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����������
�������

Citation: Kropivšek, J.; Jošt, M.;

Grošelj, P.; Kitek Kuzman, M.; Kariž,

M.; Merela, M.; Bučar, D.G.
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Abstract: Invasive tree species continue to spread, so in addition to strategies to limit this their use
in the production of innovative products must be considered. This research aimed to develop and
apply a model for calculating the cost price of invasive wood products considering the specificities
of materials and production process, and is suitable for quickly assessing the economic feasibility
of using the selected tree species for a given product. The TDABC method with the inclusion of
fuzzy logic was used to incorporate the uncertainty of time and quality parameters. In the model,
the imprecise values of these parameters are represented with triangular fuzzy numbers. Using a
furniture product (dining table) made of black locust wood as an example, we demonstrated the
applicability of the developed model. We found that the most probable cost price of a table made
of black locust wood is comparable to the price of a product made of oak wood. In this way, we
proved the potentially high economic value of invasive wood. The innovative products from invasive
non-native wood species can achieve a high added value due to their visual characteristics and
attractive appearance. Such use could increase interest in the (more efficient) management of invasive
tree species, which would help to manage and use them efficiently. For further research, it would be
useful to apply the proposed model to other invasive tree species as well as to other products.

Keywords: fuzzy time-driven activity-based costing (FTDABC); wooden products; invasive non-native
wood species; black locust

1. Introduction

Invasive tree species have considerable negative impacts on the environment. These
include their rapid growth and spread, completely displacing native tree species in certain
environments, which can be a major environmental problem, especially in urban areas. It
is also problematic from an economic point of view—the wood of invasive tree species has
high variability and its economic use is questionable. The characteristics of this wood are
also less understood and production processes are not adapted to them, as the wood of
these tree species has many growth peculiarities that affect its processing. As the proportion
of invasive alien plant species is increasing, some of the wood species have already been
analysed and shown to have good relevant properties, such as visual texture, chemical,
physical and mechanical properties, drying characteristics, and machinability, as well as
natural durability of the wood [1–6]. Due to such properties, wood from these species
can be used for wood products. In addition, wood processing residues can also be used
for the production of wood-based composites from invasive species [7] or even for pellet
production [8].
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There are several ways to solve the problem of the proliferation of invasive tree
species in Slovenia (and worldwide), especially in urban environments. As long as the
plant is small, confined to a small area, and identified as invasive in time, we can try
to remove it completely along with the root system. Chemical treatment is considered
the most effective, but the use of chemical agents is not allowed in Slovenian forests [9],
as chemicals in some cases may have strong negative effects on the remaining species
and ecosystem functioning [10]. A change in policy regarding the use of herbicides on
invasive species would likely be an ecologically successful approach to controlling this
species. Therefore, the only option is mechanical removal. In the case of trees, this
measure is not feasible, so it makes sense to use these tree species economically, as this
helps to prolong carbon sequestration in products (improving the carbon footprint) and,
thanks to the aforementioned good properties of wood, we can enable a longer life for the
products made from it and contribute to the circular economy. Products made from some
appropriate invasive species (like black locust) can achieve high added value due to their
characteristics, suitable design, and processing, and are commercially attractive. They can
also have a positive impact on improving the efficiency [11] and long-term performance of
the Slovenian wood industry [12]. These products have their specificities in terms of design
characteristics and, above all, construction (e.g., component dimensions) and production
process. It is important to bear in mind that the dimensions of raw materials are limited
and that it is advisable to use natural materials for both the joints and surface protection,
as this emphasizes the ecological aspect of these products.

Following Eckelman [13], we considered three separately closed areas of design that
must be considered in the creation of a new piece of furniture: aesthetic design, functional
design, and engineering design. During the design process and preparation of production
plans, the available materials and manufacturing technologies must also be considered [14].
When using wood with limited dimensions, low-quality wood, or with growth defects, it is
necessary to use such constructions and connections that give the wood more “freedom”
and space for dimensional changes. The use of low-grade wood can reduce the cost of
materials, but it increases the number of operations (e.g., bonding) and reduces the volume
yield. Designing furniture from locally available materials, conserving resources, using
energy efficiently, and protecting the environment while developing the economy are the
fundamentals of green design, which is also known as life cycle design and environmentally
oriented design, among other names [15]. Nowadays, due to the increasing awareness
of environmental and ecological issues, a growing trend of producing and purchasing
“green” products and services is emerging, and the production of “eco-furniture” or “green”
furniture could provide a significant competitive advantage [16]. To address the existing
threats, new practices and out-of-the-box thinking are needed to renew the sector and
make it more sustainable.

Knowing their cost price and comparing them to similar products made from con-
ventional tree species is essential to determine the economic feasibility and profitability
of producing wood products from invasive trees. The cost price represents the sum of
all costs incurred in the production of a product. It depends on several factors that affect
the cost of each factor of production. The most important factor is certainly the number
of products manufactured and the size of the batch, which in the case of products from
invasive trees species is usually determined by the available quantities of raw material of
suitable quality. The cost price must be accurately estimated or calculated because, on the
one hand, it is a very important basis for managers in deciding how to manage resources
and control costs and, on the other hand, it influences decisions that depend on whether
the product is profitable at all for the company. The lack of such knowledge leads to not
understanding the relationship between costs and process improvements, which in our
case is important for planning the manufacturing process of these products.

The cost of goods sold can be calculated using traditional/standard cost accounting
methods or newer methods that eliminate most of the disadvantages of the former. Many
researchers have studied the usefulness of different calculation methods for management
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decision making [17–20] or their application in managing certain processes [21,22]. The
literature also contains many studies on cost management for individual products or
product groups [23–25]. There are also many studies on cost calculations in the wood
industry [26–29], for which all calculations are performed using the Activity-Based Costing
System or Time-Driven Activity-Based Costing System. These methods overcome the main
shortcomings of traditional approaches [18], and most importantly introduce a modern
view of cost management in the business environment [30–34]. However, for certain cases,
especially when it is not possible to obtain the exact values of certain input data for the
calculation of cost price, a fuzzy method has been introduced for the calculation [35–39].

