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ARTICLE INFO ABSTRACT

Handling Editor: Kathleen Aviso Currently, there is an increasing pressure to decarbonize and meet energy demands. In this regard, the usage of
renewable energy sources is becoming more prominent. Biomass energy can significantly contribute to this
effort. However, due to logistical costs, its exploitation is often considered less ‘desirable.” Sometimes, partic-
ularly in the context of residual biomass, open burning on site is desirable. This study aims to optimize the
residual biomass supply chain by leveraging digitalization’s advantages, thereby creating a new model for this
purpose. Methodologically, this research initially adopted an empirical approach, analyzing documents from a
project that recreated the current scenario. In its second phase, the study involved a literature review to gather
insights needed for developing the final model. Consequently, this study offers three major contributions: a
detailed mapping of the current scenario, a comprehensive synthesis of the potentials of emerging technologies in
the supply chain, and a model illustrating the integration of these technologies in the context of residual biomass.
Thus, this research presents an opportunity to transform a common ‘leftover’ into a value-added material. To
better assess the model’s value, two analyses, PEST and SWOT, were conducted to align the conceptual proposal
with real-world contexts.
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1. Introduction

The rise in population, coupled with the expansion of energy-
intensive economic activities, has escalated energy demand. Despite
the adverse effects linked to fossil fuels, they continue to be the primary
energy source. Nonetheless, progress and growing social consciousness
have facilitated a partial or complete transition towards renewable en-
ergy sources (Olabi and Abdelkareem, 2022), (Benti et al., 2021). An
example of this includes the costs associated with technology and policy
incentives, which have rendered systems like solar photovoltaic mod-
ules and wind turbines more appealing (Ghorbani et al., 2020). In
addition to solar and wind power, biomass energy plays a significant

role in the energy transition, accounting for 10% of global energy con-
sumption (Tun et al., 2019). When biomass is converted into electricity,
heat, or transportation fuels, it generates biomass energy (bioenergy).
Various biomass feedstocks can be used in bioenergy production (Toklu,
2017), (Abdulyekeen et al., 2021).

Biomass has inherent characteristics, such as inconsistencies in the
product’s characteristics (Zailan et al., 2021) or fluctuations in quanti-
ties. Besides this, the logistic costs of this exploitation are very high
(Casau et al., 2022a), which leads to a decrease in its exploitation in-
terest. In many countries, such as Malaysia or Thailand, a part of
biomass is burnt, wasting the energy potential (Andiappan et al., 2021).
Also, burning practices can originate rural fires (Casau et al., 2022b).
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This occurrence is not only in mentioned countries, being also visible in
those in the Mediterranean basin, where the fire is used to eliminate
residues and it is responsible by almost two thirds of rural fires.
Particularly, in Portugal, fire is frequently used to remove agricultural or
forestry operations residues (Casau et al., 2022b), and as consequence,
Portugal suffers with a growing recurrence the effects of rural fires,
causing damages (victims and patrimonial), with different origins. One
example has occurred in 2017, in the region of Pedrégao Grande, Cas-
tanheira de Péra, and Figueir6 dos Vinhos (Magalhaes et al., 2021). In
2017, Portugal registered 2000 fires, 539,920 ha of burnt land and 117
deaths (Leone et al., 2023). This occurrence requires attention and
mechanisms which aim the fuel management reduction.

In a world tagged by the concept of digitalization, forests cannot be
exempted, and the definition of Forest 4.0, which can be comparable to
the Smart Cities concept, arises as a combination of three main tech-
nologies, Robotics, Artificial Intelligence, and the Internet of Things
(Oliveira et al., 2021). According to Singh et al. (2022a), five points are
crucial to achieving this digitalization, Sensing Technology, Human to
forest interaction, Big data and Cloud Computing, Advanced Analytics,
and Artificial Intelligence. At the biomass supply chain (BSC) level,
Artificial Intelligence allow prediction at several stages as, production
processes of biofuels, quality of final product and allow improvements in
gasification processes (Shi et al., 2023), other authors, Liao and Yao
(2021) mention this technology as a predictor of biomass characteristics,
such as the high heating value with proximity analysis, and harvest
predictor with image detection (Shi et al., 2023). Although the digital
age is present in the BSC, this context still needs research. In this sense,
this work aims to propose a Residual Biomass Supply Chain (RBSC)
optimization based on emerging technologies potentialities. The paper
will therefore begin by summarizing the literature on the RBSC mech-
anism based on other works and additional materials such as theses,
presenting an exhaustive model of it, followed by an exhaustive review
of how 4.0 technologies can help in the supply chain and ending with the
main contribution, the 4.0 model for RBSC. Then there are the detailed
specific objectives:

e Clarify the design of the residual biomass supply chain (RO1);

e Analyze “digital” trends in the biomass supply chain, complemented
by analysis of emerging technologies in other contexts (RO2);

e Present the final proposed model for residual biomass supply chain
(RO3).

To complement the objectives, two analyses were conducted: PEST
(Political, Economic, Social, and Technological) and SWOT (Strengths,
Weaknesses, Opportunities, and Threats). These analyses serve to
incorporate the actual context (specifically, the prevailing Portuguese
context regarding outdoor burning) and to assess the proposed model
accordingly. Additionally, they offer clarification, identify new research
avenues, and lay groundwork for future discourse. As such, Section 2
elaborates on the comprehensive methodology, while Section 3 presents
the specific results for Research Objectives 1, 2, and 3. Sections 4 and 5
provide discussions and conclusions, respectively.

2. Materials and methods

As stated earlier, this study sets out to achieve three specific objec-
tives: RO1, RO2, and RO3. For RO1, this study adopts an empirical
methodology, which encompasses the analysis and integration of data
from existing documents, such as scholarly articles and master’s theses,
from prior stages of a project. The aim is to elucidate the RBSC in detail.
Regarding RO2, a systematic literature review (SLR) was executed
employing the PRISMA framework. The article query construction was
iterative, as illustrated in Table 1. The initial strategy involved corre-
lating terms associated with Industry 4.0 with Supply Chain and
Biomass, which resulted in a scant number of findings. In response, the
second phase saw “Industry 4.0" substituted with “digitalization”,
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Table 1

Keyword used in each stage and number of publications obtained.
Keywords Number of

publications
Supply + Chain + Industry 4.0 2536
Supply + Chain + Industry 4.0 + Biomass 9
Supply + Chain + Digitalization 26
Supply + Chain + (“Industry 4.0" OR “Digital trans*" OR 4144
Digitalization OR “Digital paradigm")

Supply + Chain + (“Industry 4.0" OR “Digital trans*" OR 16

Digitalization OR “Digital paradigm™) + Biomass

though this adjustment similarly led to limited outcomes. The final
strategy integrated both terms alongside synonyms identified in existing
literature, applying the “OR” operator for queries. Furthermore, the "*"
character was used to capture minor variations in spelling, ensuring the
inclusion of pertinent studies.

Upon finalizing the query, the PRISMA methodology was imple-
mented (Mengist et al., 2020). This methodology facilitates the identi-
fication, evaluation, and synthesis of a comprehensive list of scholarly
works. The process begins by delineating the research scope, followed by
the selection of pertinent keywords and databases for the literature
search. Upon compiling a collection of works, duplicates are removed,
and eligibility criteria, such as document type, are established,
excluding works that do not match the predefined criteria. The assess-
ment of work relevance is conducted in three sequential phases: analysis
of titles, abstracts, and full content. In each phase, works deemed less
relevant are systematically excluded. After completing these phases, the
sample to be included in the study is finalized. However, it should be
noted that the final search in the SCOPUS database yielded 16 results, of
which 5 articles were inaccessible. Consequently, the abstract filtering
stage was bypassed, and all 11 accessible works were subjected to
content analysis.

