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Abstract

Blockchain technology has emerged as a promising solution for digital identity
management and authentication within the European Union. This deliverable pro-
vides a comprehensive overview of how blockchain and distributed identity sys-
tems (DIDs) enhance the security and decentralization of digital identity frame-
works. We examine the integration of DIDs into trust service infrastructures, ad-
dressing key challenges such as interoperability, scalability, security, and regula-
tory compliance. Additionally, the analysis explores emerging market trends and
includes a SWOT analysis to assess the strategic position of Qualified Trust Service
Providers (QTSPs) in a blockchain-enabled market. The study also highlights op-
portunities for improving digital identity systems and outlines the potential impact
on trust services, ultimately offering insights into the future landscape of secure
and decentralized digital identities in the EU.
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Executive Summary

The European Union (EU) has advanced electronic identification (eID) and trust services
to improve digital transaction security, efficiency, and interoperability. Initially, the
Electronic Signature Directive (1999) provided a legal foundation for secure electronic
signatures. However, it encountered challenges due to the lack of technical standardiza-
tion and the reliance on high-security devices, limiting its effectiveness and cross-border
compatibility.

To address these limitations, the EU introduced the eIDAS Regulation in 2016, expand-
ing its scope to include various trust services beyond electronic signatures. e[DAS estab-
lished Qualified Trust Service Providers (QTSPs) to ensure secure and legally recognized
electronic transactions throughout the EU. These QTSPs enable digital signatures and
other trust services that comply with rigorous legal and technical standards, supporting
the EU’ s digital identity ecosystem.

Despite these advancements, eIDAS 1.0 faced challenges related to low interoperability,
limited electronic attribute coverage, and insufficient user control over personal data.
The proposed eIDAS 2.0 aims to address these issues with enhancements in security,
interoperability, and user-centered identity management. In particular, it integrates
blockchain and Distributed Ledger Technologies (DLTs), which offer decentralized iden-
tity management, immutable audit trails, and smart contract automation, strengthening
QTSP operations to better align with ETSI and ISO standards.

The demand for blockchain-enhanced trust services is growing, driven by the need for
secure, transparent digital interactions in sectors such as finance, healthcare, and pub-
lic administration. Blockchain enables better security for complex transactions, iden-
tity management, and regulatory compliance, which is beneficial to large enterprises,
governments, and SMEs alike. For SMEs, blockchain-integrated trust services provide
affordable and scalable security solutions, enhancing their competitiveness.

However, blockchain integration presents challenges, such as regulatory compliance,
scalability, and infrastructure costs. Solutions such as standardized architectures, Layer
2 scaling, and permissioned blockchain networks help mitigate these concerns. Despite
upfront investments, blockchain integration offers substantial ROI by improving secu-
rity, reducing fraud risks, and improving operational efficiency through smart contracts.
These efficiencies position QTSPs as innovators in the digital trust market, able to attract
more clients and expand their offerings.



1 Introduction

1.1 Evolution of Electronic Identification and Trust Services in the Eu-
ropean Union

The adoption of electronic identification (eID) and trust services for authentication and
digital signatures has been an important target within the European Union (EU) [28],
[29]. The vision is to integrate these technologies into daily transactions and enhance
security, efficiency, and interoperability. Nevertheless, realizing this vision is a complex
task, as it involves a combination of technologies and legislative frameworks to ensure
seamless and secure cross-border functionality. The EU’s initial efforts to establish a le-
gal framework for electronic signatures started with the Electronic Signature Directive
[26] in 1999. This directive aimed to recognize electronic signatures as legally equiva-
lent to handwritten signatures, laying the groundwork for secure electronic transactions.
More importantly it established the legal framework for such services. This enabled EU
countries to adopt similar frameworks in order to bridge the gap between digital and
traditional forms of authentication. However, it encountered significant challenges that
limited its effectiveness. A primary issue was the absence of common technical stan-
dards across the different member states. Instead of following a common mechanism,
each one implemented its own for electronic signatures, which lead to incompatibili-
ties that hindered cross-border electronic transactions - a core objective of the directive.
This fragmentation undermined the directive’s potential to facilitate seamless digital in-
teractions across the EU. Additionally, the directive focused on high-security devices
such as smart cards and USB cryptographic tokens, which were state-of-the-art at the
time. These devices required specialized drivers and were not user-friendly, especially
with the rise of mobile devices. The reliance on such hardware impeded widespread
adoption due to accessibility and usability issues, as users found it challenging to inte-
grate these technologies into their routines. Notably, the directive introduced the con-
ceptof Trust Service Providers (TSPs), initially referred to as ”certification-service providers,”
who are important authorities providing non-repudiation in regulated electronic sign-
ing procedures. Recognizing the shortcomings of the Electronic Signature Directive,
the EU introduced the Electronic Identification, Authentication and Trust Services (el-
DAS) Regulation (EU) No 910/2014 [28], which came into effect in 2016. eIDAS aimed
to create an interoperability framework for national electronic identification schemes
and extended beyond electronic signatures to include various trust services. This regu-
lation aimed to enhance cross-border digital interactions between citizens, businesses,



and public authorities by establishing guidelines for mutual recognition of eID schemes
across member states. A significant innovation in eIDAS was the formalization and ex-
pansion of TSPs into Qualified Trust Service Providers (QTSPs). QTSPs are entities that
provide one or more qualified trust services and have been granted qualified status by
a supervisory body in an EU member state. Their role is pivotal in the digital iden-
tity ecosystem, as they offer services that meet strict legal and technical requirements
set by the regulation. Hence, QTSPs ensure their services are recognized across all EU
member states, facilitating seamless cross-border digital transactions. The services they
deliver covers a wide range of trust services, including issuing qualified certificates for
electronic signatures and seals, time-stamping services, electronic registered delivery
services, and website authentication certificates. The introduction and formalization of
QTSPs was essential in establishing a trustworthy environment for electronic transac-
tions, where both individuals and businesses can operate confidently. Aiming to facili-
tate more flexible and accessible digital signing methods, in eIDAS 1.0 were also defined
different levels of authentication and identification mechanisms with specific guidance
on cloud-based signatures and remote signing. Despite these advancements, e[DAS 1.0
faced challenges. The main was the low interoperability due to varying national imple-
mentations and local interpretations of the law, which limited the use of foreign services
in the different markets. Furthermore, eIDAS 1.0 did not adequately covered electronic
attributes such as proof of residence, medical certificates, or professional qualifications,
which are often required in comprehensive remote onboarding processes. This omis-
sion hindered the utility of eID services in various sectors. Additionally, the regulation
did not place the user at the center of the identity and trust services ecosystem. Users
lacked control over their personal data during verification and onboarding processes,
impacting trust and adoption. Relying parties, such as banks and other organizations,
were slow to adopt eIDAS-compliant processes due to operational complexities and the
substantial infrastructural changes required to accept qualified electronic signatures.
In response to these limitations, the EU recently proposed eIDAS 2.0 [29], aiming to
increase security, interoperability, and user-centricity in electronic identification and
trust services. Security became a core aspect of eIDAS 2.0, benefiting both citizens en-
gaging in online transactions and businesses offering services online. This regulation
aims to introduce a unified technical architecture with clear standards to ensure con-
sistency across member states, thereby reducing fragmentation and fostering a robust
digital ecosystem. One of the significant enhancements in eIDAS 2.0 is the expansion
of trust services. It includes electronic archiving, electronic ledgers, management of re-
mote electronic signing devices, and creation of electronic seals. This expansion enables