To date, no research has yet addressed the calculation of cost price for wood products
made from invasive trees that have many unique characteristics and, more importantly,
the valuation of the cost price of such products using the Fuzzy Time-driven ABC method.
The research aims to develop and use a model/algorithm for calculating the cost price of
wood products made from invasive tree species, considering the specificities of materials
in terms of their characteristics, available quantities, quality variations, and peculiarities of
the production process. This model should be suitable for quickly assessing the economic
feasibility of using the selected tree species for a given product. Due to its many advantages
and usefulness, the Fuzzy Time-driven ABC model will be used in this study. The TDABC
model with the inclusion of fuzzy logic should take into account the uncertainty of some
parameters (time, quality, etc.) to provide accurate information about the cost price of the
products.

We set the following hypotheses:

Hypothesis 1. There is insufficient data on the available quantities of wood from invasive tree
species, which reduces the possibility of rational (efficient) and economically acceptable use of
this potential.

Hypothesis 2. Using the Fuzzy Time-driven ABC method, it is possible to develop a complex
model for calculating the cost price of wood products made from invasive tree species, considering
all the specific features of this material and its processing.

Hypothesis 3. The cost price of products made from invasive wood is higher than for the same
products from conventional tree species (e.g., oak).

The rest of this paper is organized as follows. It first examines the studies on the avail-
ability, properties, and utilization potential of non-native tree species, and then presents
its cost price calculation focusing on the TDABC method and its extension by fuzzy logic.
This is followed by a new innovative model for the cost price calculation of products made
from selective non-native wood species (black locust) under conditions of uncertainty and
the application of the proposed model to a case study. The last part of the paper contains
concluding remarks and some recommendations for future research.

2. Literature Review
2.1. Wood of Non-Native Invasive Wood Species—Black Locust (Robinia Pseudoacacia)

Black locust is a medium-sized hardwood deciduous tree, endemic to a few areas of
America, but it has been widely planted and spread in areas in Europe and Asia. It is a fast-
growing species, produces valuable and resistant wood, and is suitable for amelioration and
reclamation of disturbed sites, erosion control, and honey-making. Since it is very tolerant
of the nature of the substrate, its propagation and spread are very fast, and it is considered
an invasive species in some areas [40]. The importance of black locust wood is growing
since it has been used in the European subsidy program for tree species cultivation, and the
rapid spread of this species means that large quantities of wood will soon be available for
harvesting [41]. It is often used as posts in agriculture/vineyards, but less commonly used
in furniture, parquet, and rarely in the production of other wood-based panels, such as
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particleboard, fibreboard, veneer, etc., because of its high density, frequent poorly formed
trunk, and difficulties in the barking procedure.

As black locust in Slovenia is a species that represents only a small percentage of
the tree species in the country, few studies have been carried out on the quality of the
assortment and the economic price. Economic research showed that about 40% of all black
locust assortments are used for low-value technical timber (vineyard poles, piles, pit timber,
etc.). Mainly these are trees with a diameter of up to 30 cm. The remaining 60% of the
timber assortment (mainly diameters from 30 to 55 cm) is divided into quality classes,
roughly as follows: A—5%, B—10%, C—25%, D—20% [42]. Based on the timber structure,
wood defects, growth anomalies [43,44], and rotten heart [42] in black locust, we estimate
that the volume utilization from logs to sawn wood is about 50%.

Before processing a particular wood species, it is important to know its technological
properties. These can be divided into physical, mechanical, chemical, and aesthetic properties,
as well as processing properties and resistance to biotic and abiotic factors. Only with a good
knowledge of the listed relevant properties of each wood species can we assess the possibility
of its use. The wood of black locust is somewhat denser and has better mechanical properties
compared to oak [4,45–48]. The dimensional stability of black locust wood is slightly lower
compared to oak, and shrinkage and shrinkage anisotropy are similar. The wood is very
impermeable and needs to be dried under carefully mild conditions [5], which is also reflected
in the slow drying of surface oil coatings [49]. Due to the large density differences between
early and latewood, there are also differences in transverse shrinkage within annual rings, and
the generated stresses can also cause ring shake. Mechanical processing of black locust wood
is good on average, but planing can be challenging due to its high density [4]. Compared to
other species, black locust is one of the most durable woods [50] which is due to the content
and bioactive function of phenolic extracts [51]. From this point of view, it is also suitable for
outdoor use. For a comparison of the relevant properties of some conventional and non-native
invasive wood species [52], see Table 1.

Table 1. Average values of basic physical and mechanical properties of native and some non-native hardwoods (ρ12—
density of air-dried wood (u = 12–15%), βR—radial shrinkage, βT—tangential shrinkage, βV—volume shrinkage, qR—radial
differential shrinkage, qT—tangential differential shrinkage, qT/qR—shrinking anisotropy, σC—compression strength, σB—
bending strength, σT—tension strength, E‖—longitudinal modulus of elasticity, Aw—impact bending strength, HB⊥—Brinell
hardness) [1,53–57].

Native Hardwoods Non-Native Hardwoods

Fagus
sylvatica

Quercus
robur

Acer
pseudoplatanus

Fraxinus
excelsior

Robinia
pseudoacacia

Ailanthus
altissima Acer negundo

Physical properties

ρ12 [kg/m3] 710 700 630 690 770 641 536
βR [%] 5.8 4.3 3.0 4.8 3.8 4.0 3.9
βT [%] 11.8 8.9 8.0 8.2 6.3 11.0 7.4
βV [%] 17.0 13.6 11.0 13.2 11.8 14.9 14.8

qR [%/%] 0.20 0.19 0.17 0.20 0.24 0.15 0.13
qT [%/%] 0.41 0.31 0.34 0.45 0.38 0.40 0.25
qT/qR [] 2.1 1.6 2.0 2.3 1.6 2.8 1.9

Mechanical properties

σC [MPa] 65 61 49 52 72 53 37.1
σB [MPa] 120 88 95 105 136 91 75.4
σT [MPa] 135 90 98 165 150 105 -
E‖ [GPa] 16 13 10.5 13.4 12.3 11.7 6.9

Aw [J/cm2] 6.5 6.8 14 6.1 2.8
HB⊥ [N/mm2] 34 34 27 39 38 26
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The black locust wood is relatively rarely used in furniture production, despite its good
properties. The choice of wood species for a certain product also affects customer interest
in it, since customers usually prefer traditional wood species to lesser-known ones [58].
To successfully integrate a new, less known wood species into saleable products, it is also
necessary to raise customers’ environmental awareness. Wood and wood products store
carbon, thus minimizing CO2 in the atmosphere. Moreover, long distance transportation
contributes to emissions, thus locally sourced timber and products should be considered
the first choice [59].

