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Abstract: Digital transformation of the timber supply chain is more relevant at present than ever
before. Timber tracking is one example of digital transformation, and can be performed in various
locations, from the forest to the mill, or even beyond, to the final timber product. The integration
of new technologies in the forestry and timber industries should contribute to enhancing supply
chain efficiency and safety. For this purpose, a new timber tracking and processing system was
tested by integrating RFID (Radio Frequency IDentification) technology with digital survey tools and
intelligent machines, into a smart timber supply chain. A case study on this process was carried out
in a mountain forest in Austria. The tags were used to link information to single items (trees and logs)
and transfer relevant data (species, diameter, length, volume, defects, density, stiffness, branchiness,
etc.), throughout the whole supply chain. The performance of the technology was analyzed by means
of process flow, bottleneck, and risk analyses. Fourteen spruce trees went through the supply chain
process from the forest stand to the log yard, monitored by the new timber tracking and processing
system. The results revealed that the new system is useful for transferring information through the
timber supply chain, and the system costs remained at a normal market level. The weakest point
in the supply chain was the processing of the trees by the intelligent prototype processor. A high
error rate and low durability lead to higher idling time and harvesting cost, but the findings of this
study can be used to further improve this system. All other processes worked well and were at a
marketable level.

Keywords: digitalization; timber supply chain tracking; RFID marking; process flow analysis; bottle-
neck analysis; risk analysis; techno-economic evaluation

1. Introduction

In recent decades, the integration of new technologies has been an important part of
the forestry and timber industries. Technologies from other industrial sectors are often
used, which can also be beneficial in the forestry sector. This introduction of technology
is driving the fourth industrial revolution in forestry research and practice [1]. Timber
tracking plays an important role in the integration of technology. There exist many different
labelling approaches within timber tracking technologies, e.g., conventional paint and
chisel labels, branding hammers, conventional labels, nail-based labels, magnetic stripe
cards, smart cards, radio frequency identification (RFID) labels, microtaggant tracer paint,
chemical tracer paint, and chemical and genetic fingerprinting [2,3].
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In existing forest supply chain studies, RFID is one of the “Industry 4.0” technologies
receiving the most attention [4]. Many studies cover the use of RFID tags. As one of the
first, Korten and Kaul [5] analyzed the applications of RFID in the timber supply chain.
They tested RFID in a motor manual timber harvesting operation (manually fixing and
reading) and in an operation with a harvester (automatic tagging device) and a forwarder
(automatic reading). Furthermore, they tested RFID in transportation systems with both
manual and automatic reading, and at the sawmill with two reading options. The authors
concluded that RFID technology is useful, but that further research and development is
necessary to improve tag design, systems to fix them on the logs, and reading methods.

The implementation of RFID traceability would be particularly promising in sustain-
able forest management and chain of custody certification systems, such as Programme
for the Endorsement of Forest Certification (PEFC) schemes. From this perspective,
the procuring of timber from controversial sources might be prevented more efficiently.
Athanasiadis et al. [6] reported that the usage of RFID tags allows for identification of the
origin of the log as well as timber certification. It proves an efficient tool for fighting illegal
logging practices and prohibited timber trade issues. Similarly, Tzoulis et al. [7] stated
that technologies such as RFID tags can solve the global problem of illegal logging. The
results of the present study indicate the highest usability of the tested technology for Due
Diligence Systems (DDS). This is an indispensable tool in the fulfilment of the European
Timber Regulation (EUTR) and/or the United States Lacey Act requirements.

Besides supply chain control applications, RFID tags proved suitable to mark standing
trees in silviculture applications, enduring harsh forest conditions for over 24 months [8].
Moreover, RFID tags are considered by Picchi [8] as the most promising technology for
tree marking in modern forest management within the context of precision forestry and
traceability services for certification. In the following steps of the supply chain, RFID tags
can survive extraction processes and transportation [9] and reliably provide information to
enhance the efficiency of harvesting operations, e.g., by using a sensorized timber processor
head to maximize value recovery [10]. Moreover, in the supply chain from the landing to
the mill, RFID tags seem to be the most promising marking technology. Kaakkurivaara [11]
reported that RFID tags are an efficient and user-accepted tool for chain of custody ap-
plications, the uses of which were investigated for teak in Thailand. She arrived at this
conclusion based on a survey in the Thai timber industry where RFID technology was com-
pared with barcodes and the conventional hammer branding method regarding efficiency,
user acceptance, and cost. Higher costs were mentioned as a disadvantage for the RFID
marking method [12], but recent scientific work showed that the higher costs for RFID
marking can be offset by an almost 50% reduction of working hour costs [13]. These recent
publications showed that RFID for timber supply is still under scientific investigation, and
could become a leading marking technique for the future of forestry and timber industry.
Nevertheless, there is still a lack of knowledge regarding the integration of RFID technology
into the whole mountain forest timber supply chain. Most notably, research under difficult
terrain conditions is missing. The main focus of the present study is to integrate RFID
tags as a marking technique, combined with intelligent machines, in a mountain forest
timber supply chain, using the collected information (species, diameter, length, volume,
defects, density, stiffness, branchiness, etc.,) for efficiency and quality improvement. The
innovative and new approach was the integration of RFID tags in a practical application
under steep terrain mountain forest timber supply conditions, considering marking, felling,
extracting, and processing the trees, until piling the logs at the landing and using modified
RFID technology-compatible machines with various sensors for collecting, transferring,
and processing applications of gathered data. Process flow, bottleneck, and risk analysis
were used to investigate the performance of the supply chain processes. The main question
was whether this combined application can be implemented in forestry and timber sup-
ply practice and achieve the expected benefits. The knowledge gained should contribute
towards boosting the implementation of this timber tracking system in combination with
intelligent machines to convert conventional into smart forest supply chains.
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2. Materials and Methods
2.1. Study Site

To analyze the applicability and the advantages and disadvantages of timber tracking
with RFID tags, a field study was executed. The study site is in the Austrian province of
Salzburg (47◦29’45.0” N 13◦25’17.6” E). The forest site has an altitude of between 905 m
and 1144 m and covers 8 ha. Within this survey area, a harvesting area was defined for
testing the new system (Table 1).