QTSPs to offer a broader range of services, catering to the evolving needs of digital trans-
actions. Additionally, the European Digital Identity Wallet (EUDI) [10] is introduced, al-
lowing citizens to control their digital identity via mobile devices. This wallet can store
personal identification data and electronic attributes securely, empowering users with
control over when and how their data is shared during authentication and onboarding
processes. The inclusion of attributes such as addresses, driver’s licenses, bank account
proofs, health information, and academic qualifications significantly enhances the util-
ity of elD services across various sectors. With the aforementioned changes, eIDAS 2.0
places the user at the heart of the digital identity ecosystem while addressing previous
shortcomings related to user control and trust. Users can now participate more actively
in managing their identities, which can lead to mass adoption. The regulation also sets
standards for providers of identity services and trust services, pushing up the overall level
of security available to businesses and organizations. QTSPs play a crucial role in this
ecosystem by ensuring that the trust services provided meet the stringent requirements
of the regulation, thus fostering confidence among users and relying parties. Moreover,
for businesses and relying parties, eIDAS 2.0 offers numerous benefits including im-
proved interoperability simplifies cross-border transactions and the recognition of dig-
ital identities and signatures. With clear standards and a unified architecture, organiza-
tions can adopt eIDAS-compliant processes with greater confidence, knowing that they
align with EU-wide regulations. Enhanced security measures reduce risks associated
with digital transactions, allowing businesses to rely on authentication mechanismes.

1.2 Role of QTSPs

In this context, QTSPs play a key role in the European Union’s digital infrastructure by
delivering trust services that enable secure and legally recognized electronic transac-
tions. Under the eIDAS Regulation, QTSPs are entities that provide qualified trust ser-
vices and have been granted qualified status by a supervisory body in an EU Member
State. Their services are essential for establishing trust in digital interactions, ensuring
that electronic transactions are as secure and reliable as traditional paper-based pro-
cesses. They enable the creation of qualified electronic signatures and seals that are
legally equivalent to handwritten signatures and physical seals [11]. In this way, the
identity of signatories is verified by the QTSP and also link their signatures to their iden-
tities. This ensures the authenticity and integrity of electronic documents. Additionally,
time stamping services guarantee the existence of data at a specific point in time [2],
which is essential for legal and compliance purposes, as it provides verifiable evidence



that the electronic document or transaction existed at a certain moment. QTSPs also
offer Qualified Electronic Registered Delivery Services (QERDS) that allow for the secure
transmission of electronic documents, providing evidence of sending and receiving sim-
ilar to registered mail [14]. This service ensures that both the sender and recipient are
authenticated and that the contents of the communication are protected against unau-
thorized access or alteration, enhancing users’ trust in online services. Regarding their
role in electronic identification schemes, they provide authentication mechanisms in
order to verify the identities of individuals and entities in digital transactions [1]. More-
over, by collaborating with national eID provides, the security and reliability of elec-
tronic identification systems is enhanced. This can facilitate the secure access to online
services across the EU QTSPs are also needed for realizing the upcoming European Dig-
ital Identity Wallet as proposed in eIDAS 2.0. Their role will enhance security and users’
control over their personal data that is they will contribute in securely storing and man-
aging their digital identities and credentials on mobile devices. Given their critical role
in providing security among users, QTSPs are responsible for maintaining high secu-
rity standards in the digital ecosystem. They implement cryptographic techniques to
protect sensitive information and establish procedures for detecting, reporting, and re-
sponding to security incidents [13]. This includes the secure management and storage
of cryptographic keys, employing advanced key management systems to prevent unau-
thorized access. QTSPs are also committed to data protection and privacy, adhering to
regulations such as the General Data Protection Regulation (GDPR) [27]. QTSPs undergo
regular audits and certifications by designated conformity assessment bodies. These as-
sessments ensure continuous compliance with e[DAS requirements, security standards,
and operational best practices, reinforcing their reliability and trustworthiness. QTSPs
also provide comprehensive customer support and education, assisting users in under-
standing and effectively utilizing trust services. This includes offering guidance on the
proper use of electronic signatures, addressing user inquiries, and providing training to
ensure stakeholders can confidently engage in digital transactions. Ensuring that their
services are recognized across all EU Member States, QTSPs facilitate secure and inter-
operable digital interactions among member states. This enables seamless cross-border
electronic transactions within the EU, supporting the objectives of the Digital Single
Market. However, QTSPs face several challenges and keeping up with new technologies,
such as blockchain, Al, and quantum computing, with the latter one expected to impact
trust services, is a significant concern. Their ongoing efforts are required to enhance
security, support digital identity initiatives, and adapt to technological changes. This is
critical for advancing the EU’s objectives of a unified and secure digital single market.



1.3 QTSP Frameworks Overview Standards and regulations

1.3.1 Regulatory Framework and Standards

Central to this regulatory framework is the EN 319 series of standards developed by the
European Telecommunications Standards Institute (ETSI), which define the technical
and operational requirements for trust service providers [26]. Key role have the following
standards: (i) EN 319 401, (ii) EN 319 411-1 and (iii) EN 319 411-2. EN 319 401 specifies
general policy requirements for trust service providers setting the foundational princi-
ples and practices that QTSPs must implement, including security management, oper-
ational controls, and organizational policies. EN 319 411-1 outlines the general policy
and security requirements for trust service providers issuing certificates. It focuses on
ensuring that QTSPs implement well-defined security practices, maintain comprehen-
sive documentation, and undergo regular audits to verify compliance. EN 319 411-2
builds upon this by detailing specific requirements for trust service providers issuing EU
qualified certificates. These standards require stringent controls on cryptographic key
management, incident response protocols, and regular security assessments to protect
against potential threats. In addition to these, the EN 319 102 series provides guide-
lines for the creation and validation of Advanced Electronic Signatures (AdES), ensuring
interoperability across different systems and platforms. EN 319 102-1 specifies the pro-
cesses and technical specifications required for generating and verifying digital signa-
tures to guarantee their authenticity and integrity. EN 319 102-2 defines the structure
and content of signature validation reports, which are essential to verify the validity and
reliability of digital signatures over time. These reports play a crucial role in maintain-
ing the trustworthiness of digital transactions, particularly in long-term scenarios where
certificates may expire or be revoked.