2.2. Cost Calculation Methods

Cost management has been evolving from the traditional approach mainly focused on
overhead allocation and product costing to the almost complete analysis of the organiza-
tion’s cost structure and strategic cost management. Activity-Based Costing (ABC) systems
and more recently Time-Driven Activity-Based Costing (TDABC) systems are particularly
important in this context [21]. Activity-Based Costing (ABC) is a rather new costing system
that calculates the cost of services and products by linking organizational costs to the
activities required to perform services or products. The ABC goal is to more precisely
allocate overhead costs to products or services through cost drivers. This information helps
managers to better manage resources and maximize their potential profitability by reducing
costs. The most challenging issue of this method is the data collection process, which is
done through numerous interviews and reviews and is very time-consuming. Another
shortcoming of this method is that it is unable to identify unused capacity [38]. The TDABC
method was thus developed to eliminate the problems of the standard ABC model [31].
The TDABC model, using time equations and cost drivers, can take into account complex
activities and processes and provide more accurate cost information. It is also able to
identify unused resources and capacities and thus enables better management of resources.

A time-driven costing process automatically reveals any differences between the total
time needed to carry out all of the activities performed by a department, and the total
amount of time the department’s employees have available. This makes time-driven ABC a
more rigorous methodology for ABC programs in which better capacity management is an
objective [21]. TDABC is based on two key parameters: the cost per time unit of capacity
(capacity cost rate—CCR) and the time required to complete an activity; time is typically
considered the measure of the capacity [31]. Activities are represented by time equations,
which are the sum of individual activity times with time drivers. Through a simple time
equation it is possible to represent all possible combinations of activities (e.g., different
types of products do not necessarily require the same amount of time to be produced).
Activity costs are then distributed to cost objects by multiplying the cost per time unit of
the resources by the estimate of the time required to perform the activities [34]. A time
equation is a mathematical expression of the time needed to perform activities as a function
of several activity time drivers. It implicitly assumes that the duration of an activity is not
constant, but a function of the time consumed by the k possible events of an activity and
their specific characteristics (i.e., time drivers) (Equation (1)) [34]:

T = β0 + β1X1 + β2X2 + . . . + βiXi + . . . + βkXk (1)

with:
T = The time required to perform an activity with k events
β0 = The basic time to perform the activity (independent of the characteristics of the activity)
βi = The estimated time for the incremental activity i, with i = 1, . . . , k
Xi = The quantity of incremental activity i (transactional data)
k = The number of time drivers taken into account
Multiple time drivers can also be used in the equation if an activity is driven by more

than one driver [60]. The use of multiple variables enables the possibility of collecting more
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information, the simplification of the estimating process, and the production of a more
accurate cost model (Equation (2)) [61].

T = β0 + β1X1 + β2X2 + β3X1X2 (2)

Nevertheless, this system also has its deficiencies. The TDABC provides fairly accurate
information so that it can accurately estimate the cost of activities. However, the cost
and time required for some parameters in the time-equation and quality distribution are
uncertain. To address this, we need an approach that includes the uncertainty in the
TDABC system to accurately estimate some data. One of the most effective methods for
incorporating data inaccuracy and uncertainty into the TDABC system is fuzzy logic [62].
With fuzzy logic, the TDABC system can provide more reliable results.

3. Materials and Methods
3.1. Materials

From the analytical data from Slovenian Forest Service [63,64], the total population
of black locust is about 2.0 mil m3. This represents about 0.6% of the total population
in Slovenian forests. Of all non-native tree species in Slovenian forests, the black locust
has the largest share (almost 2/3 of the stock of all non-native tree species in our forests).
According to the climate change scenarios (mean, optimistic, pessimistic) and the empirical
model, the proportion of black locust in Slovenia will gradually increase, especially in the
eastern, north-eastern, and south-western parts of the country. Depending on the scenario,
the proportion of black locust would increase between 97% and 139% by the end of the
century. This means that the average population of the black locust could at least double
compared to the current state [63].

Production of products from black locust wood was performed in a normally equipped
workshop with classic woodworking machines including CNC and hand tools. During
the design process, the emphasis was put on rational use of available material as well
as thinking about financial profitability and product added value. We grouped potential
products into three categories: (1) simple products: smaller dimensions, with fewer assem-
bly elements, simple mitre joints, less edgewise bonding, fewer dowel joints (for example
photo frames, stools, moulds, and deckle sets for paper making kits . . . ); (2) complex
products: bigger dimensions, more assembly elements, more edgewise bonding and dowel
jointing (such as dining tables, office tables, bookshelves, wardrobes, stands . . . ); (3) special
products: items that do not fit completely into previous groups, like composters, that are
simple products with simple joints, but with bigger dimensions and a greater number
of parts.

A dining table with the tabletop dimensions of 1210 × 770 mm was used for testing
the model of the cost price calculation. The tabletop was made from edgewise bonded
lamellas. Open slot mortise and tenon joints were used in the connection between table
legs and table frame/base. Table frame rails were crossed in an X-shaped half lap joint
in the middle, and the tabletop was connected to the table frame/base rails with screws
through rails.

Due to using wood with growth defects, special care is needed with edgewise bonding,
especially with the selection of lamellas (radial/tangential cut) and their position (alternat-
ing grain direction) in a panel. Without careful positioning we get cupped/crooked/twisted
panels, which is important to avoid, especially for larger panels like tabletops. Figure 1
shows the development process of the dining table.