To accomplish the goal of developing a more digitally integrated
residual biomass chain management model, the anticipation was that
the findings from the second objective would suffice. However, it be-
comes evident that the biomass sector still has significant progress to
make in adopting digital technologies, especially when contrasted with
other sectors (as indicated by the substantial drop in relevant results
from 4144 to 16 upon including the keyword “biomass™). To enhance
the appeal of the model, an exploratory review was conducted to
ascertain the application of other technologies, which are minimally
represented in the biomass context, across different domains. This de-
cision was based on the premise that its potential impact on the supply
chain could significantly surpass the achievements documented in the
SLR. Fig. 1 illustrates the methodological framework employed in this
study in a schematic representation.

3. Results and discussion
3.1. Residual biomass supply chain (RBSC)

3.1.1. The concept of biomass in this study
Biomass is considered a renewable energy source because it can be

ROL ) RO2

Analysis of empirical project | i
documents (scientific articles and | | | | SRL about I4.0 technology at BSC
master's theses) |

RO3
v

Exploratory review of SC tendencies i Production of the final, more
in other contexts "digital" model
| i

Fig. 1. Methodological approach used in this study.
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cultivated, harvested, and regenerated from seeds within a brief period
(Benti et al., 2021). Biomass energy represents a significant resource as
it functions as a reserve of solar energy and emerges as a viable alter-
native to fossil fuels (Casau et al., 2021). Considering that biomass
carbon is renewable, it may serve as a valuable resource in combating
climate change. Biomass feedstocks include forest, agricultural, and
animal wastes, short-rotation forest plantations, energy crops, the
organic component of municipal solid waste, and additional organic
waste streams (Toklu, 2017). Due to its abundant and flexible storage
and supply capabilities, worldwide availability, and high conversion
efficiency, biomass constitutes a competitive energy source (Sun and
Fan, 2020). Nonetheless, several challenges accompany the utilization
of this resource, including spatial dispersion, elevated moisture content,
low bulk density, and seasonal variability in availability. Furthermore,
issues concerning market dynamics, policy frameworks, and weather
fluctuations remain unresolved. Certain scholars contend that the
viability of producing bioenergy from waste biomass is closely tied to
the supply chain costs and frequently correlates with machinery effi-
ciency (Maktoubian et al., 2021).

Agroforestry, encompassing agricultural and forestry activities,
represents a source of biomass (Casau et al., 2022a). Practices such as
forest management, which includes vegetation removal, or pruning,
result in the production of residual biomass in the form of branches or
leaves (Nunes et al., 2021), (Chidozie et al., 2023). Following harvest-
ing, trees are transported to the lumber company, while the residual
components, including branches, leaves, bark, and crowns, find appli-
cation in diverse fields, notably in paper manufacturing and biomass
energy production (Maktoubian et al., 2021). This study defines “re-
sidual biomass” as referring to these materials.

3.1.2. The model of RBSC

The supply chain for residual biomass comprises three principal
phases: harvesting, transportation and storage, and customer unloading
at the final destination. The harvesting phase entails cutting, collecting,
classifying, and temporarily storing the biomass. The transportation and
storage phase may recur multiple times, encompassing a cycle of
unloading, storage, and reloading. Direct collection and delivery to the
customer eliminate the storage component, thereby bypassing this cycle.
Occasionally, to enhance the value of the biomass, a pre-treatment stage
is introduced, wherein the biomass undergoes drying or pelletization
(Nunes et al., 2023).

Bras (2022) analyzed two case studies, later presented in two pub-
lications, Rijal et al. (2023a) and Rijal et al. (2023b). In the initial sce-
nario, the BSC typically involves three to four principal actors: the
property owner with the biomass, the logger, and the end consumers. In
certain instances, additional services such as transportation, storage, or
equipment leasing may be provided by external parties, thereby
extending the chain to include a fourth actor. Within this framework,
forest owners engage loggers to purchase their timber and clear their
land. The loggers then evaluate the value of the residual woody biomass
and determine its price. The harvesting process involves felling trees and
segregating logs from branches. Subsequently, for transportation pur-
poses, logs and branches are collected, with any remaining biomass
being either chipped or baled. The second case study examines a larger
logging operation that distinguishes itself using a GPS-based applica-
tion. This technology enables the logger to identify both potential and
already exploited resources. Additionally, this scenario introduces a
regulatory figure that monitors for uncollected biomass piles. Should
these piles exist beyond a specified deadline, the authority alerts the
logger via the application to facilitate their collection. Unlike the first
scenario, where communication primarily occurs through telephone and
direct conversation, this logger employs the application and email for
communication and information dissemination. This supply chain is
characterized by specific challenges, including the availability and
variability of biomass, which hinder efficient harvesting and trans-
portation. Furthermore, storage processes must ensure the maintenance
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of biomass quality (Chidozie et al., 2023). Fig. 2 graphically systema-
tizes the aforementioned process in a flowchart.

In the existing RBSC framework (AS-IS model), this supply chain is
deemed inefficient owing to its logistical expenses. Generally, the chain
is defined by the involvement of numerous distinct participants and a
significant deficiency in information and coordination among these
entities. Additionally, a notable characteristic of this context is the
supply chain’s substantial reliance on human labor (Rijal et al., 2023a).
Moreover, certain inherent characteristics of biomass detract from the
system’s overall efficiency. These characteristics are low bulk density
(Guo et al., 2022) or seasonality and high geographical dispersion
(Moretti et al., 2021). In addition to these characteristics, high hetero-
geneity and a high quantity of inert materials are also considered (Nunes
et al., 2015).

Several authors contend that this chain faces numerous challenges
necessitating immediate attention. These include the need for enhanced
planning across all tasks, improved efficiency in harvesting processes,
and optimized route planning. Regarding storage, concerns regarding
the potential deterioration of biomass and the risk of infestations should
also be addressed (Chidozie et al., 2023). In this chapter, it is noted that
several authors concur on the premise that temporary storage can
enhance value by diminishing the water content inherently present in
biomass (Nunes et al., 2015). Other authors contend that these stores
may serve as an asset in mitigating seasonality (Basile et al., 2022).
Despite existing positive signals, owners within this supply chain pri-
marily communicate with loggers via telephone or negotiate wood
pricing directly with them (Rijal et al., 2023a). Therefore, the three
principal challenges facing this RBSC include minimizing human labor
while enhancing working conditions, facilitating connections among
stakeholders while fostering a transparent information environment,
and developing intelligent systems to bolster decision-making support.

3.2. Digitalization of the supply chain in the context of the biomass
industry and future developments

3.2.1. Internet of Things in BSC

Internet of Things (IoT), offer numerous advantages, including con-
nectivity and the real-time exchange of information (Dionisio et al.,
2022). IoT technology frequently integrates with other technologies to
influence the BSC framework. Scholars have noted the synergistic use of
IoT and sensors for facilitating real-time data acquisition (Andiappan
et al., 2021). This involves collecting data via sensors, storing it in the
cloud, and employing I[oT for data transmission. Additionally, the
incorporation of Blockchain (BC) technology enhances data analysis
capabilities due to its provision of traceability and reliability across the
entire data chain (Loy et al., 2023). This technology possesses the po-
tential to connect stakeholders within the supply chain, thereby
enhancing information accessibility for consumers (Aragonés et al.,
2020). This information encompasses various categories, including data
on pests and weather conditions. As will be discussed, artificial intelli-
gence (Al) holds significant potential. However, its predictive capabil-
ities depend on the availability of data. Therefore, the integration of the
IoT with AI presents considerable promise, as evidenced by scholarly
research, including the study referenced in (Zailan et al., 2021).