Table 1. Characteristics of the harvesting area.

Area 0.42 ha

Aspect NW

Measurements (horizontal distance) 140 × 30 m

Slope range 60–100%

Small flatter part in the upper sector 30–60%

Extraction distance (slope distance) 180 m

Age of the forest stand 80 years

Prior to forest harvesting, a digital forest inventory was done, combining data from
UAV and TLS sensors. The forest stand information of the harvesting area in Table 2 was
cruised by combined remote sensing (UAV and TLS) and used for RFID tree marking and
system integration. Marked trees were located on the geodatabase and identified with
RFID tags, linking the standing trees to their relative properties on the database [12].

Table 2. Forest stand information of the harvesting area determined by combined TLS-UAV survey.

Abies Alba Picea Abies Larix Decidua Total

Trees 3D models 1 32 292 10 334

Detection % 100 93 100 94

Mean volume (m3) 0.69 1.34 0.87 1.27

Mean DBH (cm) 26.9 37.7 28.8 36.6

Mean basal area (m2) 0.057 0.112 0.065 0.105

Mean height 2 (m) 22.85 25.97 24.63 25.65

Volume (m3) 22.0 422.3 8.7 453.0

Basal area (m2/ha) 80 74 1 80

Volume (m3/ha) 50 960 20 1029
1 This includes the stems that have been measured by TLS, additional field measurements for estimating hidden
trees, and UAV crown detection. 2 Height from DBH-height curve obtained from field measurements.

2.2. Performance Analysis

The integration of new technologies into a timber harvesting system in mountain
forestry and the timber supply chain was analyzed, with a particular focus on the system
advantages and disadvantages. The supply chain starting with the integration of the RFID
tags for marking the trees in the forest and ending with logs piled at the landing was
analyzed by field observations. All other processes from the landing to the mill (intelligent
truck) were analyzed at a theoretical level. The elements under practical investigation were
RFID tree marking, felling and RFID re-marking of the trees, intelligent cable yarders for
hauling whole trees, and intelligent processor heads for timber bucking. The intelligent
truck was conceptually investigated to gain knowledge for future practical field investi-
gations. It was necessary to ensure that the generated information flow went through the
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whole timber supply chain. The analytical tools used to analyze the performance were
process flow, bottleneck, and risk analyses.

2.2.1. Process Flow Analysis

Flow charts were used for analyzing and structuring the information in the supply
chain. Cachon and Terwiesch [14] defined process flow diagrams as a graphical way
to describe processes that helps to structure collected information. Visualizing all the
process stages by flow charts (process flow diagrams) provides a better understanding of
the processes and gives a better overview about the drivers influencing the supply chain
performance. Exposing possible strengths, risks, and flaws was the second target. In the
present study the process flow was analyzed in the whole supply chain from the forest to
the mill regarding the new integrated technologies.

Microsoft Visio [15] was used to perform the process flow analysis. It is a software
tool that helps to visualize complex datasets in comprehensible flow charts. It is possible
to design meaningful visualizations for analyzed processes by using different shapes and
logical connectors. Therefore, the working chronology was defined by a sequence of
the process flow components representing the key processes, decisions, and necessary
information (Table 3).

Table 3. Components of the process flow charts defined by different shape types and colors.

Component Description
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2.2.2. Bottleneck and Risk Analyses

The identification of bottlenecks was performed by the expert panel which was in-
dependent from the field survey. Six experts from academic, industrial, and engineering
backgrounds gave their opinions and identified possible bottlenecks. Five of them con-
tributed to the present study. The bottleneck analysis without any scoring, only identifying
possible bottlenecks and naming them, was performed before the field survey within the
planning phase in order to find out in advance where problems might occur in the process
chain and to eliminate or mitigate them at an early stage. The risk analysis was performed
afterwards. Therefore, probability of occurrence and the severity level were evaluated for
each bottleneck by the experts’ judgment on the basis of the field observations. The scale
for both factors was defined into the following classes: low (1), moderate (2), and high (3).
The risk of being unable to transfer the process into practice was identified as high when
both factors were high. This should help to assess the impact of the individual bottlenecks
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in follow-up tests or in commercial practice and to focus on those that have particularly
negative effects.

2.2.3. Techno-Economic Evaluation

A techno-economic evaluation was performed to estimate cost components and overall
costs of the new timber tracking and processing system. It was formed utilizing gathered
data during system development, and pilots and bibliographies where no robust data were
available [16].

2.3. Processes of the New Timber Tracking and Processing System

The proposed system consists of five core processes (Figure 1). The primary instrument
in timber tracking and data transfer from process to process is the RFID tag.
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2.3.1. RFID Tree Marking

A negative selective thinning was performed with about one-third of the stocking
trees in the harvesting area. The trees to be harvested were marked with the RFID tags
at breast height (1.3 m), by single-stapling. RFID marking was performed on 110 trees
(Figure 2a). After finishing the marking process, all the important information (species,
quantity, commercial quality, and position) regarding the trees selected for harvesting
became available as a database. This information was immediately retrievable by scanning
the tags during the subsequent supply chain processes. Table 4 shows the equipment used
for RFID tree marking [12].

Table 4. RFID tree marking equipment.

