 sS4 s5 Min Max
3&2 -0.6 0.6 1.3 2.0% 2.5 1.0 1.5
4 &2 -4.6 -2.6 -0.2 0.8% 0.2 3.4 5.4
4 &3 -4.0 -3.2 -1.5 -1.2% -2.3 3.4 5.4

and an increase of 35.0% for SP 4. The cost range of the production costs in the sawmill is divided
by the mean total cost.

This results in a relative cost increase for SP 3 of 1.0% to 1.5% and for SP 4 of 3.4% to 5.4%
(Table 7). In order to balance costs and savings, the relative values should lie within the respective
ranges. A higher value means more savings than costs.

The comparison of SP 3 and 2 shows that one value lies within the range (S3) and two values lie
above it with the scenarios S4 and S5. The comparison of SP 4 to 2 and 3 shows that only one value
lies within the range, which is the value for the S1.

5. Discussion

This paper discusses the use of form postponement for the forest- and wood-based sector. The
results show that there are influences on the total cost of the production network when applying
the defined scenarios of form postponement. In the following, the results are generally discussed
with regard to the postponement concept and then for the application to the specific industrial
sector with regard to the effects on the costs and on the material flows.

5.1 General discussion of the form postponement

The form postponement involves the delay of activities that determine the form and function of
products. This makes it necessary to adapt product processes or product components such as
dimensions. This is also true for this research work, as Figure 2 shows where these adjustments
and changes occur.

Similar to Van Kampen and Van Donk (2014), the implementation of form postponement is only
within a single location. The literature shows that if several production units were needed to
implement the postponement concept, then the process costs for all involved would increase
and the knowledge about quality and quality fulfilment would decrease, since several production
sites are involved and a higher exchange of information is needed. In order to reduce the previous
negative effects, we would also recommend the implementation of form postponement within one
production site.
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In this paper, it can be seen that form postponement occurs within a single production unit.
This is possible, for example, by further process chains in the process flow chart (Figure 2) by
combining the production of product components for construction and furniture sawn wood.
In turn, this is only possible due to the modularity of the products, material and dimensions.
The literature refers to product and process modularity as an enabler for form postponement
(Forza et al., 2008). This change in the production chain has an impact on the downstream.
Here it is on the material yield as well as on the entire supply network cost (tables 2 and 7).

A common advantage of postponement in the literature is seen in the reduction of uncer-
tainty (Hoek, 2001). This statement cannot be answered directly in this paper. What can be said
from the results and the process flow chart is that, on the one hand, the combined processes
lead to a higher material yield and, on the other hand, the specification of the product can be
carried out later in production. This is possible by the modularity of the products, by finishing
processes at the end of the production chain in the sawmill and by the possibility to make
decisions to produce certain products in the production by increased DP. For the supply network
and the fulfilment of customer requirements, this could lead to greater flexibility and possibly
to shorter delivery times.

5.2 Specific findings in form postponement for the forest- and wood-based sector especially
on the used case study

For the chosen framework, the results show that the demand for sawn beech timber in furniture
production continues to exist within the given sawmill production capacities and is fully met in
most cases. For laminated beech wood products, no complete demand fulfilment is possible, as
the production capacities of the LBWF are almost completely used.

The results of the SP 4 scenario show that new cutting patterns have to be developed in order to fit
the product process portfolio along the supply chain and for individual companies (Abasian, R6nnqvist,
& Ouhimmou, 2017). The individual total cost comparison of SP4 to the variants of SP 2 and 3 shows
that cost reductions are possible there (Table 7). The result suggests that it is more likely to buy raw
materials nationally and satisfy customer demands, as S1’s cost reductions are the highest in
comparison to the other scenarios. Here it must be pointed out that the scenario serves the lowest
demand of the absolute quantity. Delivery transport costs have an important role to play here. It must
be taken into account that with an increased demand, the distances to the individual customers also
increase and thus the transport costs also rise proportionately. This is especially true when roundwood
is procured abroad and derived from distant locations. The same applies to end products. This effect
can also be seen in Kihle et al. (2019). They give literature recommendations, which deal more
specifically with this challenge and with further challenges in the hardwood production network.

For strategic planning of the supply network, the form postponement developed here and the
linked adoptions of production processes have the advantage that they lead to an increased
material utilization. On the supply side, this leads to a decreased need to purchase raw
materials within the supply network and to an increased satisfaction of demand on the
customer side. This is shown by the increases in the higher utilisation of capacity in further
processing and the constant capacity in the sawmill (Table 5). Both could lead to clear financial
advantages, which would need to be considered more closely in tactical planning and opera-
tional execution. There is still potential for further work to move from strategic planning to
a day-to-day implementation.

In addition, it can be emphasized that the third main process, leading to the production of
a single-layer board, can be used not only for the production of lamellas but also for single-layer

furniture boards for which there is already a market.

Within the solid hardwood production network, the greatest challenges arise for sawmills. The
production processes leading to a diverse flow of material also results in the most changes.

Page 16 of 19



Kuhle et al.,, Cogent Business & Management (2019), 6: 1701887

' <: cogent -business & management
https://doi.org/10.1080/23311975.2019.1701887

However, this paper also shows that there are several decision-making options leading to a further
room for action. In addition to retaining the existing products, it is possible to switch completely to
new products, to stay with the known products or to use a mixed form (Table 1). For the latter, this
paper shows that with the help of the production processes developed, further points in the
process flow arise at which the production of an intermediate can be decided. This gives the
producer more flexibility in satisfying demand.

6. Conclusion

A form postponement strategy is developed and determined in order to add flexibility to the supply
of products for two different markets in the solid hardwood production network. For this purpose,
production processes were developed and presented, which also result in new material yields.

The contribution of this paper is to apply a form postponement concept in the forest- and wood-
based sector, especially the hardwood sector. It turns out that the application of form postpone-
ment to a specific production sector is challenging and complex. Further research is needed in this
area to translate theory into practice.

The research question of whether form postponement leads to lower supply network costs while
simultaneously increasing material utilization cannot be clearly substantiated. The extension of
the production processes to generate an increased material yield also generates additional costs.
These costs are in some cases lower and in some cases higher than the savings from the lower
purchase of raw materials and the revenues of higher satisfaction of customer demands. In
practical application, these costs must be compared with the benefits, such as shorter delivery
times and the possibility to fulfil customer requests more flexibly (Waller, Dabholkar, & Gentry,
2000). When deciding on the postponement, companies are faced with an increase in production
costs and an increase in expected revenues due to a better estimate of demand. Therefore, it is
important for companies to find the optimal balance between costs and benefits achieved by the
postponement process (Bagchi & Gaur, 2018).

Finally, the challenges mentioned in the paper, which arise during the conversion of
production processes and the application of the form postponement concept, can be over-
come at an early stage by means of change management. This change management is
mentioned as the single most critical success factor during such major adaptions of pro-
cesses (Hoek, 2001). For the hardwood supply network, factors which support this change
process are, among others, more administration and planning skills to adapt to fast-changing
production requirements, powerful, flexible, and user-friendly information technology and the
increase of labour skills such as the degree of technical competences and flexibility (Lihra
et al., 2008).
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