We found that even if we are working with a type of wood for which we do not
have wide boards available, we can achieve relatively good volume efficiency if we make
products whose components are glued from narrower lamellas. Therefore, the production
process for all products is similar, differing mainly in complexity in terms of the number of
elements in the product, the operations used, and the design features. Activities and pools
of activities in the production of invasive wood products for simple and complex products
are shown in Table 2.
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Table 2. Activities and pools of activities in the production of invasive wood products for simple and complex products.

Pool of Activities Activity Simple Products Complex Products

Material preparation
Width sawing ++ ++
Length sawing ++ ++

Four-sided planing ++ ++

Machining

Width gluing 0/+ ++
Calibration 0/+ ++

Format sawing ++ ++
CNC machin-

ing/milling/drilling/etc. 0/+ ++

Surface treatment

Repairing + ++
Edge grinding ++ ++

Surface grinding ++ ++
Assembly gluing + ++

Oiling ++ ++

Assembly and packaging Packing ++ ++

Legend: 0 not included; + included in less parts of the products; ++ typically included.

3.2. Development and Implementation of a Model for Calculating the Cost Price of Products Made
from Invasive Non-Native Wood Species

The model for calculating the cost price of products made from invasive non-native
wood species was designed based on the fuzzy time-driven activity-based costing (FTD-
ABC) method, which was chosen because it is based on how long an activity takes and
the consumption of available resources during the activity, while the exact values for
some parameters were uncertain. The method allows dividing resource costs by activities
through resource and capacity cost drivers, and through activity cost drivers and time
equations to attribute activity costs to a cost object or product, whereby it is not necessary
to determine exact values for certain parameters.

Time-Driven Activity-based Costing algorithm [38] (Figure 2):

1. Identify the various resource expenses.
2. Estimate the total cost of each resource group.
3. Estimate the practical capacity of each resource group (e.g., available working hours).
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4. Calculate the resource and capacity cost drivers; find the capacity cost rate (CCR)
for each resource group by dividing the total cost of the resource group by the
practical capacity;

5. Calculate the activity cost drivers; determine the time required for each event of an
activity using a time equation.

6. Multiply the Capacity Cost Rate (CCR) of each resource group by the time required
to perform the activity.

7. Calculate the total cost per unit, including all costs of all activities and overhead costs
for activities’ execution.

8. Estimate the direct material and labour costs with regard to the cost objects (products,
services . . . ).

9. Calculate the cost price of a cost object.
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Since we cannot determine exact values for certain parameters, we expressed them
by triangular fuzzy numbers (TFNs), thus extending the model to fuzzy TDABC (fuzzy
values of some parameters in time equation, fuzzy values of price, yield, etc., for estimation
of the direct material and labour costs; calculation of the (fuzzy) cost price of a cost
object at the end). The calculations in the model were performed considering the rules
of fuzzy arithmetic operations (Equation (5)). Fuzzy set theory is a powerful method for
representing uncertain data in various contexts [62]. A fuzzy set A is characterized by a
membership function µA(x) that represents the degree to which an element x belongs to A
and ranges from 0 to 1:

A = {(x, µA(x))|x ∈ X }, µA(x) : X → [0, 1] (3)

Different types of membership functions can be used, but the triangular shaped
(Figure 3) is one of the most commonly used in applications with fuzzy numbers, since
linear membership functions are easy to use and provide good performance [65]. TFNs are
defined by a triple (l,m,u), where m represents the core of the fuzzy number or the most
promising value. Interval [l,u] is the support of TFN, while l and u represent the lower and
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upper bounds of support or the smallest and the largest possible values, respectively. The
TFN membership function is defined as:

µ((l, m, u)) =


x− l
m− l

, l ≤ x ≤ m

u− x
u−m

, m < x ≤ u

0, x< l, x > u

. (4)
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The arithmetic of fuzzy numbers is based on the principles presented by Zadeh [66].
In practice, simplified fuzzy arithmetic is used, where the results of the basic mathematical
operations of TFNs are TFNs. Let x1 = (l1, m1, u1) and x2 = (l2, m2, u2) be two TFNs. Then:

x1 ⊕ x2 = (l1 + l2, m1 + m2, u1 + u2)
x1 	 x2 = (l1 − u2, m1 −m2, u1 − l2)
x1 ⊗ x2 = (l1l2, m1m2, u1u2)

x1 � x2 =
(

l1
u2

, m1
m2

, u1
l2

) (5)

To represent the TFN with the best possible scalar value, one of the most commonly
used defuzzification methods is the centre of gravity [67]:

x∗ =
∫

µ(x)xdx∫
µ(x)dx

, (6)

which simplifies to x∗ = l1+m1+u1
3 for TFN (l,m,u).

4. Results
4.1. The Model for Evaluating the Cost Price of Wood Products
4.1.1. Resource and Capacity Cost Drivers

The most important resources for producing wood products from invasive non-native
species are labour, equipment with maintenance and energy resources, and overhead costs
(Figure 4). To determine the cost of these resources, we use the formulas described below.
For overhead costs, we consider all internal transportation costs, other non-productive
labour costs (purchase, development, sales, management, etc.), and costs related to the
business premises (depreciation, insurance, heating, lighting, etc.), recommending about
2.5% for depreciation and 1.5% for other costs. The overhead costs refer to 80% of the
longest activity time ti. For each activity, we calculate the capacity cost rate, total costs of
the resources, and the total costs per unit.
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After identifying the resources and activities, the estimation of total costs of each
activity needs to be done, e.g., for staff costs, costs of equipment, and so on. For the staff
costs per activity, the following equation was used (Equation (7))

dcw =
wb·pb·m + wR + wt·tw

tw
·n (7)

with:
dcw . . . direct labour costs per activity (€/day)
wb . . . gross wage of an employee (€/month/employee)
pb . . . gross wage contributions (1 + %) (for Slovenia: 1.161)
m . . . number of paying months per year
wR . . . annual vacation allowance (€)
wt . . . reimbursement for transport and meals (€/day)
tw . . . number of working days per year (day/year) (for Slovenia: 220)
n . . . number of employees per activity
For an accurate calculation of the capacities for a single activity, we also need informa-

tion about the available (time) capacity (of the worker) per day, calculated according to the
following formula (Equation (8)):