Equipment Specification

1. Tablet Samsung Galaxy tab active

2. Treemetrics Forest Android-based application

3. RFID tags Smartrac Shortdipole Monza 5 UHF

4. RFID reader/programmer R1240I qID

5. GPS receiver Garmin GLO

6. Stapler Commercial stapler

2.3.2. Felling and RFID Re-Marking of the Trees by Forest Workers

The harvesting operation for the case study was performed in the upper part of the
harvesting area. It was executed as a whole-tree method. The forest workers were equipped
with dedicated RFID marking tools and tasked with reading out data, adding additional
information, or seeing to the replacement of a damaged tag. Before felling the tree by
chainsaw, the RFID tag was read out and removed from the stem by the forest worker.
The same RFID tag was stapled by single-stapling on the bottom cross-cut surface of the
felled tree (Figure 2b) to protect it from damages during extraction. Such configuration
enables automatic RFID tag scanning by the intelligent carriage as well as by the intelligent
processor head.
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Figure 2. (a) Marking trees selected to harvest with RFID tags (yellow) fixed at breast height by
single-stapling and using the Treemetrics Forest app on a tablet in the field to perform the marking
process. (b) RFID re-marking of the trees by forest workers with a stapler by single-stapling on the
cutting surface.

2.3.3. Extracting the Felled Trees by Intelligent Carriage

Whole trees were extracted by the cable yarder. For this purpose, a modified self-
propelled carriage (Greifenberg Tecno Power) was deployed (Figure 3). The prototype
featured the following functions:
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• PLC-Programmable Logic Controller (controls all integrated devices) with transmis-
sion data system and data storage (for unpredictable transmission failure)

• CAN bus (Controller Area Network) electronic control system for information ex-
change between the devices

• Unit for lifting cable measurement for measuring the distance of the load from the
main line

• Inductive pick-up on the free pulley for measuring trip distance and trip speed
• Real-time inclination control through a twin-axel inclinometer
• Load cell for measuring the load weight integrated into the lifting winch drum
• Infrared camera for detecting forest workers or machines
• Retractable UHF RFID reader with antenna mounted on the front side of the carriage

and protected by a steel frame
• Banana PI Pro board computer (Software: Python and Java) with Wi-Fi and inter-

nal data storage connected to the network (CAN bus) to capture all the exchanged
information for saving in data storage

• Fuel consumption measuring unit
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Figure 3. Modified self-propelled carriage “Greifenberg Tecno Power.”

When the tree was hooked and extracted to the carriage, the reading process began.
During the reading process, the reader unit was tilted down, facing the butt end of the
suspended tree. The RFID reader unit retracted into the protective frame directly after
detecting all tags in its proximity, and the intelligent carriage transported the load to the
landing area. All data collected by the RFID reader were combined with the other data
provided by multiple devices of the intelligent carriage as listed above. This data set was
temporarily saved on the internal memory storage of the Banana PI Pro and transmitted
through Wi-Fi to the industrial PC in the excavator, with an intelligent processor operating
at the landing area (Figure 4).
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Figure 4. The intelligent carriage extracted and brought a tree to the excavator with an intelligent
processor head in the landing area. RFID tag (yellow) visible on the bottom end of the tree.

2.3.4. Processing Trees with the Intelligent Processor Head

The stroke harvester head Arbro-1000 (Powerforest Ltd, Vaajakoski, Finland) was
deployed as a tree processing unit. It is equipped with a set of prototype sensors converting
the processor into an intelligent working system. These sensors are used for collecting data
regarding the quality of logs at the earliest stage of the timber supply chain. The following
sensors were integrated:

• UHF RFID reader used for tracking of trees and logs within the supply chain
• Hyperspectral imaging camera and near infrared spectrometer allowing assessment

of chemical and physical properties of wood
• Accelerometer, laser displacement, and hammer for stress wave determining me-

chanical timber properties
• Load cells on delimbing knifes and stroke pressure gauge assessing branchiness,

including approximate number, position, and size of the branches
• Hydraulic flow and oil pressure gauges integrated with the chainsaw for estimating

timber density and presence of decay

The intelligent processor head was mounted on a Liebherr excavator (Figure 5).
Sensors used for measuring the log diameter and its length, installed by the processor

head producer, are considered as additional data providers. The intelligent processor head
is equipped with a prototype RFID tag insertion unit enabling automatic and fast tagging
of each processed log. The work flow was as follows: The tagged tree was delivered by
the intelligent carriage and left in the landing area. The excavator took hold of the tree
with the intelligent processor head in such a way that allowed scanning of the RFID tag.
The set of available information acquired previously with airborne and terrestrial remote
sensing surveying, as well as during tree marking, was displayed for the operator to assist
in making a decision regarding optimal tree cross-cutting. The tree was measured by
the sensors along the topping, delimbing, and cross-cutting operations. The branchiness,
diameter, and length were continuously determined along each stroke of the processor for
the volume and quality grading of the produced logs. A new and unique RFID tag was
routinely attached to the log directly after the cross-cutting operation (Figure 6).
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Figure 5. (a) Intelligent processor head on the Liebherr excavator. (b) System status display mounted
at the top of the cab. (c) Processor head control units beside the joy sticks.
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Figure 6. Stapling a new RFID tag (white) on the butt end of the log by an intelligent processor head.

The dynamic modulus of elasticity was measured using two alternative techniques
(time of flight and free vibrations) immediately after cross-cutting. The last measurement
was related to the scanning of the log cross-section with NIR sensors. All the gathered
information referenced in the RFID tag number and provided by sensors for each processed
log were stored in the database on the industrial PC installed in the operator’s cabin. The
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complete set of data, including the original tree identifiers, quality quantifiers, overall
volume, size, and quality class for each log, was available for the logistic optimization
and/or trading after uploading from the in-field database to the cloud server. Logs were
pre-sorted after processing and stored on the timber piles, allowing direct access to the
RFID tags used for tracing the wood (Figure 7).
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2.3.5. Timber Transport by Intelligent Truck

An additional intelligent system is required to close the timber tracking gap between
the pile of logs at the forest road side and the sawmill (or any other user of the produced
logs). Timber transport by intelligent truck guarantees supply chain safety and enhance-
ment of productivity. A concept of the intelligent truck prototype, including demonstration
of the hardware with integrated RFID readers (scanning logs), GPS (positioning), and GPRS
(real-time data transmission to the remote server) was developed for this purpose.