%
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" Need for agricultural or
forest management activity
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Fig. 2. Systematization of the actual model of RBSC.
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3.2.2. Artificial intelligence in BSC

Al comprises machines performing tasks that traditionally require
human intelligence (Mhlanga, 2021). In the process of converting spe-
cific biomasses into energy, stakeholders frequently employ experi-
mental design. However, Al and machine learning (ML) algorithms now
enable the prediction of solubility and the identification of optimal
solvents, thereby reducing time and costs (Loy et al., 2023). In the
agricultural sector, data on locations acquired through remote sensing
can be input into machine learning algorithms. These algorithms can
predict agricultural yields and enhancing planning strategies (Martinho
et al., 2022). Also, in processes of biomass energy recovery, Al could
facilitate the pretreatment method choice (Wang et al., 2023). In
conjunction with the previously discussed forecasts, reference (Mar-
tinho et al., 2022), suggests that ML possesses the capability to facilitate
the mapping of corn farms in the winter season, delineate agricultural
lands, and estimate soil carbon content. Within the realm of robotics and
machinery pertinent to the BSC, ML holds a pivotal role in predictive
maintenance. This application is projected to reduce machinery mal-
functions, thereby enhancing the occupational safety of loggers.
Notably, loggers are approximately 26% more susceptible to injuries
compared to standard factory floor personnel (Maktoubian et al., 2021).
This predictive maintenance strategy may reduce the overall costs
associated with machinery failure. Additional research, including that
by Flak (2020), outlines solutions that integrate machine learning (ML)
with Geographical Information Systems (GIS), thereby broadening the
scope of forecasting solutions. Furthermore, this study introduces
ERPagro, an Enterprise Resource Planning (ERP) system designed to
support agricultural forecasting by offering functionalities for produc-
tion planning, fertilization scheduling, and sales management.

3.2.3. Blockchain in BSC

BC is characterized by offering advantages including security,
transparency, and decentralization (Fiore and Mongiello, 2023). This
technology has been extensively utilized in the literature due to its
applicability across various domains (Bastos and Teixeira, 2024). At the
BSC level, the role of BC can be understood through the work of Pak-
seresht et al. (2023). According to the authors, BC contributes signifi-
cantly to the agri-food sector by ensuring information traceability and
authenticity, positively impacting e-commerce, and safeguarding data
integrity and security. Furthermore, BC aids in the reduction and re-
covery of food waste through enhanced data reliability. Additionally,
BC’s integration with technologies such as RFID, Al, or sensors enhances
information traceability within this domain. In terms of economic
transactions, the technology’s decentralization of payments is attracting
considerable interest. Within the BC sphere, the presence of numerous
intermediaries, which are often viewed with skepticism, poses a chal-
lenge. However, this issue can be addressed by employing platforms that
facilitate engagement among various stakeholders. This notion is sup-
ported by Loy et al. (2023), who assert that smart contracts based on BC
technology can expedite monetary transactions and enhance their ap-
peal. Consequently, it can be inferred that BC ensures the integrity of
information (Andiappan et al., 2021). At the biorefinery level, BC-based
digital twins facilitate the integration of data collected from reactors,
utilizing 5G technology to ensure connectivity. This integration occurs
within a virtual system, known as a digital twin, enabling experimen-
tation within a virtual clone (Loy et al., 2023).

3.2.4. Other technologies in SC

3.2.4.1. Big data and Advanced Analytics. As outlined in the method-
ology section, the literature pertaining to the application of technology
within the BSC framework is relatively limited. Therefore, the objective
of section 3.2.4 is to augment the existing analysis by identifying po-
tential technologies capable of facilitating digitalization (Industry 4.0)
in diverse SC contexts, beyond the confines of the biomass industry. This
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endeavor seeks to uncover unexplored potentials within the realm of
BSC and propose a more comprehensive and refined solution.

Big Data (BD) encompasses vast volumes of data generated in real-
time by sensors, surpassing the capabilities of conventional software
for management. According with Huynh et al. (2023) and Chatterjee
et al. (2023), the primary utility of BD lies in its capacity to extract
valuable insights, placing it within the domain of Big Data Analytics
(BDA). Data Analytics (DA) encompasses the utilization of analytical
tools, such as data mining or descriptive analysis, to scrutinize data and
derive conclusions (Raut et al., 2021). Another concept encompassed
within this framework is Advanced Analytics, a fusion of DA with ML or
optimization techniques. Its aim is to expand beyond basic analysis,
transitioning from understanding current phenomena to anticipating
future trends (Stahl et al., 2023).

BD serve diverse applications and purposes, such as discerning
consumer roles in specific online retail environments (Porouhan and
Premchaiswadi, 2021), or analyzing trends in consumer behavior
(Maddikunta et al., 2022). It offers opportunities in predictive modeling
and mitigating failures in the agricultural sector, consequently
enhancing system efficiency. Another significant advantage lies in the
capability to acquire real-time data and make instantaneous decisions
(Wolfert et al., 2017). The main anticipated benefits encompass fore-
casting accuracy and reduced costs (Hopkins, 2021). Another domain
that has benefited from BDA is route optimization, particularly evident
in the aviation industry, where factors such as fuel consumption are
carefully analyzed (Ghobakhloo and Fathi, 2021). The quantities of
generated data are frequently underutilized, yet they present opportu-
nities for exploration (Rowan, 2023). Certain challenges exist in
analyzing private and sensitive data, posing risks to security and privacy
(Raut et al., 2021).

3.2.4.2. Robotic process automation (RPA). RPA is a very attractive
technology that could reduce operating costs. It can be defined as a
robot/software capable of performing routine tasks (E-Fatima et al.,
2023), such as transferring data, achieving high performance rates and
avoid allocate uninteresting work to humans (van Hoek et al., 2022). As
RPA advantages, it is possible to note, the decrease in the probability of
errors or the possibility of making operations less dependent on humans
(E-Fatima et al., 2023). RPA can be used with little training, and once
applied can be easily adapted, extended or eradicated (Hartley and
Sawaya, 2019). One example of RPA was in Maersk’s case, where the
robot replaced human tasks, resulting in a decrease in the average
handling time from 13.1 to 3.6 days. This could be explained by the fact
that the robot can receive an order at any time and follow up on it,
without having any problems with weekends (van Hoek et al., 2022).
RPA can generate and transmit requests for quotations, assess supplier
tender replies to preset criteria, do other tasks related to
procurement-to-payment operations, make purchase orders, reconcile
them with receipt papers, invoices, and purchase orders, and handle
payments (Hartley and Sawaya, 2019). Before implementing RPA, it is
important to make sure that the processes have very specific rules,
without many exceptions. It is also important to know the costs of the
worker carrying out the task (Viale and Zouari, 2020). It is important in
RPA to understand which processes can be transferred to bots and which
cannot. Sometimes it can be difficult to map out the whole process
because the person who carried out the task does not have a complete
view (Oshri and Plugge, 2022). Because of this, RPA implementation can
be advantageous because it allows the processes to be clarified and
documented.