Kei = ne·ω (8)

with:
Kei . . . effective capacity (min/day)
ne . . . effective time per day (min/day) (for Slovenia: 450 min/day)
ω . . . time usage rate per day (breaks, etc.) (in our case: 90%)
The calculation of the cost of production equipment is based on the purchase value

(PV) of the machine, estimated according to the given market conditions, plus the indirect
operating costs of the machine (electricity, insurance, blades, sharpening, etc.). For the
depreciation rate (DER) we have assumed 15%, for the other costs (koth) we have added
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20%, and for the number of effective working days (te) of the machine operation we have
assumed 250 days (Equation (9)):

ice =
PV·(DER + koth)

te
(9)

with:
ice . . . indirect production cost (equipment) (€/day)
PV . . . purchase value of the equipment (€)
DER . . . depreciation rate for the equipment (%)
koth . . . coefficient of other costs (blades, sharpening, rent, electricity)
te . . . number of effective working days of the machine (days/year)
Then the calculation of the capacity cost rates (CCR) to evaluate the costs of using

capacity per time unit should be done. This is calculated by adding the direct labour cost
and the indirect production cost and dividing by the effective capacity (Equation (10)):

CCR =
dcw + ice

Kei
(10)

4.1.2. Activity Cost Drivers (Time Equations)

As we are interested in activity time drivers, time equations were used (see Equations
(1) and (2)). There are many activities in the production of a product, and for easier
processing we need to combine them into pools of activities that represent the production
phase. Activities should also be grouped within the pool according to which machine the
processing of individual product elements is running on (see Table 2). Production and
other specifics of the wood product are reflected in time drivers and in the time equations.
For each activity, the technology (means of work) and estimated number of workers are
determined for the implementation of the activity. The required time, which is determined
by the time equation, is influenced by many factors, which are determined by the size of
the batch or number of identical elements, length of elements, and complexity of processed
elements in these activities. Another important factor influencing the extension of time
spent on activities is the variability of the material, which has a different impact on the
implementation of an individual activity. The factors for individual activities may be
different, while the variability of the material itself is conditioned by the quality of the
wood: the higher the quality, the lower the variability. As wood of different quality, which
cannot be explicitly determined, enters production, the variability is expressed by TFNs.
Lastly, involving the factor of processing (machining) in relation to the wood species to the
equation extends the applicability of this equation to other wood species. For each activity
of the production cycle, the total activity time is calculated according to the following time
equation (Equation (11)):

ti = βi0 + βi1(Xi1 + ki2Xi2 + ki3Xi3)(1 + k4ki5)ki6 (11)

with:
ti . . . total activity time for the production cycle (min)
ßi0 . . . preparatory and final time for activity i (min)
βi1 . . . (base) unit time for activity i (min/unit)
Xi1 . . . number of processes for activity i
ki2 . . . coefficient of length for activity i
Xi2 . . . number of processes of longer elements for activity i
ki3 . . . coefficient of the complexity of processing for activity i
Xi3 . . . number of processes of complex elements for activity i
k4 . . . coefficient of material variability
ki5 . . . importance of the influence of material variability for activity i
ki6 . . . machinability coefficient according to the wood species for activity i
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The preparatory and final time for a certain activity i (ßi0) is the time required to
prepare the selected device to perform the activity and depends on the technological
equipment level of the machine or working device, and on the organizational conditions of
the work process. The preparatory and final time is independent of wood species and the
size of the batch, assuming that the batch is done in one shift; otherwise, this must be taken
into account. This has to be considered in activities that require additional preparation (e.g.,
preparation of glue, cleaning of application rollers). The time required for the production
of an individual element (ßi1) is tied exclusively to the used technology or working tool
and general processing (machining) standards for the production of simple elements up to
1 m in length. The specifics of the processed element in terms of dimensions, wood species,
quality, and processing take into account the coefficient of length ki2, the coefficient of the
complexity of processing ki3, the coefficient of material variability k4, and the importance
of the influence of material variability ki5 and machinability coefficient ki6. All coefficients
represent the addition to the base unit time ßi1. By introducing an additional length factor
(ki2), the model can be used for different dimensions of products or elements, because larger
(longer) elements may also require slightly longer manipulation, fastening, and processing
times. The factor largely depends on the technological equipment and organizational
arrangement of the plant. The coefficient can have values from 0 onwards, where 0 means
that the length of the element does not exceed the assumed length. Factor 2 means that
the processing time of the element is extended by two times. With the introduction of the
coefficient ki3, a longer required time of an individual operation is enabled in the case of
greater complexity, a larger number of operations, or setting additional aggregates or tools
for processing a particular element. The coefficient ki3 can have values from 0 onwards,
where 0 means that the processing is undemanding. Value 2 means that the processing
time of the element is extended by two times due to the complexity. Material variability
(k4 = (k4l, k4m, k4u)) represents variability in the quality of the input raw material. The
coefficient values are represented by TFNs in the interval between 0 and 1. The value 0 is
the best-assumed quality of the input raw material, and the affiliation is defined by taking
into account the quantity of raw material used for each quality. The values of ki5 are between
0 and 1, where the value 0 means that for a certain activity the variability of the material
does not affect the duration of this activity. A value of 1, however, means that variability in
material quality has a large impact on the duration of the activity. Coefficient 6 (ki6) gives
the complexity of machining according to the wood species for an individual operation or
an individual method of processing (sawing, planing, milling, drilling, grinding . . . ). The
reference value of ki6, which is 1, refers to the processing of beech wood, which is the most
commonly represented hardwood species in Slovenian forests. In case the wood species
is more demanding for a certain machining activity, the factor increases accordingly (the
maximum value is 1.5), or in the case of easier processing it decreases. The least demanding
processing has a factor of 0.5.

