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Forestry products and forestry organizations play an essential role in our lives and significantly contribute to the
global economy. They are also being impacted by the rapid development of advanced technologies and Industry
4.0. More specifically, several technologies associated with Industry 4.0 have been identified for their potential to
optimize traditional forest supply chains. This research systematically investigated these technologies and the

scientific evidence on their impact on forest supply chains.

Industry 4.0 systematic literature review forest products forest supply chain

Industry 4.0 framework

| 1. Introduction

The term Industry 4.0 has become one of the most popular new topics in technology among researchers. A wide
range of research across multiple disciplines has discussed and conducted research related to Industry 4.0 &I,
According to a Google trend, the topic of Industry 4.0 has witnessed a rapid increase in interest over the last 10
years [, Indeed, most industries are exploring how Industry 4.0 may have significant impacts on the economic,

social and environmental aspects of their supply chains.

As a concept, Industry 4.0 was initially introduced by the German government in 2011 Bl Industry 4.0 is also
known as ‘smart manufacturing’, ‘Industrie 4.0' or ‘the Fourth Industrial Revolution’ 45, |t has been argued by its
advocates that Industry 4.0 has the potential to stimulate a phase of significant industrial transformations
comparable to the three previous industrial revolutions. The First Industrial Revolution introduced mechanical
looms driven by steam engines from 1760 to 1850 . The Second Industrial Revolution from 1870 to 1914
witnessed the growth of huge economies of scale in manufacturing . The Third Industrial Revolution introduced
the growth of electronics and modern ICTs such as automation systems . The Fourth Industrial Revolution
encompasses cutting-edge technologies and integrated systems such as the Internet of Things (loT) and cyber-
physical systems (CPS). The fundamental concepts underpinning Industry 4.0 are: the Smart Factory, CPS,
decentralized self-organization, digitalization and virtualization and intelligent industrial manufacturing 229, These
concepts of Industry 4.0 were proposed to enable businesses to improve decision-making at the strategic and

operational levels by analyzing large amounts of real-time data 21,
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The concept of Industry 4.0 can use various technologies or techniques in its implementation 2. Importantly, the
new technologies included in Industry 4.0 stimulate changes in a wide range of business activities, leading to
changes in supply chains 3. They include Big Data, analytics, mobile technology, additive manufacturing, artificial
intelligence, Cloud technology, 10T, radio-frequency identification (RFID), simulation, sensors, Global Positioning
System (GPS), unmanned aerial vehicle (UAV) and blockchain 11141151 |n addition to these technologies, in some
research papers the disruptive technologies related to Industry 4.0 have also been listed, which can be
summarized as follows: virtual reality, 3D printing, cyber security, machine-to-machine communication, automatic
identification, business intelligence and nanotechnology I8l The concept of the IoT was created based on RFID-
enabled identification and tracking technologies 2. In this systematic review paper, a broad and inclusive
definitional approach to this range of technologies was adopted to ensure relevant research could be identified and
included. As a result, technologies related to Industry 4.0 were deemed to be those that supported collecting,

storing, processing, analyzing and sharing data.

In examining the forest industry, it is evident that the demand for forest products is increasing around the world 71,
The forest supply chain refers to a temporal sequence of activities and processes from standing trees to the end-
users that transform the woody raw material to final forest-based products 18129l The chain starts with raw material
as the standing tree in the forest. In the forest supply chain, the woody material can be turned into logs,
roundwood, lumber, panel and engineered wood, pulp and paper, biomass, bioenergy (for electricity and heat) and
other forest product 181291201211 The production processes transfer the woody raw materials through a biorefinery,
pulp mill, sawmill, panel mill and pellet mill 2819 Based on the forest supply chain in the literature, as shown
in Figure 1, the processes include procurement, production, distribution and sales/market 181922 The activities
include forest management, harvesting and transportation 12231241 The independent entities involved in the forest
supply chain are forest owners, harvesting enterprises, haulage companies, logistic (transportation) companies,