1.3.2 Infrastructure and Technologies

The QTSP infrastructure encompasses a range of technologies and processes designed
to deliver services with high security and reliability. A central component of this infras-
tructure is the QSCDs, responsible for generating and managing the cryptographic keys
used in digital signatures [11]. There are two primary types of QSCDs: (i) Hardware-
Based Devices: e.g., smart cards or USB tokens used on-premises. These devices provide
a secure environment for key storage and signature creation, physically held by users to
prevent unauthorized access, (ii) Hardware Security Modules (HSMs) Offered as a Ser-
vice: Integrated into secure environments within the QTSP’ s infrastructure and typically
provided through a cloud-based subscription model. HSMs enable remote signing ca-
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pabilities while ensuring the security of cryptographic keys in a controlled environment.
Trust Lists are another critical component of the QTSP infrastructure. These are XML-
formatted lists maintained by EU Member States, cataloging all qualified trust service
providers and their respective services. Trust Lists serve as official registers that users
and relying parties can consult to verify the authenticity and status of trust services, such
as digital signatures, electronic seals, and timestamping services. By referencing these
Trust Lists, stakeholders can ensure they are interacting with legitimate and compliant
QTSPs. Integral to the issuance of qualified certificates are Identity Proofing Systems.
These systems are responsible for verifying the identities of individuals or entities be-
fore issuing digital certificates, thereby preventing fraud and ensuring that only legiti-
mate users receive trust services. Identity proofing typically involves a combination of
in person verification, document authentication, and digital verification methods, ad-
hering to the stringent requirements set forth by the eIDAS Regulation and the EN 319
standards. QTSPs are subject to regular audits conducted by accredited Conformity As-
sessment Bodies (CABs) to ensure ongoing compliance with regulatory standards. These
audits assess various aspects of QTSP operations, including security measures, opera-
tional procedures, and adherence to documentation requirements. The audit process
involves both document reviews and on-site evaluations, providing a comprehensive
assessment of QTSP compliance with the required standards. Successful audits result in
certification reports that confirm the compliance of QTSP and eligibility for inclusion in
Trust Lists.

1.3.3 Integration of Blockchain Technology and eIDAS 2.0 Enhancements

The proposed eIDAS 2.0 regulation introduces significant enhancements, expanding
the role of QTSPs and integrating emerging technologies like blockchain (Distributed
Ledger Technology, DLT) into the trust services framework. Firstly, eIDAS 2.0 intro-
duces trust services for electronic ledgers, recognizing DLT/blockchain technologies as
legally admissible mechanisms to ensure the integrity and authenticity of data. QT-
SPs can provide qualified electronic ledger services, offering legally recognized proof of
data integrity, timestamping, and sequencing of transactions without reliance on a cen-
tralized authority. This integration enables the creation of tamper-proof records and
enhances transparency in digital transactions. Furthermore, QTSPs can offer qualified
electronic archiving services, ensuring the long-term preservation and integrity of elec-
tronic data and documents. This is crucial for compliance with regulatory requirements
that mandate the retention of records over extended periods. Using advanced crypto-
graphic techniques and secure storage solutions, QTSPs can guarantee the authenticity
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and availability of archived data. eIDAS 2.0 emphasizes the use of remote signature cre-
ation devices managed by QTSPs, facilitating the widespread adoption of electronic sig-
natures without the need for physical devices. This aligns with the growing demand for
user-friendly, mobile, and remote signing solutions. QTSPs ensure that remote signa-
ture services meet the same security and legal standards as traditional hardware-based
signatures. QTSPs will also play a key role in supporting the EUDIW, a secure and user-
centric digital wallet that allows citizens to store and manage their electronic identities
and credentials on mobile devices. QTSPs may provide services related to identity veri-
fication, issuance of digital attributes, and authentication mechanisms compliant with
the requirements of eIDAS and GDPR. This empowers users with greater control over
their personal data and improves privacy.

1.3.4 Compliance with Additional Standards and Regulations

Beyond the ETSI EN 319 series, QTSPs must also consider other relevant standards and
regulations that impact their operations. In this direction, compliance with GDPR is
essential, as QTSPs handle personal data during identity verification and certificate is-
suance processes. QTSPs must implement appropriate technical and organizational
measures to protect personal data, ensure lawful processing, and uphold the rights of
data subjects. This includes data minimization, obtaining explicit consent, and ensuring
data portability and erasure where applicable. Also, adoption of the ISO/IEC 27001 stan-
dard for Information Security Management Systems (ISMS) is common practice among
QTSPs to ensure a robust security posture. This standard helps QTSPs implement com-
prehensive security controls and processes to protect sensitive information and manage
risks effectively, aligning with eIDAS requirements for security and reliability. The Euro-
pean Committee for Standardization (CEN) develops standards that complement ETSI’s
work, particularly in areas like secure signature creation devices, decentralized identity
management, and archiving services. Collaboration with international standardization
efforts, such as those by the International Organization for Standardization (ISO), en-
sures global interoperability and adherence to best practices.