Once the time for the activity is estimated and the unit cost of each resource is
calculated, the cost of an individual event of an activity performed by the resource pool
is calculated. Additionally, the total cost per unit is computed, including all costs of all
activities and overhead costs for activities’ execution (Equations (12) and (13)).

Tcpc = OH +
n

∑
i=1

CCRi·ti (12)

with:
Tcpc . . . total activity time for the production cycle for activity i (€/production cycle)
CCRi . . . capacity cost rate for activity i (€/min)
ti . . . time consumed by activity i
n . . . number of activities for product production
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OH . . . overhead costs of all activities (€)

Tc =
Tcpc

Q
(13)

with:
Tc . . . total cost per unit (€/product, unit)
Q . . . quantity of products per production cycle (unit/cycle)

4.1.3. Direct Material and Labour Costs

In calculating the material cost per product, we took into account the different yields
of the different material grades and the uncertainty of the material price per m3. Therefore,
yield and price were expressed by TFNs. Net material consumption was calculated based
on the material list (wood and other materials). In the case of wood, we considered the yield
from dry sawn wood to product. The yield was defined as TFNs, which was determined
based on the difference in utilization rate due to differences in the quality of the input
raw material. From this, we calculate the gross material consumption. As materials of
different quality enter the production process, the price of the raw material is also different
(TFNs). From the difference between gross and net wood consumption, we get the amount
of residues. These residues are further divided into bulky residues (70%) and sawdust
(30%). We assume that by selling these residues we reduce the material cost of the product
and thus our cost price. For other materials, we have used the net quantities to calculate
the cost.

4.1.4. Cost Price

Finally, the cost price is calculated by adding total costs per unit and the direct material
and labour costs per product (Equation (14))

Cp = Tc + dcm (14)

with:
Cp . . . cost price (€/product)
dcm . . . direct material and labour costs per product (€)

4.2. The Use of the Model for Calculating Cost Price in the Case of Dining Table

The model for calculating the cost price was used in the case of making a table
(Figure 1) made of black locust wood, and for comparison the model was used for exactly
the same product made of oak. By this comparison, we want to show the usability (univer-
sality) of the model, as it allows us to take into account all the specifics of the tree species
used, as well as related technological features in the manufacture of simple or complex
products.

Dried sawn wood of black locust of selected quality with an average width of 20 cm,
thickness of 38 mm, and length of 4 m was used as the input raw material. The table is
made with the technology used in the manufacture of similar complex products in wood
processing plants. Stages of production or sub-activities are listed in Table 2.

In the research, the batch size was limited to 30 tables, which were made during one
shift with the set production parameters. The batch size was determined by the quantity
of black locust material available on the market of appropriate quality. Table 3 shows the
CCR values, the values of the individual coefficients of the time equation (Equation (9)),
and quantities of Xi1, Xi2, and Xi3 (depending on the batch size) for making black locust
wood dining tables for this batch size for each sub-activity.
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Table 3. Values of CCR and other coefficients of the time equation for the production of dining tables from black locust wood.

Sub-Activity CCR ß0 ß1 X1 k2 X2 k3 X3 k5 k6

€/min min min unit - unit - unit - -

Width sawing 0.6194 € 20 0.30 102 2 102 0 0 1.0 1.1

Length sawing 0.2907 € 10 0.25 1020 0.05 780 0 0 1.0 1.1

Four-sided planing 0.6125 € 15 0.30 510 0.3 390 0.1 330 0.5 1.1

Width gluing 0.2803 € 30 4.00 30 0 0 0 0 0.5 1.0

Calibration 0.6022 € 10 0.50 60 0.3 60 0 0 0.0 1.1

Format sawing 0.3322 € 10 0.50 60 0.3 30 0 0 0.0 1.1

CNC machin-
ing/milling/drilling/etc. 0.4359 € 30 1.50 210 0 0 2 30 0.5 1.0

Repairing 0.2700 € 5 0.50 210 0 0 3 30 1.0 1.0

Edge grinding 0.2803 € 10 0.50 210 3 30 1 30 0.5 1.1

Surface grinding 0.6125 € 15 0.50 180 0 0 0.5 60 0.5 1.1

Assembly gluing 0.2700 € 20 2.00 60 0 0 0 0 0.0 1.0

Oiling 0.2769 € 15 0.50 540 0 0 2 180 0.5 1.0

Packing 0.2769 € 10 3.00 30 0 0 0 0 0.0 1.0

In the model, the preparatory and final time ßi0 were estimated based on expert
assessment, taking into account the technological parameters of the selected technology.
For the sake of model simplicity, we combined activities on an individual machine for
different elements in our case; e.g., CNC machine: plate, leg, and diameter processing
activities (three different elements), and multiple preparations of the machine are given in
the joint preparatory and final time. The time required for the production of one element
(ßi1) was determined (calculated) taking into account the feed and machining parameters.
The coefficient ki2 was taken into account only for elements longer than one meter (Xi2)),
and the factors range from 0 to 2. The coefficient ki3 was evaluated for more complex
operations/activities for elements that have more complex processing (Xi3)). Thus, ki3
amounts to machining on a CNC machine, where due to the machining of very different
elements and consequently different machining (milling, drilling, bonding, etc.) there is
an extension due to activation of additional aggregates, reattaching, etc., so the time of
this activity is extended by a factor of 2 (expert assessment). The same factor also extends
the surface treatment of the tabletop (oiling) [49], while the most demanding activity is
repairing the surface defects (cracks, holes, . . . ), which is extended by a factor of 3.

The variability of the input raw material, which indicates the presence of cramps,
cracks, stains, reaction wood, or differences in density and humidity, can be considerable,
which is taken into account by the coefficient k4. This variability varies between wood
species but also varies according to the structure of the raw material inputs in terms of
quality, so the values of this coefficient can vary greatly. Uncertainty is represented by
TFN (0.1, 0.24, 0.48); this means that the lower bound is 0.1, the upper bound is 0.48 and
the most promising value is 0.24. The variability of the material has different influences
on different activities; it has a very large influence on some activities (the value of the
coefficient is ki5 = 1) and does not affect others (ki5 = 0).