storage sheds, terminals, power plants and bioethanol facilities 1211221,
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Figure 1. The processes of the forest supply chain, adapted from [1&l22],
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It is also evident that globally most forestry supply chains are not sophisticated using new technologies and the
data that they produce. With the growth of the forestry industry around the world, there are some issues and
challenges reported that are impacting the forest supply chain. For instance, there are some illegal activities in the
forest supply chain. The FAO reported illegal logging and timber trade, especially from Russia and China, for the
processing and manufacture of final products 22, lllegal logging and wood laundering have also been reported in
Mexico and the forest supply chain has inefficient low-tech practices 28, Moreover, the non-optimal use of
resources is also an issue in the forest supply chain 4. In this untrustworthy environment, parties in supply chains
would like to perform transactions in a transparent environment. Customers would like to obtain information about
the raw materials of forest-based products to know whether the products are eco-friendly (28, Recently, Industry 4.0
and technologies have been identified by some research has offering potential solutions to these types of issues
and inefficiencies. Several studies have indicated that the implementation of new technologies could optimize the
forest supply chain. For instance, the automated real-time tracking system could be the solution for the non-optimal
use of resources in wood processing 24, Several technologies associated with Industry 4.0 have been used or
studied to optimize the forest-based supply chain, including blockchain, 10T, RFID, and smartphone applications.
However, to the best of our knowledge, there is limited research that has systematically investigated the benefits of

Industry 4.0 and its technologies in supporting the forest supply chain.

Prior to performing this systematic review, the research team identified pre-existing literature reviews that had been
conducted on related topics. The existing studies have tended to focus on: the optimization solutions of digital
technologies in the forest supply chain 22 and only considered part of forest supply chain 2324, The review
developed by [23 was mainly based on three activities of the forest supply chain [23l. The authors in 24 reviewed
technologies implemented in wood supply but not the entire supply chain 22!, Noticeably, these previous reviews
have only analyzed either a part of the forest supply chain or did not consider Industry 4.0 at all. Thus, it is
necessary to identify research exploring how the new technologies in Industry 4.0 are or may improve the forest

supply chain and the expected outcomes of the implementation of these technologies.

2. Supportive Physical and Digital Technologies
Implemented in the Forest Supply Chain

This subsection focuses on the supportive technologies applied in different phases of the forest supply chain
towards Industry 4.0. Multiple technologies are applied to change or optimize the traditional operation of the forest
supply chain. The results of the systematic review show that there 16 disruptive technologies have been applied to
the forest supply chain to date. These technologies have implemented a range of phases, operations and
processes of the supply chain in multiple ways. According to the data we extracted, as shown in Table 1, 16
physical and digital technologies were considered by the authors of the included articles. These technologies are
simulations (Sim), artificial intelligence (Al), geographic information system (GIS), Global Positioning System
(GPS), machine learning (ML), 10T, RFID, smartphone applications (SA), Cloud technology (CT), blockchain (BC),
Bluetooth (BT), remote sensing (RS), data analytics (DA), unmanned aerial vehicle (UAV), terrestrial laser

scanning (TLS) and airborne laser scanning (ALS).
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Table 1. Technologies considered by the authors of the included studies.

Reference Sim Al GIS GPS ML IloT RFID SA CT BC BT RS UAV TLS ALS DA

(28] X
[29] X

(20] X

(21] X

32] X

(23] X

(24] X

(25] X X
(6] X X
27] X

[38] X

B
>
>

49 X

[41] X

42] X X X

4] X

(44] X

(4] X

(46] X

47 X

(48] X X X X X
[49] X X
(50] X X
(5] X
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Reference Sim Al GIS GPS ML loT RFID SA CT BC BT RS UAV TLS ALS DA
[52] X

extracted

4.0 were
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Number of included articles in each technology
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Figure 2. Number of articles mentioning each technology.

2.1. Tools of Supportive Technologies in the Forest Supply Chain

Several tools of GIS, simulation and GPS were considered by researchers in optimizing the forest supply chain.
The simulation software are support tools that have contributed to visualize and optimize the forest supply chain.
Simulations used simulation software as a tool to simulate the optimal options for the research problems. Three
simulation software appeared more than once in the results: Witness® [2BABLBE2] Any| ogic® [33)341[331136] gng
ExtendSim® 728l The simulation software are able to evaluate, compare and optimize their designed model. Two
simulation models were mostly used by selected studies to achieve their objectives. These simulation models were
the agent-based simulation model and discrete event simulation model. Karttunen et al. 38 used a combination of
agent-based and discrete-event simulation models to compare an intermodal container’s cost efficiency in truck
logistics for the long-distance transportation of forest chips.