1.4 Opportunities and Challenges of Blockchain-Based Systems

Blockchain technology has emerged as a transformative solution that can enhance the
security of the offered services in various sectors. Providing security for identity manage-
ment can be no exception. The integration of blockchain-based identity management
systems presents a plethora of opportunities while also introduces a set of challenges.
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Understanding these is crucial for all the stakeholders in order to leverage blockchain’s
potential within the framework of the revised eIDAS 2.0 regulation. One of the foremost
opportunities that blockchain-based identity management systems offer is enhanced
security and trust. Blockchain’s inherent characteristics - immutability, decentraliza-
tion, and cryptographic security can provide a foundation for protecting digital iden-
tities against fraud and unauthorized access, while at the same time they can increase
the scalability and automation of the process in a seamless way across different parties
for various use-cases in different countries in the EU and worldwide. In the EU context
particularly, where data protection and privacy are paramount under regulations (e.g.,
GDPR), blockchain can ensure that personal data is securely stored and managed. The
decentralized nature of blockchain eliminates single points of failure, making it signifi-
cantly more resistant to cyber-attacks compared to traditional centralized systems. Fur-
thermore, the transparent and verifiable nature of blockchain transactions can enhance
the trust among users and service providers, as all identity-related actions are recorded
in an immutable ledger that can be audited independently. Another significant oppor-
tunity lies in the facilitation of interoperability and cross-border recognition of digital
identities. The EU’s digital single market initiative [23] aims to enable seamless digi-
tal interactions across member states. An identity system that is based on blockchain
can bridge the gaps between the heterogeneous national eID schemes and provide a
unified and interoperable platform for identity verification. This is crucial as it simpli-
fies the administrative process for individuals and businesses across EU, which can en-
hance the digital economy. More importantly, users can have greater control of their
personal data, managing their own digital identities without relying on centralized au-
thorities. This is needed in WEB 3.0/ WEB 4.0 targets which emphasizes on user empow-
erment and data sovereignty. Through blockchain, the creation of Decentralized Iden-
tifiers (DIDs) [24] can be facilitated. This enhances privacy and reduces the risk of data
exposure, as the owner of the DID selects what exactly information to share and with
whom. In their systematic review, the authors of [9] highlight the evolution of digital
identity management from centralized to decentralized approaches. They emphasize
the emergence of Self-Sovereign Identity (SSI) systems that leverage DIDs and Verifi-
able Credentials (VCs), standardized by the World Wide Web Consortium (W3C). This
review provides a comprehensive overview of how blockchain and DIDs contribute to
more secure and decentralized digital identity systems, which significantly strengthen
the security of communications involving distributed participants. Additionally, the
scope of DIDs and VCs extends beyond individuals to include a broad range of enti-
ties such as cloud services, edge computing resources, and Internet of Things (IoT) de-

13



vices. However, due to their novelty, existing literature lacks a comprehensive survey
on the application of DIDs and VCs across different domains beyond SSI systems. De-
spite these promising opportunities, blockchain-based identity management systems
in the EU face several challenges that must be addressed to realize their full potential.
One of the primary challenges is ensuring compliance with eIDAS 2.0 and GDPR. While
blockchain offers enhanced security and privacy features, aligning these with the strin-
gent EU regulations requires careful consideration of data protection mechanisms. The
immutability of blockchain records poses a particular challenge in this regard, as it con-
flicts with GDPR’s requirement to allow individuals to request the deletion or rectifica-
tion of their personal data. Solutions, such as off-chain storage combined with on-chain
references or advanced cryptographic techniques, are necessary to reconcile blockchain’s
permanence with regulatory demands for data erasure and correction. Additionally, the
eIDAS Regulation is closely related to SSI and DIDs within the European Union’s digital
ecosystem. SSI is an innovative approach that allows users to create and manage their
own digital identities independently of centralized authorities, utilizing DIDs as unique,
user-controlled identifiers [5]. These DIDs, as defined by the W3C, are fully under the
control of the DID subject and are not dependent on any centralized registry, identity
provider, or certificate authority. By leveraging VCs, SSI enables users to selectively dis-
close specific pieces of information to third parties, thereby enhancing privacy and rein-
forcing personal data protection [6]. The eIDAS Regulation facilitates this decentralized
identity management by providing a robust trust framework that ensures cross-border
interoperability and legal recognition of digital identities and electronic documents [28].
This integration allows DIDs to be linked with traditional electronic identification meth-
ods, such as notified eID schemes and qualified electronic certificates, thereby enabling
secure and seamless electronic interactions across EU member states. Furthermore,
elDAS supports the implementation of Distributed Ledgers and blockchain technolo-
gies to maintain the registry of DIDs, as proposed by the Decentralised Identity Foun-
dation (DIF). However, the convergence of DIDs with the eIDAS framework introduces
challenges, including technical limitations related to scalability and interoperability, as
well as privacy concerns regarding the linkage between DIDs and electronic certificates.
The eIDAS-supported SSI framework addresses these issues by establishing standard-
ized protocols and leveraging trusted service providers and identity providers to create
secure and verifiable identity assertions without necessitating prior relationships be-
tween parties [9]. Overall, the eIDAS Regulation significantly advances the goals of user
empowerment and data sovereignty, fostering a more secure, private, and legally en-
forceable digital identity ecosystem within the EU. Another significant challenge is how
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to achieve interoperability between blockchain-based identity systems and existing na-
tional eID schemes. The diversity of technologies, standards, and protocols employed
across EU member states complicate the seamless integration of blockchain solutions.
Therefore, it is essential to establish unified and technological agnostic technical stan-
dards and frameworks to facilitate the interoperability in a concrete way. Additionally,
the scalability of blockchain networks to handle the vast number of identity transactions
required across the EU is a critical concern. Ensuring that blockchain systems can op-
erate efficiently and cost-effectively at scale without compromising security or perfor-
mance is vital for their adoption. While blockchain-based identity management systems
offer enhanced security and user control, attracting people and widespread acceptance
required a lot of steps. Education and transparent communication so as people famil-
iarize with the way these new technologies work and safeguard their personal data is
needed.