3.2.4.3. 5G technology. 5G is defined as a combination of technologies
and mechanisms that are expected to meet the necessary capacity and
performance requirements (Jangirala et al., 2020). 5G technologies will
enable ubiquitous communication, allowing latency to be reduced by
100 times compared to 4G. 5G works as an IoT enabler because it
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requires less energy, reduces latency, and at the same time allows high
data transactions (Mistry et al., 2020). The amount of data that the
current context requires to be transferred is difficult to achieve given the
bandwidth that current infrastructures have (Jangirala et al., 2020). A
great enabler of digital SC is 5G. The importance of receiving data at the
SC level is very high, because the sooner they receive the data, the less
they will spend on recovery costs. This technology makes it possible to
adopt new concepts such as cloud manufacturing or digital twins.
Real-time data sharing, product production, logistics, and warehouse
management can be pointed as the areas with the most to gain from this
technology (Dolgui and Ivanov, 2022). Technical implementation issues
and management use issues comprise the two main categories of this
technology’s challenges. Issues with security and privacy, logistical
standards, inadequate management of 5G-based supply chain proced-
ures, and, in management support, the 5G are, sometimes, linked to Al,
which could represent the possible replacement of human labor (Dolgui
and Ivanov, 2022). Another concern inherent to this technology is the
possibility of external threats because 5G is, sometimes, associated with
networking between various companies (Javaid et al., 2022).

3.2.4.4. Edge computing (EC). The rapid growth of concepts such as IoT
and the cloud has brought about a new concept, EC, which is defined as
data processing at the edge of the network (Maddikunta et al., 2022).
This emerges as an addition to cloud computing, being an
application-aware network that can recognize and instantly adjust to
changing requirements (Rowan, 2023). This technology has advantages
such as reducing latency costs and response times, and increasing data
protection and security because it can process data without passing it to
public clouds. Another advantage is that EC filters data “a priori”,
allowing only relevant data to reach the processors (servers) (Maddi-
kunta et al., 2022). The architecture based on 3 technologies, IoT, BC
and EC, is proposed in some works. The purpose of IoT is to collect data,
incorporating technologies such as sensors, cameras, or GPS. The
objective of EC is to put all the data in the same format since the data is
collected by different hardware and in different formats and the BC is
used in the cloud computing phase (Hu et al., 2021). With an identical
structure, there is the Wang & Wang (Wang and Wang, 2022) model,
used in the financial sector, where the EC was used to link the user
interface with the BC. The security could be a challenge in this tech-
nology, since there are many data interfaces, together with the fact that
cutting-edge devices sometimes have low performance levels, which
makes it difficult to implement security algorithms (Qiu et al., 2020).

3.2.4.5. Virtual reality (VR) and augmented reality (AR). In VR, users
wear glasses on their faces where virtual simulation worlds are created
that allow them to understand real phenomena without interacting with
reality (de la Pena Zarzuelo et al., 2020). AR allows 3D objects to be
integrated into real environments (Rejeb et al., 2021), and could be used
for some fields, such as training. In terms of logistics, this technology
makes possible to reduce the time spent by the operator (Sharifpour
et al., 2022), (Aravindaraj and Rajan Chinna, 2022). VR has a positive
impact in prototyping processes, acting in smart design (Singh et al.,
2023), it also allows the analysis of new products in different contexts,
or simulation, as in the case of driving lessons (Hamad and Jia, 2022).
The negative points of VR include problems with software, which takes
up a lot of space and is demanding in computational terms, the hardware
is relatively heavy, which can cause physical injuries. In addition, users
can get cyber sickness (like motion sickness). The last point is the cost of
buying both headsets and computers (Hamad and Jia, 2022). Concern-
ing AR, in the marine context, the possibility of enhancing the percep-
tion and quality of the information received on a ship’s bridge by
integrating actual and virtual objects and evaluating information in
real-time makes docking and undocking operations easier for pilots and
commanders (de la Pena Zarzuelo et al., 2020). In terms of order pick-
ing, this task is often associated with waiting times, which can be
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reduced by using AR. In production terms, AR makes it possible to
reduce assembly errors, reduce the consumption of raw materials and is
also a very useful tool in terms of maintenance processes (Rejeb et al.,
2021). The AR still lacks some maturity to be able to assess its profit-
ability, as is the case in the fashion sector, where there is some distrust
about investing in this technology (Parekh et al., 2020).

3.2.4.6. Cyber-physical systems (CPS). CPS are intelligent systems that
combine communication and computing capabilities with physical sys-
tems. They are seen as the main drivers of Industry 4.0 (14.0) as they
allow the physical and virtual worlds to converge (Ghadge et al., 2022).
It can improve decisions by providing real data on the state of systems.
CPS with technologies such as RFID or sensors can increase the visibility
and tracking of products throughout the SC. CPS can also facilitate
preventive maintenance (Fatorachian and Kazemi, 2021). Still in the
benefits chapter, CPS could have a positive impact on MRP (Material
Requirement Planning) (Yadav et al., 2022), also in energy systems,
agriculture (Smetana et al., 2021), autonomous systems, automotive
systems, aeronautical systems, robotic systems, industrial systems, or
IoT applications (Alfuhaid et al., 2023). With the emergence of real-time
sensing, enhanced control, Al, and service-oriented manufacturing, CPS
has become crucial to many emerging technologies (Kamble et al.,
2022). CPSs can collect data from various products, allowing them to
focus on the “whole” rather than the individual (Smetana et al., 2021).
As CPS involves data exchange, they are an ICT, and they are exposed to
cyber-attacks (Jimada-Ojuolape and Teh, 2020). The main challenges
facing CPS are bandwidth structures, production interruptions due to
data failures, the lack of prioritization on the part of the administration,
and data security (Sahin et al., 2022). This last one is discussed in Feng
et al. (2020), which talks about the data security CPSSs (CPSs that
include a social component).

3.2.4.7. Digital twins (DT). DT allow the creation of a clone supply
chain that can allow the perception of current status and allow the
determination of corrective actions using a virtual world (Andiappan
et al., 2021), (Kamble et al., 2022). DT has advantages such as the
possibility of process integration, the possibility of process optimization,
the reduction of errors, the aid in predictive maintenance (Kamble et al.,
2022) and the flow visualization, predicting for example the energy
consumption (Ghobakhloo and Fathi, 2021). DT can optimize aspects
such as packaging performance, fleet management, and route efficiency.
In the agricultural sector, it can help reduce energy costs, and predict
crops according to soil conditions, invasive plants, or animals. It also
makes possible to increase transparency and communication between
the various stakeholders (Attaran and Celik, 2023). DT can make a
strong contribution to the circular economy, for example by helping to
process customized orders more quickly and automating processes
(Preut et al., 2021). The design of a DT, although very advantageous,
faces several challenges such as the price of the design, and in the
context of SC, DT is a relatively scarce technology (Marmolejo-Saucedo,
2022).