GIS software and GPS devices were used to collect territorial data and analyze the road networks of
transportation. The results of the review show that most GIS are used for biomass supply to allocate biomass or to
select bioethanol facilities (biomass energy plants). Raghu et al. B8 indicated that the benefit of using GIS for
biomass-supply studies is that GIS can accurately calculate transportation truck parameters (travel distances,
times and cost) and optimize routes. The results show that two GIS software were used in the forest supply chain:
ArcGIS and QGIS. ArcGIS is a network analysis tool to perform spatial analysis B240[41[42]143] The authors in “Y

used the ArcGIS Network Analyst combined with the Dijkstra algorithm to find the least-cost paths based on
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distance, time or weighted cost “9. The GIS software has also been used for road transportation network 2.
QGIS is an open source GIS software used for territorial analysis 44431461 The authors in 44 used QGIS software
and Google Maps Directions API to obtain territorial information for studying the economic potential of wood
biomass. The authors in € used the QGIS network analysis library to compute the public road network. Some
studies used the GPS to collect data of trucks’ transportation movements B24942l GPS can track and monitor the
movement information of truck transportation 4%, GIS is also widely used to identify an optimal location for forest
biomass facilities or factories. Zhang et al. (41l developed an optimization model using GIS technology to collect the
data of candidate locations of bioethanol facilities. Lin et al. (47 used a simulation model with GIS to locate the

biomass-to-biofuel factories.

The authors in ¥2 used GPS to track movement information, resource measurement and managing forestry
operations 2. Two GPS devices were considered by the authors of the included studies: Trimble® ProXH coupled
with a Trimble® NOMAD 2l and Visiontac VGPS-900 GPS receiver 2. The GPS receiver can record the location
and speed information of the trucks 32,

2.2. Supportive Technologies Implemented in Different Phases of the Forest Supply Chain

Table 2 shows the different technologies used in the different processes in the supply chain with references to
included studies. According to the content analysis of included studies, the processes mainly focus on forest
management, forest inventory, harvesting, planning, procurement, production, transportation, sales and the entire
supply chain. Several integrated systems or methods combined with multiple technologies were developed to apply
to the supply chain in the included studies. Multiple technologies were applied to forest management and inventory.
Pichler et al. 28 puilt a 3D forest model based on UAV and TLS technology for forest inventory, forest management
and harvesting. Puliti and Granhus 2! performed data analytics with UAV data on the operational management of
regeneration forests compared to the model with ALS data. Siipilehto et al. ¥4 used the ALS-based method and a
smartphone application called Trestima for forest inventory. Trestima is an image analysis application for stand-
wise forest inventory B9, Yu et al. Bl developed a collection platform called FEFCP using IoT technology (ZIGBEE
protocol) to monitor, manage and control the forest environmental factors for forest management. The ZIGBEE
protocol is a highly reliable wireless data transmission net (IoT technology) which is one type of wireless
connection 54,

Some studies applied technologies to the planning and procurement of the forest supply chain. A machine learning
approach was developed for sawmills to generate a learning model in wood allocation planning B2, Fernandez-
Lacruz et al. B used simulations on forest chip suppliers and integrated supply planning. Gautam et al. B2l used
simulations to develop a novel approach on the operational level of the wood procurement system in the forest
products industry. Windisch et al. B4 used simulation software to develop a business process model for forest

biomass procurement.

Technologies also cover the harvest operations and pre-harvest. A new computer-aided approach was developed
by Pichler et al. 8 on the basis of RFID for tree marking to replace standard survey procedures. The Treemetrics

Forest application was used to store the tree parameters of RFID [48],
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Several technologies are applied in the production phases of the forest supply chain. Sulyov4 and Koman 23
proposed a platform that applied loT technology in wood monitoring wood processing in sawmills. This platform
integrated RFID technology monitors, QR codes, a mobile application called SmartTree, a website, and a Cloud
platform to provide real-time data to support management and better decision-making. Thomas and Thomas 28
proposed a designed approach using the artificial neural network in a simulation application used for a sawmill
workshop. Alexandru Borz and P&un B2 proposed a system with object tracking, signal processing and Al to
monitor wood operations in sawmills. Morin et al. 22 developed a machine learning-based model for wood
allocation which could be a learning model for decision making in the wood-planning of sawmills. Zhang et al. (8]

developed a decision support system using a GIS-based approach to select biofuel facility locations.