2 Technical feasibility

2.1 Blockchain and QTSPs

Blockchain technology can be particularly advantageous for QTSPs, which by integrating
blockchain technology into the existing frameworks can offer enhanced services thatim-
prove the security, transparency, and operational efficiency of trust services [20]. Blockchain’s
decentralized architecture and intrinsic characteristics such as immutability, and ability
to facilitate trustless transactions make it a compelling addition to traditional QTSP in-
frastructure [31]. QTSPs can leverage the decentralize nature of blockchains to enhance
their processes regarding the availability and security of their services. Offering trust ser-
vices and relying on a few selected (computing) nodes can be a central point of failure
which can impact the security and the availability of the offered services [7]. Leveraging
a blockchain network with many nodes this risk can be significantly eliminated, while
at the same time the security of the enhanced services especially against cyber-attacks
is enhanced. What is more, in the current system, certificate issuance, verification, and
revocation are managed by a central entity. If these processes are performed in a de-
centralized manner through the use of blockchain, each certificate issuance event will
be recorded as an immutable transaction on the blockchain. This will increase the trust-
worthiness and reliability of the digital signature process with a transparent and tamper-
proof history of all issued certificates. One other advantage of relying on blockchain is
the automation through the use of Smart Contracts which improve the efficiency and
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trustworthiness of the process. Smart Contracts are self-executing contracts with the
terms directly written into code, can handle certificate issuance upon successful iden-
tity verification, automate renewal processes, and manage certificate revocation in real-
time. This automation minimizes human error, ensures consistent adherence to prede-
fined policies, and accelerates the certificate management lifecycle. Furthermore, by
performing continuous audits on smart contracts on publicly available (open-source
code) enhances the trustworthiness and familiarization of the users through on chain
transparency. Another critical enhancement provided by blockchain is the creation of
immutable audit trails. Blockchain’ s inherent immutability ensures that all digital sig-
nature transactions are permanently recorded and cannot be altered retroactively. This
feature provides a reliable and verifiable audit trail for compliance purposes, simplifying
regulatory reporting and enhancing accountability. Auditors and stakeholders can inde-
pendently verify the authenticity and integrity of digital signatures without relying solely
on QTSP-provided records, thereby increasing further the transparency and trust in the
system. The transparent nature of blockchain hence makes easier the detection of fraud-
ulent activities, as any unauthorized changes to digital signatures can be quickly identi-
fied and addressed, which can be performed in automated manner leveraging Machine
Learning and creating automated tools that can detect such evens. This software could
operate in the same way the antivirus is used in the PC to protect from viruses. Moreover,
blockchain inherently employs cryptographic techniques to secure data, which can be
leveraged to enhance the security of private key management within QTSP frameworks
[21]. In traditional systems, private keys are typically stored in centralized repositories,
making them vulnerable to breaches and unauthorized access. In contrast, blockchain
enables distributed key management, where private keys can be securely stored across
multiple nodes, significantly reducing the risk of a single point of compromise. This
distributed approach not only enhances the security of private keys but also allows for
the implementation of multi-signature schemes. Multi-signature schemes require mul-
tiple approvals for sensitive operations, thereby further strengthening security and en-
suring that no single entity has unilateral control over critical processes. This key man-
agement approach mitigates the risks associated with centralized storage and provides
an additional layer of security against potential attacks. Blockchain can also enhance
the services offered through Public Key Infrastructure (PKI) as both pivotal technologies
in the realm of digital trust [21], each addressing distinct aspects of security and authen-
tication. PKI is fundamentally designed to encrypt communications and authenticate
the origin of digital messages through asymmetric encryption, utilizing a pair of public
and private keys. This makes PKI highly effective for securing email communications,
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digital signatures, and establishing trusted connections between entities and is used by
QTSPs. However, PKI relies on centralized Certificate Authorities (CAs), which can be
single points of failure and targets for cyberattacks. In contrast, blockchain offers a de-
centralized and immutable ledger for recording transactions, ensuring that once data
is entered, it cannot be altered or deleted. This characteristic makes blockchain ideal
for applications requiring transparent and tamper-proof record-keeping, such as digital
identity verification, supply chain tracking, and smart contracts. Unlike PKI, blockchain
does not necessitate a centralized authority, reducing the risks associated with single
points of failure and enhancing system resilience. While PKI excels in securing com-
munications and providing authenticated identities, blockchain enhances transparency
and immutability, making it suitable for decentralized trust systems. This complemen-
tary approach enables QTSPs to offer comprehensive security solutions that address a
broader spectrum of digital trust needs, from secure communications to transparent
and decentralized identity management [16]. Incorporating blockchain into QTSP in-
frastructures presents numerous challenges that must be effectively resolved. The pri-
mary issue to address is the interoperability between blockchain platforms and cur-
rent QTSP systems. For seamless integration, it is crucial to develop standardized APIs
and middleware solutions that enable effective communication between various sys-
tems, thus allowing blockchain to effectively augment conventional certificate manage-
ment processes. Additionally, scalability and performance are vital considerations, as
blockchain networks need to handle the high transaction volumes typical in digital sig-
nature operations without degrading performance. Strategies such as implementing
Layer 2 scaling solutions, including state channels or sidechains, and optimizing con-
sensus mechanisms are critical to improving blockchain scalability and maintaining ef-
ficient performance. Regulatory and compliance issues introduce additional complex-
ity. Blockchain’s unchangeable nature can conflict with regulations like GDPR, which
requires personal data to be deleted or anonymized upon request. To address this, QT-
SPs can utilize hybrid solutions that integrate both on-chain and off-chain data stor-
age, allowing personal data to be erased or anonymized while preserving the blockchain
ledger’s integrity. Achieving this balance is crucial for staying compliant while harness-
ing blockchain’s security advantages. Furthermore, public blockchain systems are not
immune to security risks such as 51% attacks or smart contract exploits. Implementing
robust security measures, including regular security audits, secure smart contract de-
velopment practices, and consensus mechanism enhancements, is essential to protect
against these vulnerabilities. Continuous monitoring and updating of security proto-
cols can help QTSPs stay ahead of potential threats and maintain the integrity of their
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blockchain-integrated digital signature management systems. Despite these challenges,
the integration of blockchain technology into QTSP frameworks offers a transformative
opportunity to enhance the security, transparency, and efficiency of digital signature
management. By addressing technical, regulatory, and operational challenges through
strategic planning, security measures, and adherence to regulatory standards, QTSPs
can leverage blockchain technology to meet the evolving demands of the digital econ-
omy, ensuring secure, transparent, and efficient digital signature services across the Eu-
ropean Union.

2.2 Alignment with ETSI Standards

The integration of blockchain technology into QTSP frameworks requires adherence to
standards to ensure compliance, interoperability, and security. Aligning with these stan-
dards not only ensures that blockchain-based trust services meet stringent regulatory
requirements but also leverages the inherent strengths of blockchain technology to en-
hance the overall reliability and efficiency of QTSP operations. This section identifies
the relevant standards, corrects any inaccuracies, and explains how blockchain integra-
tion aligns with these standards, highlighting compliance measures and the added value
brought about by blockchain technologies.

2.2.1 Overview of Relevant ETSI Standards

Several standards are relevant for the operation and integration of trust services within
the EU framework, especially with respect to blockchain integration into QTSPs. The key
standards are as follows:

ETSI EN 319 401 [ref35] Electronic Signatures and Infrastructures; General Policy Require-
ments for Trust Service Providers.

This standard specifies general policy requirements for TSPs. It establishes the
foundational principles and practices that TSPs must implement to ensure the
trustworthiness of their services. It covers aspects such as organizational structure,
information security management, operational controls, and risk assessment. It
serves as a baseline for TSPs to align their policies and procedures with recognized
criteria, fostering trust among users and relying parties.

