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1. INTRODUCTION

he REACH (Registration, Evaluation, Authorisation and Restriction of Chemicals) Regula-

tion represents one of the most comprehensive and demanding legislative frameworks of the
European Union in the field of chemical safety. Its primary objectives are to ensure a high level
of protection of human health and the environment while simultaneously promoting innovation
and competitiveness in the chemical industry (REACH, 2006, Art. 1). For Member States, the
effective implementation of REACH requires extensive administrative capacity, advanced data
management systems, and significant financial resources. This is necessary because REACH has
need of extensive data collection and compliance obligations.

As a candidate country for EU membership, Serbia is in the process of harmonizing its national
legislation with the acquis communautaire, including the REACH framework. This alignment
presents several challenges: the complexity of the regulatory requirements, the need for robust
institutional capacity, and the necessity of supporting domestic industry in adjusting to the high
standards imposed by REACH (Gozalbes & de Julian-Ortiz, 2018). For Serbian regulatory bodies,
the burden of processing and evaluating vast amounts of data, as well as ensuring compliance
monitoring, creates structural and operational difficulties. At the same time, for domestic com-
panies, especially small and medium-sized enterprises (SMEs), compliance with REACH can be
resource-intensive and financially demanding.

In this context, artificial intelligence (Al) emerges as a potentially transformative tool. Through
the automation of data processing, predictive toxicology, and intelligent compliance support, Al
offers opportunities for more efficient alignment with REACH requirements (Hartung, 2023).
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By reducing the costs and time associated with traditional compliance processes, Al can enhance
both the preparedness of Serbian institutions and the competitiveness of domestic industry in the
EU market. This paper explores the potential of Al in supporting Serbia’s efforts to implement
REACH. Special attention is given to the benefits of Al-driven solutions, the limitations of their
current application, and the specific challenges of regulatory alignment in the Serbian context.

2. REACHREGULATORY FRAMEWORKAND CHALLENGES IN SERBIA

The REACH Regulation entered into force in 2007 to establish a unified system of chemical safety
across the European Union. It requires manufacturers and importers to register chemical substances,
provide comprehensive data on their properties, assess risks for human health and the environ-
ment, and comply with restrictions or authorization procedures where necessary. The Regulation
represents a paradigm shift by transferring the burden of proof from regulators to industry, thereby
requiring companies themselves to demonstrate the safety of substances placed on the market
(Vaughan, 2015). It is envisaged that economic entities themselves create and implement Risk
Management Measures (RMMs) for hazard assessment’. This is an interactive process in which
the type of measure depends on risk management, and the risk assessment must be documented
in the Chemical Safety Report (CSR) and Safety Data Sheet (SDS) (REACH, 2006, Annex II).

For EU Member States, the implementation of REACH has already proven to be a demanding task,
involving the creation of new agencies, the training of experts, and the establishment of IT systems to
manage complex registration and evaluation processes (community rolling action plan) (Ingre-Khans,
2018). For Serbia, which is not yet a Member State but a candidate for accession, the alignment with
REACH involves an additional layer of complexity. Serbia must simultaneously transpose the legal
provisions of REACH into national legislation, build the necessary institutional and administrative
capacity, and support its domestic industry in adapting to EU requirements (Gozalbes & de Julian-Ortiz,
2018). But there is a problem with: limited institutional and IT capacities, high compliance costs for
SMEs and low public awareness and stakeholder engagement. The challenge lies not only in adopting
the legal text but also in ensuring functional implementation. Serbian law must create mechanisms
equivalent to those established by the European Chemicals Agency (ECHA), including databases
for registration dossiers, systems for substance evaluation, and procedures for granting or refusing
authorization (adequate control route). Without such mechanisms, legal harmonization remains largely
formal. Effective implementation of REACH in Serbia requires a strong institutional framework.
The Ministry of Environmental Protection, together with specialized agencies, carries the primary
responsibility for chemical safety. However, these institutions face several limitations: insufficient
human resources, lack of advanced IT systems, and limited experience in handling large volumes
of scientific and technical data. In comparison, ECHA employs hundreds of experts and relies on
sophisticated digital infrastructure to manage registrations, evaluations, and restrictions across the
EU (European Commission, 2010). Serbian institutions, by contrast, must operate with significantly
fewer resources while attempting to replicate similar functions. This discrepancy underscores the
need for innovative tools, such as Al, to compensate for capacity gaps.