Fifteen included articles considered supportive technologies in the transportation of the forest supply chain. Araujo
et al. B proposed an intelligent system using Al and the ArcGis software to adapt changes during the
transportation process. Simulations were used to study the transportation method of forest chips and timber.
Karttunen et al. 22 studied the optimal long-distance waterway transport logistics of forest chips by using discrete-
event simulations. Vaatainen et al. B9 used a discrete-event simulation method to compare the truck performance
indicators with different gross vehicle weights and payloads. Simulation software can calculate the processing time,
weights, costs and working times of transportation methods in the supply chain 4. Some studies considered using
GIS data as simulation data to solve problems in transportation. Fernandes et al. 43 used GIS to perform an
optimal route simulation to test the influence of wood stacking locations on forest transport costs. GIS and
simulations are also able to estimate the transportation cost of forest chips and by-products ©9. Simon et al. 44
developed a tool using the territorial information obtained with QGIS, Python, and the Google Maps Directions API
to simulate the economic potential of wood biomass. Smart sensors are used to measure and record large wood

movement (transportation) 611,

Several studies considered using RFID to monitor the performance of the supply chain and trace forest wood
(product) and biomass. Bjork et al. 82 developed an RFID reader prototype for forest harvesting to trace logs from
trees to sawmills using RFID-marking to connect the physical objects (wood) with their database counterparts. This
prototype allows the automatic tracking of wood. Ranta et al. (63! developed an RFID-based tracking system called
RfIDER to trace forest biomass which used RFID to manage biomass logistics to provide reliable, accurate and
real-time information to biomass owners. In a similar paper, Sipila et al. 64! proposed a passive RFID technology
prototype for automatic identification, the tracking of wood products and the control of the supply chain.
Furthermore, this prototype is passive, small and battery-free, which can be permanently embedded into wood.
RFID-related technology was integrated with other technologies such as 10T, blockchain, QR codes and
smartphone applications used for the traceability and tracking systems of (woody or biomass) products. Appelhanz
et al. (28] developed an RFID traceability information system with databases and web applications to process and

collect information on eco-friendly wood furniture for customers.

Some studies have attempted or successfully applied supportive technologies to the forest-based supply chain.
Figorilli et al. 63! developed a blockchain technology prototype for the traceability of wood in the forest wood supply

chain. This prototype involved an integrated system, Infotracing, using blockchain technology for the electronic
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traceability of wood from standing trees (timber marking) to final users (customers). It integrated multiple digital
technologies, including RFID sensors, blockchain, 10T, GPS and smartphone applications. The RFID traceability
information system developed by Appelhanz et al. (28 can provide transparent information on the whole supply
chain to gain the customer’s trust.

Table 2. Technologies used in the different processes of the forest supply chain.

Processes Technologies

Simulation 331681
loT 31
UAV [8ll49]

Forest management Data analytics 49
TLS (48]

GPs 18l
Smartphone application 48!

ALS B0

UAV [48]
TLS [48]

Smartphone application BY

Forest inventory

Simulation 32

Planning Machine learning 52!

Simulation [23134]

Procurement Blockchain 671
Simulation 52!
UAYV [48]
TLS [48]
RFID 148
GPs [48]
Smartphone application 8!

Harvesting

Simulation 22!

Al BIE7]

Machine learning 52
loT (33
GPsS 53
RFID B2
Smartphone application 53

Could technology 52!