ETSI EN 319 411-1 [ref5] Electronic Signatures and Infrastructures; Policy and Security
Requirements for Trust Service Providers Issuing Certificates; Part 1: General Re-
quirements.
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This standard outlines the policy and security requirements for TSPs issuing cer-
tificates, focusing on general requirements applicable to all types of certificates. It
addresses aspects such as Certificate Authority (CA) management, certificate life-
cycle operations, repository and database security, and environmental controls.
The standard ensures that TSPs maintain high levels of security and reliability in
their certificate issuance processes, thereby supporting trust in electronic transac-
tions.

ETSI EN 319 411-2 [ref6] Electronic Signatures and Infrastructures; Policy and Security
Requirements for Trust Service Providers Issuing Certificates; Part 2: Requirements
for Trust Service Providers Issuing EU Qualified Certificates.

Building upon Part 1, this standard specifies additional policy and security require-
ments for TSPs issuing qualified certificates in accordance with the eIDAS Regula-
tion. Itincludes stringent controls on identity verification, certificate issuance and
management, cryptographic key generation and protection, and the use of Quali-
fied Signature Creation Devices (QSCDs). The standard ensures that qualified cer-
tificates meet the highest legal and security requirements within the EU.

ETSI EN 319 412 Series [ref36, ref37, ref38] Electronic Signatures and Infrastructures; Cer-
tificate Profiles.

The EN 319 412 series defines profiles for public key certificates issued by TSPs.
The series comprises several parts:

(i) Part 1: Overview and Common Data Structures.

(ii) Part 2: Certificate Profile for Certificates Issued to Natural Persons.
(iii) Part 3: Certificate Profile for Certificates Issued to Legal Persons.
(iv) Part 4: Certificate Profile for Web Site Certificates.

(v) Part 5: QCStatements, which includes the Qualified Certificate Statements
indicating compliance with eIDAS requirements.

These profiles ensure interoperability and compliance with regulatory requirements
across different types of certificates.

ETSI EN 319 102-1 [ref39] Electronic Signatures and Infrastructures; Procedures for Cre-
ation and Validation of Advanced Electronic Signatures (AdES); Part 1: Creation and
Validation.

19



This Technical Specification specifies procedures for the creation and validation of
Advanced Electronic Signatures (AdES) and Advanced Electronic Seals (AdES) that
are compliant with the eIDAS Regulation. It covers various signature formats such
as XAdES (XML Advanced Electronic Signatures), CAAES (CMS Advanced Electronic
Signatures), PAJES (PDF Advanced Electronic Signatures), and ASiC (Associated
Signature Containers). The standard provides guidelines on how to produce and
validate digital signatures to ensure their legal validity and technical interoperabil-

ity.
ETSI EN 319 102-2 [ref40] Electronic Signatures and Infrastructures (ESI); Procedures for

Creation and Validation of Advanced Electronic Signatures (AdES); Part 2: Signature
Validation Reports.

This specification defines the structure and content of signature validation reports,
which are essential for verifying the validity and reliability of digital signatures over
time. These reports play a crucial role in maintaining the trustworthiness of digital
transactions, particularly in long-term scenarios where certificates may expire or
be revoked.

ETSITS 119 461 [refd41] Electronic Signatures and Infrastructures (ESI); Policy and Secu-
rity Requirements for Electronic Registered Delivery Service Providers.

This standard specifies policy and security requirements for providers of Electronic
Registered Delivery Services (ERDS). It ensures that such services offer reliable and
secure methods for the transmission of electronic data between parties, with legal
equivalence to traditional registered mail.

ETSITS 119 495 [ref40] Electronic Signatures and Infrastructures; Sector Specific Require-
ments; Identity Proofing.

This Technical Specification outlines requirements for TSPs that provide identity
proofing services as part of remote or face-to-face identity verification processes.
It details methods for verifying the identity of individuals or legal entities before is-
suing certificates or other trust services. The standard emphasizes security and re-
liability in identity proofing, including procedures for document verification, bio-
metric checks, and data validation, ensuring compliance with legal obligations and
reducing the risk of fraud.

ETSITS 119512 [refd42] Electronic Signatures and Infrastructures; Cryptographic Suites.

This standard specifies cryptographic suites for securing trust services, including
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digital signatures, seals, and timestamps. It ensures that cryptographic algorithms
and key lengths meet current security requirements and are resistant to known
attacks.

IS0 22739:2020 [refd43] Blockchain and Distributed Ledger Technologies —Vocabulary.

This International Standard defines a set of terms and definitions for blockchain
and Distributed Ledger Technologies. Establishing a common vocabulary ensures
consistent understanding and communication among stakeholders, including de-
velopers, regulators, and users.

IS0 23257:2022 [ref44] Blockchain and Distributed Ledger Technologies — Reference Ar-
chitecture.

This International Standard specifies a reference architecture for blockchain and
DLT systems. It provides a generic framework that describes the components,
functionalities, and relationships within a blockchain network. The standard as-
sists organizations in designing and evaluating blockchain solutions by offering a
structured approach to architecture development, ensuring interoperability and
alignment with business requirements.

ISO/TR 23455:2019 [ref45] Blockchain and Distributed Ledger Technologies —Overview
of and Interactions Between Smart Contracts in Blockchain and Distributed Ledger
Technology Systems.

This Technical Report provides an overview of smart contracts in blockchain sys-
tems, including their characteristics, interactions, and potential use cases. It as-
sists in understanding how smart contracts can be utilized within trust services to
automate processes and enforce agreements.

ISO/TR 23244:2020 [ref46] Blockchain and Distributed Ledger Technologies — Privacy
and Personally Identifiable Information Protection Considerations.

This Technical Report addresses privacy and Personally Identifiable Information
(PII) protection in the context of blockchain and DLTs. It analyzes how blockchain
technologies interact with privacy regulations like the GDPR. The report provides
guidance on designing and implementing blockchain systems that comply with
privacy requirements.

ISO/TR 23576:2020 [ref47] Blockchain and Distributed Ledger Technologies —Security
Management of Digital Asset Custodians.
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This Technical Report provides guidance on the security management of digital
asset custodians operating in blockchain environments. It outlines best practices
for safeguarding digital assets, focusing on risk management, access control, key
management, and incident response.

DIN TS 31648:2021 [ref48] Criteria for Trusted Transactions—Records Management and
Preservation of Evidence in DLT/Blockchain.

This German Technical Specification provides criteria for trustworthy digital trans-
actions using blockchain technology, focusing on records management and the
preservation of evidence. It outlines requirements for ensuring the authenticity,
integrity, and reliability of records stored on DLT systems, aligning with legal and
regulatory obligations.