During the production of the dining table, we performed various types of mechanical
processing in individual activities, which was influenced by both the tree species and the
variability of the material. The value of the coefficient ki6, which refers to the complexity
of processing in relation to the wood type, was determined for each type of mechanical
process (sawing, milling, planing, drilling, grinding, surface treatment) based on data from
the literature [4,49,56] and expert assessments.
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As a result of the time equation and CCR value, we calculated a TC in which we took
into account all costs of all activities, including overhead costs (other non-production costs,
space and transport costs), in which we took 80% of the longest activity rounded up to 10
min. The value of TC expressed as TFN is EUR (47.11, 50.42, 55.68).

To calculate the cost price of the product, we also need dcm, which we calculated
directly per product. We took into account the net material consumption based on the
material list, processing yield, and the price of the input raw material. The final value
also took into account the value of residues that reduce the product’s cost price. The
quantitative yield has an extremely large impact on the product’s cost price, and it depends
on many factors, primarily on the quality of the input raw material. Given that the input
raw material (both price as well as availability and quality) is directly dependent on market
conditions, i.e., supply and demand, and is therefore uncertain, its expression with TFN is
meaningful and has a fuzzy value EUR (290, 650, 1100)/m3.

The yield from input raw material (in our case it is dried sawn wood) to the product
largely depends on the quality of raw material, the required quality of the final product,
and the selected technological process. Variability in the quality of the input raw material is
high, as we do not have enough high-quality black locust wood available (see Section 3.1).
Our product (dining table) can be made from different qualities of input raw materials,
which further increases this variability, and at the same time has a strong impact on yield.
The value of yield expressed as TFN is (12.0, 28.9, 53.5)%.

The cost price of a table made of black locust wood, which includes all unit costs of
the product, is EUR (83.45, 143.64, 242.93) and is, as with some of the input parameters in
these calculations, also shown as a TFN. This TFN can be expressed as a defuzzified scalar
value of EUR 156.68 (Equation (6)). As can be seen from the figure below (Figure 5), the
direct material cost has the greatest impact on the cost price, which is most dependent on
the price of the input raw material and the achieved yield. Both parameters show great
variability. In the structure of the cost price, the material cost represents 67.4% and the total
cost 32.6%.
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table made of black locust wood.

For comparison, cost prices for the same products (tables) made of oak were also
calculated. Since the availability of dried oak wood on the market is unproblematic, it
was assumed that the table is made of the average quality sawn wood. In this case, the
variability of the material is lower k4 = (0.05, 0.10, 0.18). In both tree species, the qualities
of workability are quite comparable [45], but there are differences in the complexity of
mechanical processing. In the structure of the cost price of a table made of oak, the cost of
material (where the highest cost is the input raw material) is 72.0%, while the cost of labour
is 28.0%. The calculated cost price expressed with TFN is EUR (125.37, 150.45, 197.65) and
its defuzzified scalar value is EUR 157.83 (Figure 6).
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In the case of a poorer (but cheaper) raw material being used for this product, a larger
amount of input raw material would be required due to lower quantity yield. This would
lead to increased labour volume and thus labour costs, which would negatively affect
the product’s cost price. In the case of using oak of poor quality the cost price would
be expressed with TFN EUR (136.69, 182.47, 240.86), and its defuzzified scalar value is
EUR 186.68.

5. Discussion

The available timber volumes of invasive tree species are virtually unknown because,
unlike traditional native tree species, their prevalence is not systematically monitored [64].
The lack of data on the available quantities of wood from invasive tree species limits the
possibility of exploiting this potential resource in an efficient and economically viable
manner, as the possible unavailability of the raw material certainly represents a certain
business risk for the producer. For these reasons, the producer will not decide to use wood
from invasive tree species, especially if he has a sufficient amount of suitable wood from
traditional wood species. This supports hypothesis 1.

In recent years, the problem of the occurrence of invasive tree species has been
addressed by several projects (e.g., Applause [68], LIFE ARTEMIS [69], etc.), that have
investigated potential areas of use. The quantities of invasive tree species suitable for
(industrial) use are limited, which is also reflected in the market, as the supply is very
limited in terms of quality and dimensions. In the production of the selected product
(dining table), we took into account the fact that the quantity of black locust sawn wood is
limited, so there were no requirements for the selected quality class. Taking into account
the “Grading rules for unedged sawn timber EOS-Standard” [70], we divided the available
sawn timber by quality into A-Quality (good), B-Quality (average), C-Quality (poor). The
availability proportions of the sawn timber classes were estimated based on the results
of the survey conducted by Marenče [70] for beech. We took into account that in beech
the presence of red heartwood has a great influence on the classification of the lumber
quality class, while in black lotus heartwood sapwood and decay may be present to a
similar extent [42], which lowers the quality. For these reasons, we did not change the
quantitative relationships between quality classes. Thus, we assumed that the proportions
of black locust wood available for production are: C-quality is 70%, B-quality is 22% and
A-quality is 8%. With such quality of input raw material, we obtain lower volume yield,
but since the price of input material is lower, it affects the cost price of the product. When
the quality of the input raw material is lower, more care is required in the production
process and the production time is longer which is reflected in the labour cost. Due to the
availability of sawn oak, we selected dry-sawn boards of average quality (classes Q-S 1
and Q-S2 [71]). Prices were obtained from local suppliers of sawn timber. As can be seen
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from the results, when oak is used the variability of its cost price is lower due to the better
predictability of raw material quality and price, confirming the hypothesis that knowledge
of raw material quantities and qualities would allow an easier and more reliable decision
on the profitability of the product.