3. Results

Overall, fourteen whole spruce trees were extracted and submitted to the system
demonstration process.

3.1. Process Flow Analysis

The decision regarding the harvesting operation was supported by the previously
developed 3D forest model and based on aerial and terrestrial forest scanning. The forest
model information was downloaded to the tablet of the forester for marking trees selected
for felling. The set of information including tree ID, location, species, DBH, height, defects,
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status, and aerial photo collected by former survey was available. The Treemetrics Forest
app (Treemetrics Ltd., Cork, Ireland) was developed specifically to support foresters during
the marking process. The final harvesting selection (in which trees are examined for
vitality, stability, quality, and distribution) was confirmed by manually fixing the RFID
tag to the tree. The forest model database was updated by the forester with additional
information regarding the tree, e.g., defects present in the living plant. Finally, a broad
range of information precisely describing each tree in the 3D forest model was available on
the remote server at the end of the marking process (Figure 8).
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The marked trees were manually felled by forest workers. The same RFID tagging
equipment and software tools used for marking were also utilized during harvesting.
Consequently, the forest worker was able to access, in-field, all the available information
regarding the trees to be felled. The tag was moved from the side of the tree (before felling)
to the bottom end (after felling) and fixed by single-stapling. When necessary, damaged tags
were replaced with new ones, referencing the new ID to the tree in the database. Additional
sets of information collected during the felling process and about the presence of newly
exposed wood defects (e.g., rot, reaction wood, pit eccentricity, etc.,), was assigned to the
specific RFID tags through the Treemetrics Forest app on the tablet. After felling, the cable
yarding system was installed based on GPS data. The felled trees were extracted with the
intelligent carriage equipped with various sensors and an RFID reader. A supplementary
set of information was collected and saved, including time of operation, ID of the moved
tree, and fuel consumption, as well as mass of the tree with branches (Figure 9).

The collected data were transferred to the excavator via the intelligent processor, by
local wireless network, when the carriage entered within the range of its router. Each
forwarded tree was taken over at the landing area by the intelligent processor head. The
location of the cross-cut was decided by the processor operator based on visual assessment
of the external appearance of the log and the bottom end conditions. The visual impressions
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were combined with all the objective information available in the dataset on the excavator.
In this case, the relevant information corresponding to the tree RFID was downloaded
from the industrial PC and presented on the computer display. This information included
suggested assortments to be produced from the given tree that were identified by the
3D forest harvesting model simulator. In addition, market information such as price for
quality and current demand for specific products were considered by the optimization
software when suggesting the cross-cut location. Each newly generated log was stapled
with a new RFID tag at the butt end immediately after cross-cutting. The log RFID was
directly linked with the source tree ID database record, and a new subset of data became
available for each new log. The tree species, log diameter, length, and volume, as well
as the presence of wood defects, wood density, and the estimated mechanical properties,
were stored on the industrial PC as a new database record linked to the new RFID number
of the tag. The data were synchronized with the external remote server (forest model) in
real-time, assuming the GSM network coverage in the remote forest areas. Alternatively,
the data were uploaded on a daily basis by the processor operator connecting the portable
data storage with the internet at the home location. The various assortments (saw logs,
industrial logs, and biomasses) were piled at the landing area by the excavator (Figure 10).
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The decision regarding utilization of the residual biomass left in the forest after
processing the tree should be a compromise, taking into consideration both the economic
revenue and maintenance of the nutrient status in the remaining stand. If the nutrient
status of the forest is not properly balanced, the biomass should remain in the forest. The
further integration of the RFID tags traceability with the follow-up conversion stream
and diverse supplementary information acquisition was neither executed in practice nor
demonstrated. However, the subsequent steps of the process flow analysis were developed
at a conceptional level. The stored assortments were sold according to the project approach
on a real-time basis, adopting the Internet auction principles. Therefore, the final price
for the product (such as a log) was determined by the current market situation, including
fluctuations of demand and supply. A direct link to the Cloud database of logs made it
possible, for the first time, to create a solution that is compatible with the quality-based
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value chain paradigm. In this case, a real-time selling and purchase is possible, which can
minimize the storage period of logs before consignment and correspondingly mitigate the
risk of deterioration in wood quality during storage. The assortments were self-loaded by
an intelligent truck after confirmation of the retail deal. The truck was equipped with RFID
readers integrated into the stanchions of the loading platform. After loading the truck, the
tags of all logs were simultaneously scanned once again. All the information of the log status
was transmitted to the remote server using the GSM network. The transport was monitored
in real time by an integrated GPS, and the current location was transferred in real-time to
the logistic operator accessing the remote server service. RFID tags of all the logs present
on the truck were scanned once again after arriving at the mill, but before unloading the
truck. The list of assortments, time of arrival, and destination were uploaded to the remote
server as additional information. Similarly, the entire sets of data collected for each log,
identified by the unique RFID tags, were accessible to the sawmill as downloadable content.
They included data defining quality grade, log dimensions, or actual assortment mixes.
Implementing these harvesting data can enhance the effectiveness of sawmill production,
as well as substantially increase the generated overall value (Figure 11).