3.2.4.8. Quantum computing (QC). QC is a technique that has gained a
lot of popularity in the scientific community because it offers greater
computing speed, which can be very useful in solving complex problems
(Dixit et al., 2023). This computing has been widely used to solve
problems such as Manufacturing Cell Formation or Vehicle Routing
(Ajagekar et al., 2020). This computing could be very useful in SC
problems (Dixit et al., 2023). Quantum algorithms can offer huge per-
formance improvements over known classical algorithms for solving
important problems such as integer factorization and the simulation of
quantum mechanics (Weinberg et al., 2023). In terms of transportation
problems, QC proves to be very useful for solving large-scale problems,
with better results obtained more quickly (Dixit and Niu, 2023). There
are also studies that apply this technique to problems such as stochastic
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time-dependent shortest path routing (Dixit et al., 2023). Often, to
obtain a better result, it is necessary to use many “shots”, reducing the
advantage that can be gained from subroutines (Egger et al., 2020).
Noise and value decoherence can affect the results of QC (Bhattacharya
and Chatterjee, 2022).

3.3. New model of RBSC with the technology inputs

3.3.1. Brief exploratory analysis of other technologies at the SC level

The previous section aimed to summarize the primary contributions
of 14.0 technologies in enhancing digitalization within the BSC frame-
work, extending to other SC domains. Following the exploratory analysis
described in methodology, it is evident that AI holds potential beyond
biomass-related contexts, with documented experiences indicating
additional contributions. Drone image-capturing capabilities have
proven beneficial for integration into AI technologies, facilitating
knowledge enhancement through inherent algorithms. This combina-
tion has been used in several areas such as detecting water leaks (Islam
et al., 2023), detecting pests in the agricultural sector, where individual
analysis of each product would be unfeasible by humans (Chin et al.,
2023). Still in the chapter on detecting products using ML algorithms,
some work as Zaman (2022) which shows a mechanism for identifying
types of waste using ML, and the work of Islam et al. (Amani and Sar-
kodie, 2022) which proposes a deep learning algorithm to analyze the
state of meat at its SC level. Still at the level of drones in a forest context,
this technology can be associated with LiDAR technology to better un-
derstand the forest (Jucker et al., 2023). Robotization, a component of
14.0, has also been talked about in the context of the forest, as in the case
of the work of Oliveira et al. (2021). In this work, four categories are
approached for robots, such as preserving and monitoring the environ-
ment, battling wildfires, maintaining inventories, and planting, and
harvesting forests. Table 2 summarizes the main contributions of each
technology.

The analysis of Table 2 indicates that the primary contributions of
these technologies lie in data exchange and subsequent information
sharing. This is particularly evident in technologies facilitating real-time
information exchange or bolstering data transaction security. Addi-
tionally, certain technologies are closely tied to process automation,
notably within administrative tasks, resulting in expedited document
turnover and enhanced information flow. These functionalities collec-
tively fall under the purview of Information Management. Another sig-
nificant aspect of digitalization, frequently deliberated, is the support
these technologies offer in predictive maintenance, particularly in pre-
emptive failure mitigation. Within the logistics domain, technologies
such as VR and AR are gaining prominence, especially given the sig-
nificant transportation challenges inherent in SC management. Notably,
technologies make substantial contributions in this domain as well. The
integration of automation and predictive mechanisms significantly
benefits harvesting processes. Although harvesting is not the sole stage
affected by these technologies, the insights they offer can be extrapo-
lated to other stages of the RBSC. Given potential overlaps across RBSC
activities, the subsequent chapter will present the digital model within

Table 2
Summary of the main contributions by technology.
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the framework of the four designated areas (Information Management,
Maintenance, Logistic Operations, and Stages Process) delineated in the
primary contributions, correlating them with specific RBSC activities.

3.3.2. Proposal for a new model for RBSC

3.3.2.1. Stages process. In this sector, technology, particularly AI,
significantly contributes due to its advanced algorithms, particularly in
predictive capabilities. For instance, in agriculture, machine learning
enables the anticipation of production quantities (Martinho et al., 2022).
In this context, the harvest forecast can be extrapolated to predict re-
sidual biomass resulting from these productions. Complementing this
technology, data collection is essential, wherein sensors and IoT con-
nections play a pivotal role (Andiappan et al., 2021). In this context, 5G
technology significantly facilitates data exchange due to its capacity for
real-time transmission of large volumes of data (Mistry et al., 2020). In
the realm of ML technology, the integration of this technology with
drones has emerged. Drones facilitate the transmission of images,
enabling efficient data delivery to algorithms. This capability, for
instance, facilitates the identification of pests in agricultural crops (Chin
et al., 2023), and then it is possible to obtain information about what
biomass can be collected (Liao and Yao, 2021). Another ML work shows
the possibility of recognizing different types of trash through images
(Zaman, 2022), which could be an opportunity if extrapolated to the
recognition of forest species by combining drone images with ML al-
gorithms. Another technology that also revealed the potential for
increasing efficiency and detecting failures in the agricultural sector is
BD (Maddikunta et al., 2022), (Wolfert et al., 2017). GIS can also pro-
vide important spatial information that can complement Al analysis, for
example, helping to calculate the costs of using biomass in remote areas.
Thus, in terms of the cutting process, the work of Oliveira et al. (2021)
has demonstrated the significant impact of robotization within these
sectors, enhancing operators’ living conditions and positively affecting
system efficiency. Despite potential economic concerns, these are
counterbalanced by social benefits. Moreover, robotization not only
benefits the cutting process but also extends to the pre-treatment phase,
influencing treatment selection based on biomass nature and charac-
teristics (Wang et al., 2023). Drone and machine learning mechanisms
play a pivotal role in aiding this decision-making process. Valuable in-
formation guiding collection decisions can also inform decisions in the
pre-treatment phase. Additionally, big data analysis, previously utilized
in understanding online consumer behavior, offers another significant
contribution in this context (Porouhan and Premchaiswadi, 2021).
Herein lies potential for extrapolation, enabling enhancements in end
consumer demand forecasting, thereby fostering improved alignment
between supply and demand.

3.3.2.2. Maintenance. In the maintenance chapter, applicable to all
machinery and transportation means in this context, new technologies
can significantly contribute to two primary areas. The first area is pre-
ventive maintenance, where existing research demonstrates the efficacy
of BD technology coupled with ML in enhancing maintenance processes

Tech Main contributions Tech Main contributions Tech Main contributions

IoT Player’s connection RPA Process robotization CPS Predictive maintenance
Information sharing

Al Process understanding 5G Real-time information share DT Real environment simulation
Planning and forecasting
Predictive maintenance

BC Data security EC Data protection QC Transportation problems
Transaction security

BD Demand forecasts VR/AR Training (driving) Robotization Harvesting activities

Failure prediction
Route optimization

Docking/undocking operations
Order picking
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(Maktoubian et al., 2021). Another contributing technology is the DT. Its
capacity to replicate real-world environments in a virtual space enables
the anticipation of potential failures (Kamble et al., 2022). In this sce-
nario, integrating sensors with IoT connectivity becomes crucial for
simulating real-time data within the DT. Additionally, significant ad-
vancements can be observed at the maintenance level through the uti-
lization of AR technology (Rejeb et al., 2021). By integrating 3D tools
into the physical environment, employees gain the capability to effi-
ciently address machinery issues.