In developing a model for calculating the cost price of wood products from invasive
tree species, we looked for a method that would take into account all the specifics of the
input raw material in terms of its characteristics, available quantities, and the specifics of
the technological processing process, while allowing the model to be flexible for different
products, tree species, and market conditions. Standard calculation methods have many
disadvantages, which are eliminated by the ABC method, which introduces an allocation
of indirect costs to cost drivers, i.e., activities. However, since the production capacity will
not be fully utilized in this production, we have chosen the Time-driven ABC method,
whose main driver is a time-equation. It is time that has a decisive influence on the final
values of the cost of the activity carried out for a given product. By changing the time, we
can greatly influence the cost of the activity and also the cost price. Therefore, in the time-
equation we have considered six different coefficients that cover all the important factors
that affect the cost of carrying out each activity and take into account all the specificities
that arise from the characteristics of wood as input material. We took into account the
factor of the length of the elements, the complexity and intricacy of the production, the
variability of the material, and the workability depending on the tree species used. In this
way, the usefulness of the model for evaluating the cost price of a wide variety of wood
products was achieved. However, since the values of all parameters used to calculate the
cost price are not precisely determined for various reasons, we also introduced fuzzy logic
into the model, i.e., the Fuzzy Time-driven ABC method. This introduced the possibility of
determining an interval of values for certain parameters whose values are not precisely
known or change rapidly and depend on external causes (e.g., market conditions). Apart
from the cost of carrying out the activities, the cost of materials has the greatest impact
on the cost of these products, as they are highly variable, especially in the case of non-
native wood species. This variability is reflected on the one hand in the performance of
certain production activities and, on the other hand in the yield rates and the price of
the input material. All these parameters are represented in the model with fuzzy values.
Our results thus support hypothesis 2, that using the Fuzzy Time-driven ABC method
makes it possible to develop a complex model for calculating the cost prices of products
from invasive species, which takes into account all the peculiarities of this material and
its processing.

We have found that the cost price of a table made of black locust wood is almost the
same as that of a table made of oak wood (less than 1% difference), which rejects hypothesis
3. The selected tree species have some comparable mechanical and physical properties
(Table 1) and machining properties [4,46]. This proves the usefulness of the model for
comparisons as well as the potentially high economic value of using wood from invasive
tree species in innovative products. Since this solves the environmental problem of invasive
tree species, this model can also demonstrate the high economic value of this wood. The
differences lie in the width of the supports of the TFNs, which express the variability and
uncertainty of the cost price. In particular we would like to point out the aesthetic value
of products made from non-native wood species. Aesthetics is the aspect of design and
technology most closely related to art, and colour, shape, texture, contrast, form, balance,
cultural references, and emotional response are common to both areas [72]. Beauty does
not come from the shape alone, but from the multiplicity of impressions, sensations, and
emotions that the shape leads us to discover [73,74]. When wood from invasive species is
used to make products, the use of these harmful species adds value to these products by
directly contributing to the care of the environment and the conservation of biodiversity.
Promoting the use of black locust wood for products will increase interest in the (more
efficient) management of invasive tree species, which would help to manage and use them
efficiently and consequently have a positive impact on containing their spread in forests.
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6. Conclusions

Given the fact that invasive tree species are present on an increasing scale, in addition
to the strategy of limiting their spread it is also necessary to develop a strategy of econom-
ically feasible use of wood of these tree species. In recent years, we have been aware of
this problem and are looking for various possibilities of its use in the wood processing
industry as well as in other industries (paper, chemical, etc.). The wood of invasive tree
species represents economic potential, and the added value can be very high given the high
aesthetic value of such wood. By using non-native wood species with the support of our
knowledge and artistic vision we can create aesthetically designed, innovative products
that people enjoy using. The use of invasive tree species instead of traditional wood species
(e.g., oak) for certain products can have positive effects not only from the point of view of
preserving traditional tree species, but can also encourage more efficient management of
invasive tree species, which further contributes to their effective handling and use.

For this purpose, a model for calculating the cost price of invasive wood products has
been developed, which enables a relatively quick assessment of the economic feasibility of
the use of a certain invasive tree species for a certain product. The model is complex and
allows adaptation for a wide variety of products that require different (production) activities
to produce them. In addition, it makes it possible to take into account the availability of the
input raw material and its mechanical, physical, and processing properties, as well as all
variable parameters that affect the product’s cost price, and thus the economic feasibility of
such use. These variable parameters include (variable) characteristics of the input of raw
material, which affect the processing characteristics and the impact of the current market
situation, which is mainly reflected in the price and quality of the input raw material. The
model includes fuzzy logic that allows these variabilities to be considered. The model was
developed and used to make a dining table from black locus wood, an invasive tree species
that is comparable to oak in certain (mechanical, physical, and processing) properties.
We found that the most promising cost price of the selected product (dining table) made
from the estimated (potentially) available black locust raw material of average quality is
comparable to the cost price of the same product made with the same technology and
using average quality oak wood. This means that products from invasive tree species can
be an alternative to products from conventional tree species, with products from invasive
tree species having an attractive appearance due to the visual properties of this wood, and
therefore able to be sold even at a higher price, thus achieving higher added value. At the
same time, this would help solve the environmental problem of invasive tree species.

The conclusions of this study are as follows:

• The proposed model for calculating the cost price of invasive wood products enables
the consideration of all variable factors (price of input raw material, variability in
quality and related efficiencies, and processing procedures). However, the variability
of input raw material parameters has a large impact on the product’s cost price.

• The model can be used for any tree species with known properties and for any
simple/complex product and/or technology, and any size of series. The model allows
a quick assessment of the economic feasibility for the use of a particular (invasive) tree
species for a particular product.

• Invasive wood has high economic potential.

For further research, it would be interesting to use the model for other invasive
tree species, mostly found in parks (e.g., Gleditsia triacanthos, etc.), whose physical and
mechanical properties are known (Table 1), but which are mostly used on a very small
scale. In addition, it would be interesting to extend the model by calculating the added
value in the product, which is crucial for business decisions and can be very high in the
case of using wood from invasive tree species due to the aesthetic effect.
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2. Horvat, M.; Iskra, J.; Pavlič, M.; Žigon, J.; Merela, M. Barvila za les iz tujerodnih invazivnih rastlin. Les/Wood 2020, 69, 37–48.

[CrossRef]
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