Production—sawmill

Simulation 4158l

Production—biofuel factory GIS 7158
Production—bioethanol factory GIs (41
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Processes Technologies
Production—biomass energy plants GlIs &8l

Simulation [22[E2(36][391[401[60]
Transportation—forest chips GPs B9
Gl [361[3911401[60]

Simulation [BAl34142]145]
GIs [41][42][45][59]

Transportation—wood/timber GPs [42
Al'EY

Remote sensing &4

Simulation 44,

Transportation—forest biomass Gls &4
RFID (&2
Sales Blockchain €8

Simulation [BLIE3](38][461[69][70]
GIs [321[46][69][70]
RFEID [281[62](64][71][72]

Blockchain 2 N
Entire supply chain 7 65 :st supply
Gps 51 ion within

Bluetooth (62
Smartphone applications [65]

3. Improvement and Characteristics of the Forest Supply
Chain in Industry 4.0

In this subsection, we present the second component of the framework. The supportive technologies provide
several improvements to the forest supply chain. These improvements could be summarized in several domains:
real-time data management; interoperability; virtualization; agility; and integration. The technologies improve or

provide new characteristics for the forest supply chain in the context of Industry 4.0.

Real-time data management: With the supportive technologies implemented, the stakeholders in the forest supply
chain are capable of making better decisions based on real-time information. loT-based technology can provide
real-time information between departments, smartphones, smartwatches and managers among parties in the forest
supply chain to accelerate operational analyses, finding flexible solutions and better decision making 2. loT
technology is also able to monitor forest environmental factors in real time BY.  The real-time
FUELCONTROL® system provides the same monitoring function to monitor biomass quality 2. RFID systems
provide real-time information to managers as well 481, The RFID tracking systems are able to provide real-time

information, which allows stakeholders to allocate biomass according to customer needs [63],

Agility: The agility of the forest supply chain refers to the management of competency, flexibility, and speed among

supply chain managers. For instance, the simulations provide statistical analysis to improve the agility of wood
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procurement systems 231, Agility could be facilitated by real-time data management.

Interoperability: Interoperability refers to the technologies that are able to share seamless data and information
sharing among the entities and organizations in the forest supply chain. Multiple technologies fulfill an enabler role
to dynamically optimize the forest supply chain in Industry 4.0, such as IoT and RFID. These technologies achieve

interoperability between sensors and actuators in the forest supply chain.

Integration: Integration means that the parties in the forest supply chain work closely together. Interoperability leads
the integration. For instance, 10T’s integrated blockchain tracking system achieved horizontal integration across the
forest supply chain 63,

Virtualization: Visualization can be achieved through technologies such as UAV and TLS technology. The new
computer-aided approach developed by Pichler et al. 8l is able to generate a 3D forest model of forest inventory

that can replace the traditional survey procedure.

| 4. Strategic Outcomes

Strategic outcomes refer to the desired benefits and impacts of applying these technologies to forest supply chains
in the era of Industry 4.0. This subsection discusses the expected benefits and impacts of the forest supply chain in
Industry 4.0. Based on the analysis of the results of the systematic review, the strategic outcomes have three
dimensions: the economic, environmental and social levels. Under each domain, the main outcome focuses were
categorized. In Table 3, a summary of strategic outcomes in the different domains and focuses are presented with
references. The strategic outcomes provide economic benefits, including cost reduction, efficiency, increased
transparency and reduced complexity. For instance, RFID systems provide economic benefits to the forest industry
because they provide real-time information to managers to enable better decision making 2. This subsection
presents the strategic outcomes. The strategic outcomes in environmental benefits include reducing greenhouse
gas (GHG) emissions and optimal energy consumption. Some research has focused on the social benefit by

applying technologies to the forest supply chain, including increasing job opportunities and reducing illegal activity.

Cost reduction: The outcome could be reducing several costs among parties of the forest supply chain. Mobini et
al. 28 concluded that using bark as drying fuel instead of sawdust can reduce cost by approximately 1.5%.
Fernandes et al. #3 indicated that the closer wood is stacked to the carbonization plant, the lower the
transportation cost is. An integrated system with loT technology can reduce operating costs in the wood processing
of sawmills 89, The intelligent system was developed by B2 to minimize the cost of timber transportation for
different routes and trucks. Simulations were used in multiple studies to reduce the costs of the supply chain. A
simulation-based model was developed to find the optimum inventory policy to minimize the total inventory cost in
the forest products industry B3, According to the discrete-event simulation conducted by Fernandez-Lacruz et al.
871 the supply cost could be reduced by increasing the utilization of forest biomass. Vaatainen et al. 2% confirmed
that the tendency of the size increase in gross vehicle weights in timber trucking could reduce trucking costs and