3.3.2.3. Logistics operations. At the logistics operations level, the
aforementioned technologies can enhance two primary components:
transportation and warehouse management. A significant challenge in
transportation is the Vehicle Routing Problem, which involves deter-
mining the optimal routes to efficiently serve all customers. In this re-
gard, one technology that has made a substantial contribution is QC
(Ajagekar et al., 2020). In the realm of transportation, VR technology
facilitates employee immersion in a virtual environment, serving as a
valuable tool for driver training (Hamad and Jia, 2022). Given the
substantial scale of biomass transports, their contribution to the trans-
portation sector is deemed critical. Biomass logistics are also integral in
addressing efficiency concerns, particularly evident in the aviation in-
dustry where route optimization is paramount (Ghobakhloo and Fathi,
2021). In warehouse management, AR can assist in docking and
undocking operations (de la Pena Zarzuelo et al., 2020), and streamline
logistical processes like material collection. This applicability can
readily extend to biomass logistics initiatives, aiding personnel in their
duties. Within warehouses, sensor integration with Al can identify pest
infestations (Chin et al., 2023), or be adapted akin to the methodology
outlined in (Amani and Sarkodie, 2022), albeit geared towards identi-
fying spoiled biomass using drone imagery processed by ML algorithms.
Effective utilization of IoT and 5G resources is essential for linking
drone-generated data to ML algorithms.

3.3.2.4. Information Management. One of the problems in this chain is
the lack of communication channels, sometimes resorting to word of
mouth or email. In this sense, technologies such as IoT and BC (Loy et al.,
2023), due to their characteristics of increasing transparency, trace-
ability, and tracking, can enhance the creation of trustworthy commu-
nication channels (Aragonés et al., 2020). Combined with these two
technologies, EC can appear, allowing increased data protection and
security as stated by Hu et al. (2021) and Wang & Wang (Wang and
Wang, 2022). This could increase the confidence of the various actors in
the chain in the model, transforming information from the entire chain
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into a reality easily accessed by everyone. BC technology also has
another strong contribution which lies in the fact that it is associated
with the security of financial transactions, so this technology can stim-
ulate the emergence of new business models and the emergence of new
payment models that replace the usual cash transactions (Loy et al.,
2023). Still in terms of creating integrated tools, if they exist, RPA can
make a huge contribution, allowing, for example, the entry of orders at
any time (van Hoek et al., 2022) or the management of information
related to payments in a simple way (Hartley and Sawaya, 2019). BD has
proven in other contexts to be viable for analyzing trends (Maddikunta
et al., 2022), something that can also be disruptive and innovative by
allowing forest owners, for example, to know which main residual bio-
masses are being consumed. The convergence of real and virtual worlds
necessitates the integration of 5G and CPS technologies to unlock their
full potential. Fig. 3 presents a schematic representation of the revised
RBSC model. Notably, transportation and storage are distinctly
addressed through specialized technologies for each function.

3.3.3. TO-BE model (analysis of the AS-IS model in the light of emerging
technologies)

In the AS-IS model (Section 3.1.2), communication and integration
issues among chain stakeholders are identified as significant. This model
proposes leveraging emerging technologies like BC and IoT to facilitate
extensive data exchange, ensuring security and transparency. Addi-
tionally, technologies such as 5G and EC can enhance communication
speed and synchronize data from various devices, fostering trust among
stakeholders. Addressing labor-intensive processes, robotization in
harvesting can enhance efficiency and worker safety. AR improves
warehouse operations and maintenance, indirectly benefiting worker
conditions. BD and ML aid in preventive maintenance, minimizing
machinery failures and reducing reliance on manual labor. Decision
support tools play a crucial role, utilizing drones, [oT, and Al to detect
pest infestations and assess species diversity. Algorithms optimize
biomass collection and warehouse management. DT simulate system
scenarios for informed decision-making. QC offers potential solutions for
routing challenges, a critical issue in the supply chain.

One of the biggest problems associated with digitalization technol-
ogies lies in data security (Raut et al., 2021). Their privacy is also seen as
a negative aspect of this digitalization (Raut et al., 2021). Regarding
more specific objectives, a lot of detail is required when describing
processes to, for example, enable the implementation of RPA (Viale and
Zouari, 2020). Another problem is the possible replacement of human
work by machinery/algorithms (Dolgui and Ivanov, 2022). Negative
points include acquisition or implementation costs, as well as the
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possibility of physical injuries, as in the case of VR equipment (Hamad
and Jia, 2022). However, as a great enabler of optimization of the entire
chain, DT appears, whose main benefits are the possibility of creating a
real environment, allowing the optimization (Kamble et al., 2022) or the
reduction of energy consumption (Attaran and Celik, 2023). This tool
can become very viable in supporting the entire digitalization process
and consequent optimization of the chain. Its use may allow the
perception of other challenges, but at the same time facilitate
decision-making.

4. Reflection of the results based on PEST and SWOT analysis

To initiate a discussion on the proposed model, two PEST and SWOT
analyses were employed. These analyses leverage the collective expe-
rience and expertise of the research team and were constructed being in
mind the Portuguese context. The PEST analysis is a methodological tool
utilized to delineate external macro-environmental factors crucial for
strategic assessment (Akinsolu, 2023). The analysis aims to evaluate the
newly proposed model across four primary categories: political, eco-
nomic, social, and technological. Employing the SWOT analysis frame-
work, the study intends to assess both internal factors (strengths and
weaknesses) and external factors (opportunities and threats) that may
impact a defined set of objectives (Abraham and Franken, 2023).

4.1. PEST analysis

4.1.1. Political factors

Regarding external political factors, a notable concern is the General
Data Protection Regulation (GDPR). The primary objective of this
regulation is to safeguard personal data, potentially posing challenges to
the model efficacy and potential optimization gains. Additionally,
within the Portuguese context, there exists a property registration
platform known as BUPI (“Balcao Unico do Prédio," translated as “One-
stop Shop for Buildings™). This platform aims to aggregate information
on buildings, thereby contributing to the preservation and understand-
ing of Portuguese heritage. Such aggregation of data could serve as a
significant resource for understanding the Portuguese forest landscape.
Another significant political aspect pertains to the burning period,
which permits individuals to burn waste during specific seasons of the
year, which may significate a maintenance of traditional methods rather
than embracing digitalization. The digitization of forestry processes has
the potential to reduce production costs associated with renewable en-
ergy. This cost reduction could amplify interest in renewable energy
sources, consequently diminishing reliance on fossil fuels and aligning
with decarbonization policies.

4.1.2. Economic factors

In economic terms, inflation may hinder the adoption of this tech-
nology due to its potentially high costs. Additionally, a decrease in
economic growth can dampen enthusiasm for investment. However,
during times of crisis, such technology may be scrutinized more closely,
potentially making it a valuable asset. Another avenue for funding lies in
research and development (R&D) projects aimed at creating innovative
solutions, which could prove beneficial for addressing future needs.
Numerous initiatives have emerged to support the transition to renew-
able energy, with potential funding opportunities arising from inte-
grating digital solutions to enhance energy efficiency. Also, increased
investment in machinery for deforestation could lead to a reduction in
workplace injuries, thereby attracting new labor and mitigating unem-
ployment. The prevalence of elderly landowners with limited pensions
who incur high expenses for land maintenance may further drive interest
in these solutions within this demographic.

4.1.3. Social factors
In contemporary social discourse, there is a notable escalation in the
appreciation of concepts such as green energy and decarbonization. This
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proposed model, aimed at optimizing RBSC, presents potential value by
enabling the imposition of a marginal additional levy (dedicated to
financing the entire technological system), thereby ensuring a future less
reliant on fossil fuels. Given the widespread integration of technology
within society — exemplified by the ubiquitous ownership of smart-
phones among a significant portion of the populace - there exists a
potential facilitative pathway for the digital transition inherent in this
model. Another pertinent consideration lies in the increasing con-
sciousness surrounding the utilization of Al tools such as GPT chat,
alongside ongoing discussions pertaining to emerging professions that
can leverage these tools. Within this evolving landscape, the viability
and contemporaneity of this model appear increasingly evident.