For domestic companies, particularly SMEs, compliance with REACH poses a considerable financial
burden. Registration costs, data generation (including toxicological testing), and administrative
procedures require substantial investment. Many Serbian companies operate with limited capital
reserves, and the additional compliance costs risk undermining their competitiveness. Moreover,

? One of the RMMs is an exposure scenario (ES) in which economic operators themselves describe the po-

tential hazards of chemicals and how to prevent it. Practical examples of exposure scenarios available at:
https://echa.curopa.cu/support/practical-examples-of-exposure-scenarios
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access to international markets is directly conditioned by compliance with REACH. Exporters
of chemicals and chemical products must meet EU standards in order to maintain or expand their
market presence. Thus, failure to align with REACH not only limits Serbia’s progress in the acces-
sion process but also threatens the competitiveness of its private sector (Gligi¢, 2017).

One of the most demanding aspects of REACH implementation is the requirement to manage
extensive data on chemical substances. Registration dossiers often contain thousands of pages of
technical information, including toxicological, ecotoxicological, and exposure data. In the EU,
these data are stored and processed within centralized databases managed by ECHA (European
Chemicals Agency, 2024). In Serbia, digital infrastructure for chemical data management remains
underdeveloped (REF-7 Project Report on Commitments registration, 2020). Institutions rely
on fragmented systems that lack interoperability and advanced analytical capacity. This creates
inefficiencies, delays, and risks of incomplete or inaccurate data processing. The introduction of
Al-based tools could significantly improve this situation by automating data collection, analysis,
and cross-referencing with international databases.

A further obstacle to REACH implementation in Serbia is the shortage of specialized expertise. The
challenge is particularly acute in the field of predictive toxicology and risk assessment, where advanced
statistical and computational methods are increasingly employed at the EU level. Without investment
in education, training, and international cooperation, Serbia risks lagging behind in developing the
expertise required to effectively implement REACH. The implementation of REACH also depends on
effective communication and cooperation between regulatory authorities, industry, and civil society.
In the EU, significant efforts have been made to engage stakeholders, provide guidance documents,
and ensure transparency in decision-making (European Chemicals Agency, 2024). In Serbia, public
awareness of chemical safety and REACH requirements remains relatively low. SMEs in particular
often lack sufficient information and guidance on how to comply with complex regulatory require-
ments. This lack of awareness contributes to resistance, delays, and, in some cases, non-compliance.
A comprehensive communication strategy, supported by digital tools and Al-driven platforms, could
help bridge this gap by providing tailored guidance and real-time updates to stakeholders.

Serbia benefits from EU pre-accession assistance, including financial and technical support for
environmental projects.” However, the scale of investment required for full REACH implemen-
tation exceeds current levels of support.” Additional funding is necessary to build institutional
capacity, develop IT infrastructure, and support industry in compliance efforts. Al technologies
offer the potential to optimize the use of limited resources by increasing efficiency and reducing
reliance on costly manual procedures. Nevertheless, external funding and international cooperation
remain essential to ensure sustainable progress (Strategy for a harmonized area — institutional
capacities in Serbia, 2016).

The challenges Serbia faces in implementing REACH can be summarized as follows:
1. Partial legal harmonization and insufficient enforcement mechanisms.

2. Limited institutional and administrative capacity.

3. Significant financial burden on domestic industry, especially SMEs.

The Netherlands: is known for pilot projects using artificial intelligence to monitor pollution and the im-
pact of chemicals in the environment. This aims to improve early risk detection and more easily link data
from different monitoring systems with REACH obligations (Health Council of the Netherlands, 2024).

For example, "Internal Market SME+10" refers to a European Commission initiative under the Single Mar-
ket Programme (2021-2027) to support small and medium-sized enterprises (SMEs) by addressing challenges
and promoting their growth and competitiveness within the EU Single Market (European Commission, n.d.).
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Underdeveloped digital infrastructure for chemical data management.
Shortage of interdisciplinary expertise in toxicology, data science, and law.
Low public awareness and insufficient stakeholder engagement.
Dependence on external financial and technical assistance.

N ok

These challenges highlight the necessity of exploring innovative solutions that go beyond tra-
ditional approaches. Al, as will be discussed in the following sections, provides an opportunity
to address several of these obstacles simultaneously by enhancing data management, predictive
toxicology, and compliance monitoring.