Detailed analysis of the presented process flow led to identifying the following characteristics:
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3.1.1. The Main Advantages of the New Timber Tracking and Processing System

• In-depth forest information by remote sensing allowing development of 3D forest models
• Harvesting simulations for finding the optimal skyline setup with the lowest costs

and the highest yield per m3

• Customer-oriented forest management optimizing harvesting operations on stand and
tree levels with pre-defined quality characteristics

• Data collection at each process step
• Continuous improvement of the dataset at each process step
• Central data storage
• Passing the entire information along the whole timber supply chain using a single

tracking technology: RFID tags
• Using the gathered data from each process step for the following process steps to

enhance efficiency and add value (real-time learning system)
• Using multidimensional data (3D forest models, tree marking data, quality, price for

quality, demand and supply, etc.,) for optimization of the tree processing operation
• Trees of special quality can be easily identified at an early stage of the conversion process
• Sorting and storing of the produced high-quality assortments on separate piles is

greatly simplified
• Guaranteed timber traceability and safety along the whole timber supply chain from

the forest to the mill
• Real-time sale of the assortments depending on the price for the respective quality

(demand and supply) to realize the highest possible revenue
• Use of the entire collected dataset to improve the harvesting and timber supply operations
• Data could be used for the certification of sustainable forest management and chain of

custody of timber and tree-based products
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3.1.2. The Main Disadvantages of the New Timber Tracking and Processing System

• Relatively high investment cost for specialized equipment
• Time-consuming forest survey and associated high cost
• Success of remote sensing survey is influenced by weather on the day of inspection, as

well as by site and forest stand characteristics
• A workforce that is trained and specialized in technology is needed for operation of

UAV-, TLS-, RFID-equipment, intelligent carriages, intelligent processor heads, and
intelligent trucks

• An open-minded workforce regarding new technologies and changes in standard
processes in the wood supply chain is needed, which proves difficult as this economic
sector is traditionally very conservative and resistant to changes

3.2. Bottleneck and Risk Analysis

Potential bottlenecks for the integration of the new technology were initially deter-
mined by the panel of experts before the actual field survey. This analysis was then revised
after the demonstration, taking into consideration all the newly collected experiences and
observations. A risk analysis was executed to identify bottlenecks based on a high proba-
bility of occurrence in combination with a high severity level (marked in red in the tables).
This combination could lead to a process that cannot be converted into practice.

RFID tree marking (Table 5) worked well and was considered as a market-ready
solution. A qualified workforce was needed for the implementation of this technology,
even if the personnel could easily be trained on using the marking equipment. Noticeable
work effort and time were needed for the comprehensive field survey. The handling and
usability of the prototype equipment was verified and positively received. There were not
any performance problems reported for the equipment, and its technical functionality was
perfect during the entirety of the demonstration process. The risk analysis identified cost
efficiency as a critical bottleneck with a high probability of occurrence and a high severity
level. The RFID tags themselves and the marking equipment are relatively costly, and a
team of two foresters is recommended for each individual innovative tree marking opera-
tions. The overall working time was longer compared to that of the conventional marking
methods, such as marking by spray, marking tape, or chalk, among others. The reduced
cost efficiency in the new process is a serious bottleneck which leads to higher supply costs.
This constraint can be mitigated to some extent by purchasing higher quantities of RFID
tags, thus lowering the price of each individual tag. Tablet and GPS functionality depended
on the weather conditions during the survey. Rainy weather is particularly unfavorable for
marking trees in the forest, as it may damage the electronic equipment and increase the
risk of accidents during work.

Tree felling and RFID re-marking (Table 6) were demonstrated without any handling
or technical functionality problems. The survival rate of the RFID tags observed during
this process was very high. All tags survived this process and the overall handling of
the equipment was very good. Acceptance and appreciation of the new technology and
equipment was declared by the users after in-job training. The additional effort and time
required for the reading and re-marking process is acceptable based on the moderate
severity level. Poor weather conditions are highly unfavorable for executing the felling and
RFID re-marking process.

Extracting trees by intelligent carriage (Table 7) worked without handling problems or
errors. The durability and technical functionality of the intelligent carriage was optimal.
A qualified workforce with training on the new carriage is indispensable, and additional
effort and time is required for the additional data collection processes, but these bottlenecks
have a moderate have a moderate probability of occurrence. The severity levels of both
bottlenecks are also moderate. The technical limitations of TECNO carriage in steep terrain
and young stands were identified. The operation was, however, unproblematic if the limits
were properly addressed during the planning and installation of the cable line. All tested
RFID tags were read by the RFID reader on the carriage and survived the extraction process.
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Table 5. Bottleneck and risk analysis of the RFID tree marking operation. Scale classes: low (1),
moderate (2), and high (3). Bottlenecks with a high probability of occurrence and a high severity level
are marked in red.

Bottlenecks Impacts on the Supply Chain Efficiency Probability of
Occurrence Severity Level

Additional effort and time required for
marking trees with RFID tags Higher supply costs 3 2

Qualified workforce is needed
Without a qualified workforce, the new

system is unconvertible because of the high
level of technology

3 2

Handling/usability problems and error
rate of the RFID reader/tags

Additional effort and time required; high
error rate causes a loss of information 1 1

Durability problems and technical
functionality of the RFID reader/tags

during field operations

If the RFID reader/tags do not work,
harvesting is not possible or is based on the

experience of the operator
1 1

Weather-dependent
Work is not possible (tablet functionality

and GPS signal) and higher risk of
accidents must be taken into consideration

2 2

Cost efficiency (expensive tags and
equipment, two foresters, longer

working time)
Higher supply costs 3 3

Acceptance of technology and
equipment by operators

Acceptance is necessary for
implementation into the supply chain 3 2

Table 6. Bottleneck and risk analyses of tree felling and RFID re-marking. Scale classes: low (1),
moderate (2), and high (3).

Bottlenecks Impacts on the Supply Chain Efficiency Probability of
Occurrence Severity Level

Data must be read out for each tree
before felling

Additional effort and time required; higher
supply costs 3 2

Handling/usability problems and error
rate of the RFID reader/programmer

Additional effort and time required; high
error rate causes a loss of information 1 1