2.2.2 Mapping Blockchain Integration to ETSI Standards

Table 1 provides a detailed mapping of the proposed blockchain integration strategies to
the relevant ETSI standards, demonstrating compliance and improvement of the func-
tionality of trust services.

22



Table 1. Mapping Blockchain Integration to ETSI and ISO Standards

Document Section

Relevant Standards

Alignment Description

Policy and Security
Requirements

Certificate Issuance
and Management

ETSI Standards:

- ETSI EN 319 401 [ref35]
- ETSIEN 319 411-1 [ref5]
- ETSI EN 319 411-2 [ref6]
ISO Standards:

- ISO/IEC 27001 [ref43]

- IS0 22739:2020 [ref44]

ETSI Standards:

- ETSIEN 319 411-1 [ref5]
- ETSIEN 319 411-2 [ref6]
- ETSI EN 319 412 series
[ref36, ref37, ref38]

ISO Standards:

- ISO 23257:2022 [ref45]

ETSI EN 319 401: Blockchain’s im-
mutable ledger can enhance trustwor-
thiness, aligning with general policy
requirements for TSPs.

ETSIEN 319 411-1/2: Ensuring that
blockchain-based services comply with
security requirements for certificate
issuance and management.

ISO/IEC 27001: Integration of
blockchain within an Information Se-
curity Management System (ISMS) en-
sures effective risk management and
security controls.

IS0 22739:2020: Utilizing standardized
blockchain terminology ensures clarity
and consistency in policy documenta-
tion and communications.

ETSIEN 319 411-1/2: Blockchain can
enhance the integrity and transparency
of certificate issuance and management
processes, ensuring compliance with
general and specific requirements.
ETSI EN 319 412 series: Certificates
issued via blockchain can conform to
standardized profiles, ensuring interop-
erability and legal recognition.

IS0 23257:2022: Provides a reference
architecture for integrating blockchain
into certificate management systems,
aiding in designing effective QTSP ar-
chitectures that incorporate DLTs.
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Table 1 — Continued from previous page

Document Section

Relevant Standards

Alignment Description

Electronic Signatures
and Seals

Identity Proofing and
Verification

Time-Stamping Ser-

vices

ETSI Standards:

- ETSIEN 319 102-1 [ref39]
- ETSI EN 319 102-2 [ref40]
- ETSI EN 319 411-1 [ref5]

- ETSI EN 319 411-2 [ref6]
ISO Standards:

- ISO/TR 23455:2019 [ref46]

ETSI Standards:

-ETSITS 119 495 [ref47]
ISO Standards:

-ISO/TR 23244:2020 [ref48]

ETSI Standards:

- ETSI EN 319 421 [ref49]
ISO Standards:

-1S0O 22739:2020 [ref44]

ETSI EN 319 102-1/2: Blockchain sup-
ports the creation and validation of
AdES and Seals by providing tamper-
evident storage and verification mecha-
nisms.

ETSI EN 319 411-1/2: Enhances secu-
rity measures for electronic signatures
and seals through blockchain’s crypto-
graphic capabilities.

ISO/TR 23455:2019: Offers guidance on
smart contracts, which can automate
signature validation processes within
blockchain, enhancing efficiency while
maintaining compliance with legal and
technical standards.

ETSITS 119 495: Blockchain-based de-
centralized identity solutions can align
with identity proofing requirements,
enhancing security and user control.
ISO/TR 23244:2020: Addresses privacy
and PII protection in blockchain sys-
tems, ensuring compliance with GDPR
when integrating blockchain into iden-
tity proofing processes.

ETSI EN 319 421: Blockchain’s inherent
timestamping capabilities align with re-
quirements for trusted time-stamping
services, providing immutable and veri-
fiable timestamps.

IS0 22739:2020: Standardized
blockchain terminology ensures clarity
in documenting time-stamping services
and related processes.

24

Continued on next page



Table 1 — Continued from previous page

Document Section Relevant Standards Alignment Description
Privacy and Identity ETSI Standards: ETSI TS 119 495: Emphasizes secu-
Management -ETSITS 119 495 [ref47] rity and reliability in identity proofing,

ISO Standards: which can be enhanced by blockchain’s

-ISO/TR 23244:2020 [ref48] features.

ISO/TR 23244:2020: Addresses pri-
vacy and PII protection in blockchain
systems, ensuring GDPR compliance
when integrating blockchain into iden-
tity proofing processes.

Security Framework ISO Standards: ISO/IEC 27001: Implementing

and Controls for DLT - ISO/IEC 27001 [ref43] blockchain must align with established
Information Security Management Sys-
tem standards, ensuring effective risk
management, access control, and secu-
rity measures for blockchain implemen-
tations within QTSP infrastructures.

Certificate Profiles ETSI Standards: ETSI EN 319 412 series: Ensures that

- ETSI EN 319 412 series blockchain-based certificates conform

[ref36, ref37, ref38] to standardized profiles for interoper-

ISO Standards: ability and compliance.

- ISO 22739:2020 [ref44] IS0 22739:2020: Utilizing standardized
blockchain terminology ensures clarity
in certificate profiles and related docu-
mentation within blockchain environ-
ments, promoting consistency among
stakeholders.

Records Management ISO Standards: DIN TS 31648:2021: Provides criteria
and Preservation - DIN TS 31648:2021 [ref50] for trustworthy digital transactions us-

ing blockchain, focusing on records
management and preservation of evi-
dence. Integrating blockchain enhances
the authenticity, integrity, and reliabil-
ity of records, aligning with legal and
regulatory obligations.
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2.2.3 Detailed Alignment with Key Standards

The integration of blockchain technology into QTSPs requires meticulous alignment
with established policy and security standards to ensure the delivery of secure, reliable
and compliant trust services. In this section, we present the primary integration points
where the blockchain technology can be embedded within QTSP frameworks with re-
gard to the eIDAS use cases and showing how blockchain integration aligns with ETSI
and ISO standards presented in Table 1.