3. THEROLE OF AlINIMPLEMENTATION

Artificial intelligence (AI) has emerged as a transformative technology across multiple sectors,
including law, healthcare, finance, and environmental governance (Hartung, 2023). In the context
of REACH implementation in Serbia, Al provides a unique opportunity to overcome structural
limitations, reduce costs, and accelerate the alignment of national practices with EU standards
(ECHA, 2021). While traditional methods of compliance and regulatory monitoring are labor-inten-
sive and expensive, Al offers automated, scalable, and data-driven alternatives that can strengthen
both public institutions and private enterprises (Rowe, 2020).

The most immediate application of Al in REACH implementation lies in the processing of vast
amounts of data required for registration, evaluation, and risk assessment. Al algorithms are
capable of: automating data extraction and classification from technical dossiers submitted by
companies, detecting inconsistencies and errors in submitted information, thereby improving
accuracy, cross-referencing Serbian databases with ECHA systems to ensure harmonization of
data and prevent duplication of effort (Borges Fortes et al., 2022). By introducing natural language
processing (NLP) and machine learning models, Serbian institutions could handle submissions
more efficiently, reducing administrative bottlenecks (Karim et al., 2019). For industry, Al-based
platforms could simplify the preparation of dossiers by offering automated templates, predictive
suggestions, and compliance checks before submission (Voyiatzis & Tsoukalas, 2022).

Traditional toxicological testing requires extensive laboratory work, often involving animal testing,
which is costly, time-consuming, and ethically problematic. Al enables the development of predictive
toxicology models, particularly through: Quantitative Structure—Activity Relationship (QSAR) models
(Goh etal., 2017a), which use chemical structures to predict toxicological properties (Gozalbes & de
Julian-Ortiz, 2018), Deep learning techniques that analyze large datasets of known substances to
forecast the behavior of new or untested chemicals and simulation of exposure scenarios, enabling
regulators to anticipate potential risks without physical testing (Karim et al., 2019).

For Serbia, the adoption of predictive toxicology could dramatically reduce costs for companies
while simultaneously aligning with EU’s commitment to reduce animal testing (Vinken et al.,
2021). Moreover, integrating Serbian research institutions into international Al-driven toxicology
networks would strengthen domestic scientific capacity (Hartung, 2023).

Al can also function as a “digital compliance assistant” for both regulators and industry. For
companies, intelligent software tools could provide: real-time updates on legislative changes in
EU and Serbian chemical law, automated compliance checklists, customized to specific sectors
or substances and risk alerts identifying potential non-compliance before submission of dossiers.
For regulatory bodies, Al can enhance monitoring by analyzing trade flows, customs data, and
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market trends to detect possible violations. Predictive analytics could identify high-risk sectors or
companies that require closer inspection (Hartung, 2023). This would allow Serbian authorities
to prioritize enforcement actions and allocate resources more effectively.

One of the greatest strengths of Al lies in its ability to integrate heterogeneous sources of information
into a coherent risk governance framework. Serbian regulators face challenges in consolidating
data from multiple ministries, laboratories, and industry actors (Strategy for a harmonized area —
institutional capacities in Serbia, 2016). Al platforms could unify these datasets, allowing: holistic
risk assessments that combine toxicological data, exposure levels, and socio-economic impacts;
visualization tools that present risks in accessible formats for policymakers and the public and
scenario analysis to evaluate the impact of potential regulatory decisions. This integrated approach
would bring Serbia closer to EU standards of evidence-based policymaking while increasing
transparency and accountability.

From the perspective of Serbian companies, especially SMEs, Al offers several advantages: lower
compliance costs through reduced need for laboratory testing and consultancy services, faster
market access due to accelerated preparation and evaluation of dossiers, improved competitiveness
in the EU market, as compliance becomes a prerequisite for exports and support for innovation,
since Al tools can assist in the design of safer alternatives to hazardous substances (Goh et al.,
2017a). By adopting Al solutions, the Serbian industry could transform compliance from a burden
into an opportunity, using data-driven insights to improve product safety and market positioning.