exhaust gas emissions.
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Efficiency: The forest supply chain become more efficient in the era of Industry 4.0 with the development of
supportive technologies. Intelligent technologies could increase timber harvesting efficiency “8. RFID-related
prototypes and tracking systems provide benefits at the economic level to improve efficiency as well. They provide
real-time data to stakeholders/managers for efficiency improvement at the management and operational level of
the supply chain. There is great potential to improve efficiency by using new technology and weight limits for heavy
vehicles when transporting forest chips and forest industry by-products 2. In a similar study, Prinz et al. B2 found
that new vehicle types with an increased chip load capacity can improve the forest chip supply’s fuel economy and

efficiency.

Increase transparency: The environment of the forest supply chain becomes more transparent for secure
transaction between parties in the supply chain. The RFID traceability information system (with databases and web
applications) provides information on products collected across the whole supply chain from the raw materials to
final products (28], The purpose of this system was to provide the transparent information of the whole supply chain
to gain the customer’s trust. Morten Komdeur and Ingenbleek 7 reached a similar conclusion that the blockchain
has significant effect on purchasers’ trust regarding purchasing timber products. The blockchain technology
prototype for the traceability of wood provides a transparent environment for confident transactions alone with the
wood supply chain 3. The untrustworthy environment came along with the growth of the economy and technology.

The integrated systems combined with multiple technologies can be the solution to improve transparency.

Complexity reduction: The operations and activities are simpler than the traditional forest supply chain. Two
included studies have focused on using technologies to reduce the complexity in the forest supply chain. The
machine learning approach for wood-planning proposed by Morin et al. B2 can simplify the data computation
phase of wood allocation. Using an artificial neural network (ANN) for simulation applications is simpler and less
time-consuming for researchers/managers to perform simulations in the forestry industry 28, The result shows that
the machine learning-related method is a way to simplify the process of decision making in sawmills. However,
there is only a small number of studies that have used machine learning in sawmills. Machine learning or Al has
not been well studied or applied in the forest supply chain. It may be potentially beneficial for the entire supply

chain to study this avenue in future research.

Reduce GHG emissions: The purpose of several studies was to reduce transportation and facility emissions in the
logistics of transporting forest-based products. Raghu et al. (22! observed that the real-time monitoring of biomass
guality helped save 2% of the GHG emissions from the supply chain. The trend of the increasing gross vehicle

weight in timber trucking was studied, and the results show that it can reduce exhaust gas emissions 9.

Optimal energy consumption: One strategy outcome of the forest supply chain in Industry 4.0 was finding an
optimal way of energy consumption by implementing the emerging technologies. For instance, Zhang et al. 41
developed an integrated decision support system to determine optimized energy and GHG emissions for candidate

locations of biomass facilities.

https://encyclopedia.pub/entry/17394 12/19



Technologies and Industry 4.0 in Forest Supply Chain | Encyclopedia.pub

Reduce illegal activities: Reducing illegal activities could be one of the strategic outcomes at the social level.
Pichler et al. 48] suggested that using RFID for tree marking can be a solution to reduce illegal logging. In similar
studies, an RFID log tracking system can prevent illegal logging activities . As a result, RFID-related technology
can be the most promising solution to eliminate illegal wood material trading activities worldwide. RFID systems

can track wood or biomass to monitor activities throughout the supply chain.

Employment: The increase in job opportunities is one of the social benefits as well. Technologies can increase job
opportunities among parties of the forest supply chain. Lin et al. 44 focused on social benefits by using the method

of the simulation model with GIS data to locate the biomass-to-biofuel factories to provide 16% more job offers.

Table 3. Summary of strategic outcomes extracted from the included studies.

Strategic Main Focus Reference
Outcomes
Efficiency [30][32][33][34][36][42][60][62][70][72]
Cost reduction or profitability [28][301[32](34][36][37](38](40][41][42][44](45](46][55](58] 59]
[601[62][70][72]
Economic level
Reduce Complexity [52][56]
Transparency [40]141](48][67]
Reduce greenhouse gas (GHG) [30][35][41][58][62]
; emissions
Environmental level
Energy consumption [41][58]
Increase job opportunity [47]
Social level
Reduce illegal activity [48][e8|[ra]
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