Survival rate and technical
functionality of the RFID

reader/programmer during field
operations

If RFID reader/programmer does not work,
harvesting is not possible 1 1

Survival rate and technical
functionality of the RFID tag during

felling operations

Tag could be damaged by felling other
trees around the already felled and RFID

re-marked trees
1 1

Weather dependent
Work is not possible (tablet functionality

and GPS signal) and a higher risk of
accidents must be taken into consideration

2 2

Acceptance of technology and
equipment

Acceptance is necessary for
implementation into the supply chain 3 2

Successful processing of harvested trees by the intelligent processor head (Table 8)
was demonstrated during field operations. Nevertheless, several bottlenecks were identi-
fied by the risk analysis. There were frequent handling and usability problems with the
software/electronic systems as the developed machine was a prototype. The intelligent
processor head prototype was not prepared for the market uptake on the day of demonstra-
tion. The innovative approach of combining tree processing with determining wood quality
resulted in increased idle time and slightly higher harvesting costs. Just one RFID tag of
an incoming tree was not readable. The other thirteen had full technical functionality for
reading by the subsequent operation with the intelligent processor head. During processing,
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only one RFID marking error was noticed which could be easily fixed by a duplicated
tagging operation. The probability of occurrence and severity due to additional effort and
time required for reading the RFID tag of the tree by the intelligent processor head and
marking logs with new tags was determined to be moderate. In seven cases the new log-tag
was not operable due to factory defects. This was easily handled by an additional tagging
operation by the tag fixing device on the processor after identifying the inoperable tag.
Both risk analysis factors regarding the additional effort and time required for wood quality
measurements by the implemented sensors were moderate in probability of occurrence and
severity. The diameter limitation of the ARBRO processor head had no effects because the
diameter of harvested trees was ≤45 cm. The elevated RFID marking costs were identified
as a moderate risk because the tag quantities became high when marking all logs cut out of
each tree.

Table 7. Bottleneck and risk analysis of extracting the trees by intelligent carriage. Scale classes:
low (1), moderate (2), and high (3).

Bottlenecks Impacts on the Supply Chain Efficiency Probability of
Occurrence Severity Level

Additional effort and time consumption for
reading the RFID tags/weighing/GPS

positioning by intelligent carriage
Higher supply costs 2 2

Qualified workforce Without a qualified workforce, the new features
of the intelligent carriage cannot be used 3 2

Handling/usability problems and error rate of
the intelligent carriage Additional effort and time required 1 1

Durability problems and technical
functionality of the intelligent carriage during

field operations

Failures can cause higher harvesting costs due to
repairing and waiting times 1 1

Technical limitations of TECNO carriage in
steep terrain and young stands

Transportability of the logs (weight limits,
longitudinal grade/slope 40◦ lateral

grade/slope 30◦)
2 2

Survival rate and technical functionality of the
RFID tag during field operations

If tags are damaged, information and traceability
of the trees are lost 1 1

Table 8. Bottleneck and risk analyses of processing trees by the intelligent processor head. Scale
classes: low (1), moderate (2), and high (3). Bottlenecks with a high probability of occurrence and a
high severity level are marked in red.

Bottlenecks Impacts on the Supply Chain efficiency Probability of
Occurrence Severity Level

Additional effort and time consumption for
reading the RFID tag (tree) by intelligent

processor head and marking logs
Higher supply costs 2 2

RFID marking process errors during log tagging
Human or machine error; incorrect reading;

failures cause higher harvesting costs because of
waiting time

1 1

Operability of RFID tags after stapling on the log
(factory defects) Information and traceability of the logs is lost 2 2

Manually reworking when automatic RFID
marking does not work (additional

time consumption)

15% overall time; waiting time and higher
harvesting costs 1 1

Additional effort and time consumption for
wood quality measurements by

implemented sensors
Higher harvesting costs 2 2

Handling and usability problems and error rate
of the intelligent processor head

Increased idling time and higher
harvesting costs 3 3

Durability and technical functionality of the
intelligent processor head during

field operations

Increased idling time and higher
harvesting costs 3 3

ARBRO processor head is limited to
trees ≤ 45 cm

Manual topping, debranching and cross-cutting
of large trees by forest workers with chainsaw 1 1

Cost efficiency (expensive tags for marking logs) Higher marking costs 2 2
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Potential bottlenecks were also identified for the transporting process by the intelligent
truck (Table 9). Additional work effort and an increase in the time required could be a
limitation. The truck driver should be trained to ensure knowledgeable loading of resources
and of the RFID tag scanning function. Problems with handling and usability, error rate,
durability, and technical functionality could lead to a delay in delivery time and an increase
in transport costs. The RFID reading process could be a bottleneck especially when some
tags are outside the fixed antenna/RFID coverage, or are not correctly oriented or covered
by other logs. This could lead to information shortage and loss of log traceability. Weak
satellite signal coverage may cause GPS (as well as GPRS) problems resulting in the loss
of information and/or transfer delays. Similarly, the real truck route may not be recorded
or monitored in real-time. Due to the conceptual nature of the intelligent truck prototype,
practical in-field tests are indispensable for proper evaluation of all relevant risks and
probability of occurrence.

Table 9. Bottleneck analysis of transporting logs by intelligent truck.

Bottlenecks Impacts on the Supply Chain Efficiency
Additional effort and time required for reading the RFID

tags by intelligent truck Higher supply costs

Truck driver with specialized knowledge is needed Without a qualified workforce, the intelligent truck
is not operable

Handling/usability problems and error rate of
the intelligent truck Delays and higher transport costs

Durability and technical functionality of the intelligent truck
during field operations Delays and higher transport costs

Reading percentage of tags as some tags could be outside the
fixed antenna/RFID coverage, or blocked by other

elements/not correctly oriented

If tags are not read, information is lost and the traceability of the
logs is compromised

Poor satellite connection; GPS and GPRS problems Information cannot be transferred or delayed; truck route is not
totally recorded

3.3. Techno-Economic Evaluation

The results of the techno-economic evaluation were shown in Table 10. Additional
activities to common operations were remote sensing and real-time operations control.
Real-time operations control are tools for data management, update and transmission,
logistic optimization, and real time auction. This was set at an indicative value to 4% of an
average timber value (80 €/m3) due to missing detailed reverences. The total cost amounted
to 44.12 €/m3, which is comparable to common timber supply chains in mountain forests.

Table 10. Cost components and overall costs of the new timber tracking and processing system.