Despite its potential, the use of Al in REACH implementation raises several concerns. Valida-
tion of Al algorithms: For regulatory purposes, Al outputs must meet strict scientific and legal
standards (Korac et al., 2021). Without validation, they cannot replace traditional methods. Data
protection and confidentiality: Chemical dossiers often contain sensitive business information,
raising concerns about cybersecurity and intellectual property. Transparency and explainability:
Regulatory decisions based on Al must be transparent to ensure accountability. “Black-box™
algorithms may be problematic in a legal context (Hacker, 2024). Institutional readiness: Serbian
authorities require significant capacity building to effectively implement and manage Al-based
systems. Financial investment: Although AI can reduce long-term costs, initial investment in
infrastructure, training, and system development may be substantial (ECHA, 2021).

Several EU countries have already experimented with Al-driven tools in chemical regulation.
Germany has invested in predictive toxicology platforms that integrate academic and industry
data. The Netherlands uses Al to monitor compliance in high-risk sectors, combining customs
and trade data with chemical safety information. Finland, through collaboration with ECHA, has
developed pilot projects for Al-based dossier screening. These experiences show that Al can be
successfully integrated into regulatory processes, but only with strong institutional frameworks,
sufficient funding, and a clear legal mandate (Hartung, 2023). For Serbia, learning from these
models and adapting them to local conditions will be crucial (ECHA, 2021).

In order to successfully integrate Al into REACH implementation, Serbia should pursue a phased
approach: pilot projects in limited domains such as dossier pre-screening or predictive toxicology
(Jeong & Choi, 2022); capacity building through training programs for regulators, industry repre-
sentatives, and researchers (Goh et al., 2017b); legal framework development to ensure validation,
transparency, and data protection; international cooperation with ECHA, EU Member States, and
research networks to adopt best practices; scaling up Al applications across all aspects of REACH
implementation once initial pilots prove effective.
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4. FUTURE RESEARCH DIRECTIONS

The integration of artificial intelligence into the implementation of the REACH Regulation in Serbia
opens a broad spectrum of potential research avenues. While the previous section demonstrated
how Al can address current challenges, future developments will depend on continuous innova-
tion, interdisciplinary collaboration, and alignment with both EU and global digital strategies.

Future research should explore the refinement of predictive toxicology through hybrid models
that combine machine learning with mechanistic toxicology approaches (Jeong & Choi, 2022).
This includes integrating: multi-omics data (genomics, proteomics, metabolomics) to improve
predictions of chemical effects on biological systems; in silico simulations of long-term exposure
scenarios, enabling regulators to assess chronic risks without extensive laboratory testing and
transfer learning methods, which allow Serbian researchers to adapt models trained on large EU
datasets to local contexts with smaller data availability (Richarz, 2019). Such innovations could
significantly enhance the scientific credibility and acceptance of Al-based toxicological assess-
ments (Gozalbes & de Julian-Ortiz, 2018).

One promising direction is the combination of Al with blockchain. Blockchain can provide secure,
transparent, and immutable records of chemical data submissions, while Al ensures rapid analysis
and interpretation of this information. Together, these technologies could: improve trust among
stakeholders by ensuring data integrity, enable real-time monitoring of supply chains to detect the
use of restricted substances and facilitate cross-border data sharing while preserving confidenti-
ality (Hacker, 2024). This integration would align Serbia with the EU’s broader goals of building
a digital single market that prioritizes trust and transparency.

Future research should also focus on the ethical dimensions of Al use in chemical regulation (Korac et
al., 2021). Questions of algorithmic bias, explainability, and accountability are particularly important
in legal and regulatory contexts. Potential research topics include: developing explainable Al (XAI)
models that provide transparent reasoning behind predictions (Hartung, 2023), studying the impact of
Al-driven decisions on small businesses, ensuring that technology adoption does not disproportionately
disadvantage SMEs (Strategy for a harmonized area — institutional capacities in Serbia, 2016) and
establishing ethical guidelines for the balance between efficiency gains and the protection of human
rights, including the right to a safe environment (Hacker, 2024). Such approaches would ensure that Al
not only improves efficiency but also strengthens the legitimacy of REACH implementation in Serbia.

Another important research direction involves the promotion of interdisciplinary collaboration.
Legal scholars, data scientists, chemists, and policymakers must work together to develop Al
solutions that are both scientifically sound and legally robust. Future initiatives could include:
establishing joint research centers dedicated to Al and chemical safety; creating specialized train-
ing programs to equip professionals with hybrid skills in law, toxicology, and Al and encouraging
public-private partnerships where industry co-develops Al solutions with academic and govern-
mental institutions (Gozalbes & de Julian-Ortiz, 2018). Such investments in human capital will
be essential for long-term sustainability.