4.1.4. Technological factors

In technological contexts, particularly within digital transition
models, a notable challenge arises from the perpetual evolution of
technology. This evolution can pose significant compatibility issues,
necessitating infrastructure adjustments. However, within an increas-
ingly technocentric landscape, there is a prevailing trend towards
expanded supply offerings at more accessible price points, potentially
mitigating the aforementioned challenges. Infrastructure alterations
may introduce complications such as equipment disposal, often associ-
ated with waste. Nonetheless, scholarly inquiry has addressed this
concern, suggesting the emergence of novel strategies for managing
obsolete technology. Table 3 provides a summary of factors outlined in
the PEST Analysis.

PEST analysis in the field of biomass has already been addressed in
other works. Thus, in political terms, there is a strong potential for this
model to help the energy transition and, consequently, decarbonization.
This potential has also been mentioned by other authors, who talk about
the construction of biomass co-firing at coal power plants as an enabler
of compliance with the Paris agreement (Sugiyono et al., 2022), or
Nunes et al. (2015), which refers to the potential of biomass as an
enabler of compliance with decarbonization targets. Also, in shipping
sector, the policies for using biogas in this context are mentioned
(Mallouppas et al., 2023). Another aspect approached in this work is the
burning period, which in addition to reducing interest in these models,
can also lead to fires. The use of biomass, besides the energy potential,
has the power to reduce fires, and this issue may be of political interest
(Nunes et al., 2023). This paper also discusses the GDPR and BUPI,
which are not covered in any of the works cited. The first one because
they do not involve such a data-based model, while the second is justi-
fied by the fact that is a relatively recent development in the Portuguese
context.

In economic terms, the major constraint of this model lies in the
investment inherent in the technology. This problem is also reported in
the work (Nunes et al., 2015), which points the crisis as an inhibitor of
this investment, which is in line with this work. Another work (Nunes
et al., 2023), indicates the operating costs as something that inhibits the

Table 3

Summary of the factors listed in PEST Analysis.
Political Economic Social Technological
Problems with Inflation and Valorization of Constant

privacy related economic concepts such as evolution of
with GDPR; decline; green energy or technology;
Obligation to R&D project decarbonization; Decrease in
register with BUPI;  funds; Familiarity of the technology
Burning Energy population with prices.
legislation; transition new technologies;

Decarbonization project funds; Familiarity of

policies. Reduced injury relationship with AI

costs; technology.
Low reforms

and high forest

management

costs.
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use of residual biomass, which in this context can even be mitigated by
all the advantages already explored. Looking at the investment problem,
this work talks about the possibility of using funds, something that is
pointed out as an enabler in the context of biofuels in shipping (Mal-
louppas et al., 2023), showing that this will be the “main” path for this
type of funding. The work of (Sugiyono et al., 2022) talks about the
possibility of making a return on the carbon market, something that
could be explored in this model where implemented. In terms of
workers, (Nunes et al., 2015) talks about the development of job op-
portunities, this study, as result of all the technological advantages,
discusses the possibility of increasing the quality of life of these
employees.

In social terms, the major point discussed almost unanimously in the
various analyses is in line with the results of this one, the positive impact
that the use of renewable energies can have on society (Nunes et al.,
2015), (Mallouppas et al., 2023). Another relevant aspect in this model
is the familiarity of people with new technologies, which can be an
enabler of this model, possibly providing new job opportunities, which is
in line with Nunes et al. (2023) and Sugiyono et al. (2022), where be-
sides the difference in purpose also points the exploitation of biomass as
an enabler of job creation. In technological terms, conversion technol-
ogies govern most of the works, but this one looks at technological as-
pects from an 14.0 perspective, which makes it innovative, showing the
relevance of analyzing these aspects in the biomass context, and con-
stitutes a interesting future work.

4.2. SWOT analysis

4.2.1. Strengths

The presented model exhibits several strengths. Firstly, it offers
enhanced knowledge of forest ecosystems, filling a current gap in un-
derstanding. This increased knowledge base could lead to more
informed decision-making processes, thereby enhancing certainty. Sec-
ondly, the model reduces the likelihood of human errors due to its
extensive utilization of technology. By leveraging predictive mecha-
nisms, decisions can be bolstered, reducing reliance on human intuition
as the primary decision support tool. Thirdly, it contributes to a general
reduction in logistical activities within the forestry supply chain, mini-
mizing unnecessary unloading and temporary storage. Additionally, the
model improves social conditions by facilitating robotization and miti-
gating machinery failures through advanced preventive maintenance
technologies. These improvements can enhance working conditions for
all stakeholders involved in the supply chain. The model addresses the
issue of information asymmetry within the current forestry landscape,
often resulting in reliance on unreliable sources such as word of mouth,
culminating in a reduction misinformation and enabling more informed
decision-making processes.

4.2.2. Weaknesses

In terms of weaknesses, the foremost issue is the cost associated with
the required technologies. Implementing this model necessitates not
only the adaptation or modification of existing infrastructure but also
significant investment in new technologies. Additionally, a considerable
portion of the forests targeted for conservation is in underdeveloped
regions lacking adequate technological and social infrastructure. From a
technological standpoint, there remain numerous areas devoid of
essential network coverage, which may persist due to sparse population
densities and prolonged payback periods. On the social front, remote
areas often suffer from a deficiency in digital literacy, particularly
among older demographics comprising most of the population. Resis-
tance to embracing this model may arise, as some individuals may
perceive a loss of control over traditional business or market structures,
potentially sparking opposition movements against the transition.

4.2.3. Opportunities
In terms of opportunities, several key points emerge. Firstly, there is
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potential for an increased adoption of renewable energy sources, which
could yield cost advantages. Secondly, leveraging domestic biomass
resources reduces reliance on imported fossil fuels, a significant
consideration for Portugal given its lack of domestic fossil fuel sources.
Additionally, valorizing residual biomass can mitigate rural fire risks by
preventing open burning and reducing forest fuel loads. Implementing
algorithms coupled with sensory systems offers a means to safeguard
stored materials, thereby averting potential losses due to neglect, decay,
or pest infestations. Furthermore, the emergence of technologies like BC
holds promise for enhancing trust among stakeholders and streamlining
monetary transactions within the biomass value chain, potentially
fostering novel business models. The valorization of biomass resources
can also lead to socioeconomic benefits, such as providing supplemental
income for pensioners and fostering forest maintenance activities.
Moreover, the imperative to engage with digital technologies may
prompt widespread upskilling, thereby enhancing the digital literacy of
the populace. There is an opportunity for infrastructure development in
remote areas, potentially catalyzing economic growth and attracting
new investments and talent. This, in turn, could give rise to new pro-
fessions centered around managing complex biomass systems, while
increased automation may reduce workplace injuries and facilitate
immersive training experiences, such as virtual reality-based driving
simulations.

4.2.4. Threats

In terms of threats, the primary concern lies in the potential lack of
perceived value by investors, whether external or state-funded, leading
to a reluctance to invest in these solutions. Additionally, the requirement
for individual investments in equipment such as smartphones or com-
puters to access information presents a significant challenge. It is
impractical for local authorities or other entities to provide such
equipment for the entire population. Moreover, there may be inherent
distrust among individuals, particularly in less developed areas, toward
these new models, impeding their acceptance. Presently, a substantial
portion of information exchanges, as outlined in section 3.1.2, still rely
on word-of-mouth or email. In this context, the adoption of RPA and
other technologies may lead to the obsolescence of certain professions.