Activity Cost (€/m3)

Satellite image analysis 0.03

UAV survey 0.77

TLS-supported inventory 2.32

Cable yarder installation 0.70

Tree marking 1.5

Tree felling 5.8

Tree extracting 9.2

Tree processing and sorting 10.6

Timber logistics 10

Real time operations control 3.2

Total costs 44.12
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4. Discussion

RFID technology is considered a state-of-the-art solution used in a broad range of
applications. These include container yard management, public library customer services,
highway and city toll collection, railcar tracking, hospital patient identification, fashion
boutique management, and airline luggage tracking, among many others, as described
in the review study by Ferrer et al. [17]. In recent decades, several research efforts have
focused on the integration of RFID in forestry and timber supply chains. Initial studies
demonstrated that RFID tagging of trees and logs is a highly promising solution to intercon-
nect the whole timber supply chain. Over time, various researchers have demonstrated the
advantages and challenges of integrating RFID tracking technology into the forestry and
timber supply chain, with notable pioneering works published by Korten and Kaul [5] and
Sirkka [18]. Log marking and tracking by the UHF RFID system under harsh Scandinavian
weather conditions was presented by Häkli et al. [19]. Björk et al. [20] demonstrated that
RFID-based technology can be used to take countermeasures against wood raw material
waste by analyzing and tracing the environmental performance of the forestry supply chain.
Picchi et al. [9] demonstrated that RFID tags are a solid and promising tool for information
transfer along the timber supply chain for the most demanding harvesting operations
in mountain forests. In their comparison of remote sensing-based RFID and standard
tree marking for timber harvesting, Pichler et al. [12] underlined many advantages of an
RFID-based approach.

Therefore, it can be stated that RFID tracking technology is valuable tool for efficient
and knowledge-based supply chain management in the forestry and timber industries of
the future. The present study demonstrates the practical implementation of a prototype
RFID-based solution adopted for a timber harvesting system under steep terrain conditions.
It includes the concept for information flow covering the entire supply chain from the forest
to the mill.

It directly corresponds to the concept of the “Industry 4.0 (I 4.0)” paradigm in which
the manufacturing processes are based on knowledge and information exchange. Unfortu-
nately, in forest science I 4.0 is not yet very common since the scientific discussion happens
mostly at the technological level [1]. It is expected that I 4.0 will soon transform the forest
value chain and lead to an increase in added gross value by the fusion of the physical
and digital worlds [1]. The present study directly addresses this challenge and presents a
validated and comprehensive solution.

The wood supply chain can be divided into five main process steps, including harvest
planning, harvest organization and control, harvest operations, timber transport with
related logistics, and timber sales [1]. Timber tracking with RFID tags was integrated at
each of these process steps for collecting, processing, and using available data defining
resources’ characteristics, quantities, and qualities.

Müller et al. [1] structured I 4.0 into concepts and technologies. In that context, cyber-
physical systems, Internet of Things and Services (IoTS), and smart factories are considered
as concepts. Conversely, technologies include localization and identification of objects,
sensors, machine-to-machine communication, big data, or cloud computing. The present
study corresponds to a forest I 4.0 concept of a cyberphysical system where the physical
and virtual worlds merge. It was realized by integrating diverse I 4.0 technologies, such
as remote sensing survey and RFID tree and log marking, as well as intelligent machines
(carriage, processor head, and truck), all equipped with specialized sensors. It was proven
that RFID tags are perfectly suitable for referencing the data collected along the whole
timber supply chain. Results of the field study confirmed the readiness of RFID tags for
routine application within tree/log marking, extracting (intelligent carriage) as well as
processing (intelligent processor head) operations.

Tailored information datasets can become easily accessible for wood product con-
sumers at acceptable costs by using traceability systems. Such consumer-relevant infor-
mation can lead to higher product trust and purchase intentions [21]. The data collected
during the field survey might be processed into tailored data accordingly.
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The economic, environmental, and social pillars of sustainable forest management can
be incorporated by new electronic forest operation technologies, such as GIS, the Global
Navigation Satellite System, or machine sensors [22]. The present study leads to the same
recommendation because the interconnection of the fully integrated high technology system
(as displayed in the flow charts) could lead to the incorporation of all three sustainability
pillars, through the RFID technology. The RFID technology could be used to balance all
three pillars to an equivalent level to achieve the ultimate goal of sustainability.

Another scope of application is supply chain optimization. RFID-based referencing to
the individualized resource characteristics collected at different steps, when combined with
advanced data mining, leads to optimal decision making. It includes both technological
(log length, cross-cut position) and economic (quality grade, downstream conversion path
selection) assessments.

It is often feared that the use of new technologies could lead to increased costs. Despite
the higher effort required in the use of RFID tree marking, the system costs are economically
feasible. As the techno-economic evaluation demonstrated, the calculated total system
costs of 44.12 €/m3 are comparable to common timber supply chains in mountain forests.

Scholz et al. [23] listed numerous digital market-ready technologies suitable for op-
timizing the forest supply chain, such as forest inventory tools for smartphones, LIDAR,
RFID, NFC, productivity-related sensors on forest machinery, and strategic, tactical, and
operational planning systems. However, these are often very heterogeneous and not easily
integrated, limiting the possibility for data exchange between stakeholders. This prob-
lem could be eliminated by using a single data collection system throughout the whole
supply chain. A fully working prototype of such a solution was developed and demon-
strated within the frame of the presented study, by adopting RFID tags for resource tracing
and identification.

A process is defined, according to Kemper et al. [24], as a system of activities transform-
ing input into output. Process flows are often faced with a cluster of problems which are
related to issues needing improvement. Flow charts are commonly used tools for process
improvement [24]. It is critical for managers to be aware of the process advantages and
disadvantages as well as potential bottlenecks and risks. The process flow, bottleneck, and
risk analysis were, therefore, recognized as core elements of the present investigation. A
further improvement to the proposed system may be achieved by addressing the identified
limitations, bottlenecks, and risks through further development and scientific research.
This will result in a universal process workflow(s) and a more competitive timber procure-
ment system. Reaching this goal in the near future is realistic and highly beneficial for
all parties involved. Reliable resources’ traceability, supply chain safety, and productivity
enhancement are subject to continuous improvement which is justified by a steady rise in
environmental, social, and economic pressure within the forest and timber sector.