Finally, research must position Serbia within the broader context of EU strategies such as the

European Green Deal and the EU Digital Strategy (Hartung, 2023). These agendas emphasize the

use of digital technologies, including Al to promote sustainability and competitiveness. Relevant

research questions include:

1.  How can Al contribute to the substitution of hazardous substances with safer alternatives in
line with the EU’s zero pollution ambition?
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2. What role can Al play in monitoring and reporting progress towards Sustainable Develop-
ment Goals (SDGs)?

3. How can Serbia leverage EU research funding (e.g. Horizon Europe) to accelerate domestic
innovation in chemical safety?

By aligning national research with EU priorities, Serbia can ensure that its Al-driven REACH
implementation contributes not only to compliance but also to broader goals of sustainability and
digital transformation. Future research must therefore move beyond narrow technical applications of
Al and embrace systemic, interdisciplinary, and ethically responsible innovation. The combination
of advanced predictive models, blockchain integration, human-centered Al, interdisciplinary edu-
cation, and alignment with EU strategies offers a comprehensive roadmap for Serbia. By pursuing
these directions, Serbia can transform its REACH implementation from a compliance exercise into
a driver of innovation, sustainability, and integration with the European regulatory landscape.

5. CONCLUSION

The implementation of the REACH Regulation presents one of the most complex challenges for
countries aspiring to join the European Union. Serbia, as a candidate country, faces a dual task:
to harmonize its legal framework with EU requirements and to develop the institutional, techni-
cal, and industrial capacity necessary for effective enforcement. As the analysis in this paper has
shown, these challenges are considerable and include gaps in legal harmonization, institutional
capacity, financial resources, data management infrastructure, and stakeholder awareness.

Artificial intelligence offers a powerful set of tools to address these obstacles. By automating data
processing, enabling predictive toxicology, and providing intelligent compliance support, Al can
reduce costs, accelerate regulatory procedures, and enhance the reliability of risk assessments. For
Serbian institutions, Al represents an opportunity to bridge the capacity gap with EU counterparts,
while for the domestic industry, especially small and medium-sized enterprises, it can transform
compliance from a heavy financial burden into a strategic advantage.

The integration of Al into REACH implementation also promises broader societal benefits. It can
contribute to the reduction of animal testing, improve the transparency of regulatory decision-mak-
ing, and enhance public trust in chemical safety governance. At the same time, Al raises important
questions related to data protection, algorithmic transparency, and institutional readiness. These
issues must be addressed through careful legal and ethical frameworks, ensuring that efficiency
gains do not come at the expense of accountability or fairness.

The comparative experiences of EU Member States illustrate that the adoption of Al in chemical
regulation is both feasible and beneficial, but also dependent on adequate investment, strong
institutional frameworks, and sustained collaboration across disciplines. Serbia can learn from
these experiences while adapting them to its specific context. Pilot projects, capacity building, and
partnerships with EU institutions and research networks should form the foundation of Serbia’s
roadmap for Al integration.

Looking forward, future research must focus on advanced predictive models, integration of Al
with blockchain, development of explainable Al interdisciplinary training, and alignment with
the EU’s digital and green agendas. Such research directions will ensure that Serbia not only
achieves compliance with REACH but also positions itself as a proactive contributor to European
innovation in chemical safety governance. This is particularly important not only for Serbia, but
also for other EU member states, as a revision of REACH is announced for next year, which aims
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to strengthen safety measures, increase transparency and modernize the way chemical data is
shared in the supply chain. However, with changes such as proposed time-limited registrations,
stricter update obligations and alignment with updated hazard classes, many in the industry are
raising concerns about feasibility, proportionality and overall burden. This is precisely why Al
will play a very important role in the implementation of REACH.

In conclusion, artificial intelligence should not be viewed merely as a technical supplement to
regulatory processes, but as a transformative enabler of Serbia’s integration into the European
regulatory and economic space. By strategically leveraging Al, Serbia can turn the challenges of
REACH implementation into an opportunity for modernization, competitiveness, and sustainabil-
ity. The successful adoption of Al-driven solutions would thus signify not only compliance with
EU law, but also a decisive step towards building a safer, more transparent, and innovation-driven
regulatory environment.
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