Table 4 succinctly outlines the factors identified in the SWOT
Analysis.

In terms of the strengths of the model, the use of residual biomass
energy allows for greater energy independence (Nunes et al., 2023). In
terms of digitalization, (Loy et al., 2023) point to the increased

Table 4
Summary of the factors listed in SWOT Analysis.

Strengths Weaknesses

Greater knowledge of the forest; Price of technologies;

Reduction of human errors;

Reduction in logistics activities in this
chain;

Improvement of social conditions;
Reduce aspects such as misinformation
among forest owners.

Lack a lot of technological
development in rural areas;

Lack a lot of social development in
rural areas;

Fear of losing control of current
business models.

Opportunities

Threats

Increase in the share of renewable

energy;
Reduces dependence on fossil fuels;
Reduction of rural fires;

Prevent the deterioration of stored
biomass materials;

Creation of new business models;
Create new forms of income;
Increase in the population’s “digital”
literacy;

Development of rural areas;
Creation of new professions;

Attract people to these jobs.

Investors do not perceive the real value
of the solution;

Individual investments in equipment;
Distrust of people;

Disappearance of certain jobs.
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traceability of information, which is in line with what has been discussed
in this paper, in terms of reducing disinformation in the chain. The
possibility of reducing human error could also have a lot of potential as a
strength of this model, which could lead to lower costs and improved
working conditions for employees. In terms of weaknesses, one that is
very relevant and corroborated in the literature (Loy et al., 2023) is the
possible lack of network coverage in less developed areas. High invest-
ment is also clearly a weakness, also mentioned in other works (Singh
et al., 2022b). The lack of coordination between the various players in
the chain, mentioned by the same authors, can be highly correlated with
the weakness of “fear of losing control of current business models”
because if there were more coordination, there would be more infor-
mation and there would be no fear of losing certain models that happen
due to a lack of knowledge on the part of certain players.

In the chapter on renewable energies, the work of (Nunes et al.,
2023) points to the growth of the share of renewable energies as a
strength, here it is considered an opportunity, this difference can be
justified by the major focus of the work, in one case it is the use of re-
sidual biomass, and in this work, it is the optimization of the global
model of RBSC, based on technology. The work of (Singh et al., 2022b)
also sees this issue as an opportunity. So, whether it is a strength or an
opportunity, it is a positive aspect. The works of (Nunes et al., 2023),
(Singh et al., 2022b) also talk about the possibility of increasing the
potential for creating job opportunities, something that is in line with
the conclusions of this work. Reducing the fuel load and consequently
mitigating the risk of fires is another opportunity (Nunes et al., 2023)
that is in line with this work. Another very relevant opportunity
considered in this work is the development of rural areas, which in
addition to enhancing the model, has enormous potential to develop
typically less developed areas.

In terms of threats, (Loy et al., 2023) points to the possible alienation
of people. In this study’s view, there is the possibility of professions
disappearing, which could indirectly alienate people. A lack of
communication could be pointed out as a threat to valorization (Nunes
et al., 2023), however, this work has a huge proposal for this threat
identified in the literature. Finally, the possibility of investors not seeing
the value in the solution may not allow it to be maximized.

4.3. PEST and SWOT analysis and discussion

The primary objective of this section is to enhance the depth of
analysis by establishing connections between various points previously
discussed. In the political context, Portugal is experiencing a rise in land
data due to the mandatory requirement for individuals to fill out BUPi
forms. This initiative has the potential to increase knowledge about
forests, bolstering the model’s effectiveness and reinforcing its
strengths. Additionally, reducing misinformation is crucial, as it ensures
compliance with regulations and cultivates a well-informed society,
addressing a key aspect highlighted in the SWOT analysis.

The phenomenon of the burning season in Portugal poses a chal-
lenge, potentially leading individuals to maintain traditional practices
and thereby showing disinterest in investing in alternative solutions, a
threat outlined in the SWOT analysis. Furthermore, political pressure to
decarbonize, driven by climate change concerns, underscores the need
to transition from fossil fuels to renewable energy sources. The digita-
lization of RBSC, as highlighted in the SWOT analysis, presents an op-
portunity to increase the share of biomass energy, aligning with political
objectives and potentially catalyzing economic investments in energy
transition projects.

Economically, the analysis from the PEST perspective complements
the opportunities identified in the SWOT analysis. Funding allocations,
particularly towards energy transition and research and development
(R&D), hold significant promise. Direct contributions to reducing fossil
fuel consumption and long-term energy independence align with Por-
tugal’s context, where reliance on imported fossil fuels is a concern.
Additionally, investing in renewable energy projects could stimulate
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rural development, create employment opportunities, and enhance
digital literacy among the population.

From a social standpoint, the incentivization of green initiatives,
such as the valorization of green points, can foster social acceptance of
proposed models, potentially mitigating the risk of underinvestment in
individual needs. Moreover, increased familiarity with technology may
alleviate infrastructure deficiencies in rural areas, as demand for infra-
structure prompts improvements from network providers. This famil-
iarity also fosters trust among investors, who may be more inclined to
support initiatives with proven success.

Regarding technology, ongoing advancements are anticipated to
drive down costs, making high-tech solutions more accessible across
various sectors. This evolving landscape suggests a departure from the
current constraint of high technology costs, with continuous innovation
and economies of scale making technology increasingly accessible. This
shift not only reflects technological progress but also signals a changing
market dynamic, where advanced technology becomes more widely
available, transcending its previous status as a privilege for select users
and industries.

5. Conclusions

The pressure to use renewable energy lead the led to a look at
biomass, however, its characteristics associated with logistic costs have
led to not taking advantage of certain biomass types as residual bio-
masses, preferring its burning and threat populations. To combat that
logistic costs, this study proposes a technological model that could
optimize the RBSC. To accomplish this overarching purpose, two spe-
cific objectives were identified. Firstly, to comprehensively map the
current state of the RBSC to gain insights into its existing status, based on
empirical documents, that contribute to future works in this chain.
Subsequently, the second aim was to investigate the implementation of
14.0 technologies in the biomass industry. Given the limited literature in
this domain, an exploratory analysis was employed to fulfill this aim. As
contributions, it is possible to state that a model to future developments
based on practical insights and a comprehensive revision about impact
of emerging technologies in supply chain. Lastly, the proposed model
contributes both practically and theoretically: practically, by presenting
a replicable and testable model in the actual RBSC context, and theo-
retically, by introducing a pioneering digital model to the literature,
thus catalyzing the digitization of the RBSC. PEST and SWOT analyses
were conducted to transcend theoretical solutions and offer a conceptual
framework analyzed in the context of real-world challenges, thus
providing practical value as a basis for discussions among decision-
makers and theoretical value by introducing novel perspectives and
avenues for future exploration. With regards to limitations, while the
first aim benefited from practical work, analyzing a different case study
could enhance its analysis. As for the second aim, the exploratory review
conducted does not guarantee comprehensive coverage of all relevant
literature. For future research, presenting this study to domain experts
could refine the analyses and validate the proposed model. Additionally,
future avenues could involve the development of the discussed algo-
rithms as potential future implementations.
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