A real-time connectivity of all system components plays an important role in the
improvement of the timber supply chain. The prototype network of all involved intelligent
machines was tested with success during the demonstration. Even if not all components
were fully functional, it was shown that the proposed solutions for a full information
exchange are technically feasible. Müller et al. [1] also recognized that real-time connectivity
would lead to an improvement in harvesting organization and control.

The availability of real-time market information regarding “price for quality” as well
as “demand and supply” of logs can highly increase the added value of the timber after
harvesting. This could ensure an optimal supply of logs of expected quality for various
downstream conversion industries. The constant information flow through the whole
timber supply chain and a recreation of links to important decision nodes within the
production process were synchronized, due to RFID tags and the trusted traceability of
resources. It will trigger a change in timber market principles and increase the market
influence of the forest owners. Similarly, Müller et al. [1] stated that real-time reactions to
changing markets could change timber supply from a push to a pull principle.
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The central data storage of all information collected along the value chain is indispens-
able to ensure system efficiency. It was implemented in the presented system as a single
remote server. The real-time connection between forest-working machines (intelligent
carriage and processor head) was demonstrated during the field survey of the local area
wireless network. The direct and real-time connection with the remote server was not
possible due to the limited GSM coverage of the study plot. The data were, therefore,
uploaded at the end of the working shift by connecting the backup system to the internet
after reaching the home destination.

The importance of a central data storage was also confirmed by Müller et al. [1]. It
was described as a cloud-based multi-user data storage network and was defined as “the
internet of trees and services”. All relevant and value-adding information were provided
to this cloud, and it was stated that all stakeholders within the supply chain benefited from
this interconnection.

An important technical challenge is also the data exchange standard to guarantee
interconnection [1]. There are several data exchange standards presently available on the
market, such as FHPDAT, Eldat, Papinet, and Cosemat [25]. Other relevant data conver-
sation standards broadly used in the forest industry include StanForD, eFIDS, GeoDAT,
and Forestand [26]. The Standard for Forest Machine Data and Communication (StanForD)
is a globally important standard in the area of mechanized timber harvesting systems,
and was developed as an XML-based tool which is continuously improved by Skogforsk
and Metsäteho [26]. The StanForD was selected as the data exchange standard for the
system demonstrated in this work. Unfortunately, not all the quality-defining information
collected was compatible with the current version of the standard. Therefore, a custom
database structure was defined to host all the collected data. The integration of common
data exchange standards will be a great step towards the digitalization of forest value
chains. It is not an easy task, as it requires the collaborative effort of several institutions
that are in many cases competing with one another.

The blockchain technology is another innovative IT tool recently adopted for the needs
of the timber supply chain. It was originally developed for the financial sector and is the
foundation of various cryptocurrencies. Figorilli et al. [27] performed a feasibility study
for a blockchain prototype implemented along the timber supply chain. The blockchain
architecture was combined in that research with RFID technology as an “infotracing”
system. It integrates tree/log/product information and traceability. RFID technology was
used there for tree marking, cutting, stacking, and transporting to the sawmill. Other
marking technologies were used in the sawmill to continue traceability until the yielding
of the final consumer product, including QR (Quick Response) code and NFC (Near Field
Communication). The main advantage of combining the blockchain system with the
RFID technology is the security of the information distributed in all network nodes. It is
unmodifiable, and so the origin of the timber is “blockchain certified” [27].

Several scientific studies regarding the implementation of RFID tags have been exe-
cuted in the last decades, confirming the high potential of this technology for applications
in the forestry and timber sector. This raises the question of why RFID is not yet broadly
used for timber traceability within state-of-the-art supply chains. Müller et al. [1] concluded
that the effort required for coordinating the implementation of the RFID technology, as
well as aligning the involved parties (mills, contractors, machines, and forestry admin-
istration) was still too high. To build awareness for the added value of I 4.0 in forestry
and wood supply, it is necessary to continue long-term scientific research, considering not
only the economic, but also the ecological and social aspects [1]. A possible way to meet
this recommendation is to merge a sustainable forest management and chain of custody
certification system with RFID technology. This could help to bring RFID technology into
the forestry and timber supply chain practice, even if further research must be done to meet
this desirable goal.
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5. Conclusions

The present study has shown that the integration of technology into the mountain
forestry and timber supply chain has many advantages for enhancing overall efficiency
and supply chain safety. Various technologies, tools, and machines, such as UAV, TLS,
3D forest modeling, and the Treemetrics Forest app, as well as an intelligent carriage,
an intelligent processor head, and an intelligent truck, all equipped with sensors, were
integrated together as a unique system. The core element of this timber harvesting system
for connecting all these components was the customized RFID tagging solution, covering
the whole supply chain.

Even if the system offers several unique advantages, it possesses (at the current state of
development) several limitations and bottlenecks, presented in detail within this study. The
key benefits of using such a system in practice could be in-depth forest stand information,
preventing the procurement of timber from controversial sources, customer-oriented forest
management, supply chain optimization, increasing added value of the timber by quality
and real-time market information, and real-time sale. Some of these benefits may be
considered to be hardly achievable. However, most of the developed processes are ready
for market implementation and were validated and demonstrated in real case scenarios.
An important question that often arises is the level of system costs. These were at a normal
market level, and no disadvantages could be identified in this context.

The complete procurement system as presented here is an especially fitting require-
ment of the certification systems for sustainable forest management and chain of custody
of timber and tree-based products, such as PEFC. This sector could be the initial target
audience for the application of this technology to be integrated along the whole timber
supply chain. Moreover, due to the prototype nature of the demonstrated system, an
intensive further study must be performed to further increase its acceptance in forestry and
timber industry sectors.
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