Policy and Security Requirements Integrating blockchain technology into QTSPs ne-
cessitates adherence to established policy and security standards to ensure secure, reli-
able, and compliant trust services. Key standards governing these requirements include
ETSI EN 319 401, ETSI EN 319 411-1, ETSI EN 319 411-2, ISO/IEC 27001, and ISO/IEC
27002. ETSI EN 319 401 sets the general policy requirements for TSPs, emphasizing ro-
bust security measures, effective risk management, and strict regulatory compliance. It
outlines essential organizational and technical measures, such as information security
management, operational controls, incident management, and business continuity, es-
tablishing a foundational framework for TSPs to foster trust among users and relying
parties. Building upon these general requirements, ETSI EN 319 411-1 and ETSI EN 319
411-2 specity the policy and security requirements for TSPs issuing digital certificates,
including EU Qualified Certificates. ETSI EN 319 411-1 addresses general requirements
applicable to all certificates, ensuring high levels of security and reliability in certificate
issuance processes. ETSI EN 319 411-2 extends these requirements specifically for EU
Qualified Certificates, introducing additional controls on identity verification, certifi-
cate management, cryptographic key protection, and the use of QSCDs, ensuring com-
pliance with the eIDAS Regulation. Complementing the ETSI standards, ISO/IEC 27001
provides a comprehensive framework for establishing, implementing, maintaining, and
continuously improving an Information Security Management System. ISO/IEC 27002
offers detailed guidelines for information security controls, assisting organizations in
selecting and implementing appropriate security measures based on their specific risk
environments. Blockchain integration enhances these policy and security requirements
in several ways. The decentralized and immutable nature of blockchain introduces ro-
bust security measures by ensuring that all transactions are secure, tamper-proof, and
verifiable, aligning with the stringent security controls mandated by ETSI and ISO stan-
dards. Additionally, blockchain’s architecture reduces single points of failure, signifi-
cantly lowering the risk of data breaches and unauthorized alterations, which aligns with
the risk management protocols outlined in ISO/IEC 27001. Furthermore, blockchain’s
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transparent and immutable records facilitate detailed audit trails, crucial for compli-
ance with regulatory standards and security examinations as specified in ETSI EN 319
401 and ISO/IEC 27002. This transparency enhances accountability and trustworthi-
ness, enabling QTSPs to demonstrate compliance and maintain high standards of secu-
rity and reliability.

Certificate Issuance and Management Blockchain technology necessitates strict align-
ment with established standards to ensure secure, reliable, and interoperable certificate
issuance and management. Key standards governing this area include ETSTEN 319 411-
1, ETSIEN 319411-2, the ETSIEN 319 412 Series, and ISO/IEC 9594-8:2017. ETSI EN 319
411-1 and ETSI EN 319 411-2 outline comprehensive policy and security requirements
for TSPs issuing digital certificates, with Part 1 addressing general requirements appli-
cable to all certificate types and Part 2 specifying additional requirements for issuing EU
Qualified Certificates in compliance with the eIDAS Regulation. The ETSIEN 319412 Se-
ries defines standardized profiles for public key certificates, ensuring uniform formats
and interoperability across different systems and jurisdictions. Meanwhile, ISO/IEC
9594-8:2017 provides frameworks for public-key and attribute certificates, supporting
the structural integrity and interoperability of digital certificates within global directo-
ries. Blockchain integration enhances these standards by enabling decentralized and
automated certificate management through smart contracts. This automation stream-
lines processes such as issuance, renewal, and revocation, eliminating the need for in-
termediary intervention and reducing potential points of failure. Each certificate trans-
action is immutably recorded on the blockchain ledger, ensuring a tamper-proof audit
trail that enhances trust and accountability. Furthermore, smart contracts enforce com-
pliance with the certificate profiles defined in the ETSI EN 319 412 Series and ISO/IEC
9594-8:2017, ensuring that all certificates adhere to standardized formats and regula-
tory requirements. This alignment facilitates mutual recognition of digital trust services
across EU member states and internationally, promoting seamless interoperability and
enhancing the reliability of digital transactions. By leveraging blockchain technology,
QTSPs can not only comply with stringent policy and security standards but also im-
prove the efficiency and resilience of their certificate issuance and management pro-
cesses, thereby fostering greater confidence among users and relying parties within the
European Union’s digital ecosystem.

Electronic Signatures and Seals QTSPs that leverage blockchain technology can enhance
the creation, validation, and long-term management of electronic signatures and seals
by aligning with key standards such as ETSI EN 319 102-1, ETSI EN 319 102-2, and the
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ISO 14533 Series. ETSTEN 319 102-1 and ETSI EN 319 102-2 establish the procedures for
creating and validating Advanced Electronic Signatures and Advanced Electronic Seals,
ensuring their legal validity and technical interoperability. The ISO 14533 Series further
defines processes for long-term authentication, crucial for maintaining the integrity and
validity of electronic signatures over extended periods. Blockchain technology signifi-
cantly enhances these standards through several key mechanisms: First it provides a
decentralized and immutable ledger for storing electronic signatures and seals. Each
signature is time-stamped and cryptographically linked within the blockchain, ensur-
ing that signatures are tamper-proof and easily verifiable. This secure storage aligns with
the procedural requirements of ETSI EN 319 102-1 and ETSI EN 319 102-2, guarantee-
ing the authenticity and integrity of electronic signatures. The permanent and unalter-
able nature of blockchain records supports long-term validation of electronic signatures.
By preserving verification data in a tamper-proof manner, blockchain ensures that sig-
natures remain valid and trustworthy over time, fulfilling the requirements set forth by
the ISO 14533 Series for maintaining signature integrity and reliability. Also blockchain
eliminates the need for centralized validation authorities by distributing trust across a
network of nodes. This decentralization enhances resilience against cyberattacks and
unauthorized access, ensuring continuous and reliable validation of electronic signa-
tures. Such distributed validation aligns with the security measures advocated by ETSI
EN 319 102-1, reinforcing the robustness and trustworthiness of electronic signature ser-

vices.

Identity Proofing and Verification Integrating blockchain technology into QTSPs aligns
seamlessly with key standards such as ETSI TS 119 495 and ISO/IEC 29003:2018, which
establish comprehensive requirements and guidelines for secure and reliable identity
proofing processes. These standards emphasize the necessity of robust verification
methods and the stringent protection of personal data, ensuring that identity proof-
ing services are both secure and compliant with regulatory frameworks. Blockchain en-
hances identity proofing and verification through decentralized identity management
by utilizing DIDs and VCs. This decentralized approach empowers individuals to control
their digital identities without relying on centralized authorities, thereby reducing vul-
nerabilities associated with centralized identity repositories. Additionally, blockchain
technology supports privacy enhancement through cryptographic proofs, such as zero-
knowledge proofs. These techniques allow individuals to prove specific identity at-
tributes without revealing sensitive personal data, ensuring compliance with the GDPR
and other privacy standards. Moreover, blockchain facilitates secure attribute verifica-
tion by ensuring that identity attributes are securely stored and easily verifiable on the
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blockchain. This guarantees the integrity and authenticity of identity information, fully
complying with the requirements set forth by ETSI TS 119 495 and ISO/IEC 29003:2018.
The immutable and transparent nature of blockchain records ensures that all identity
verification processes are tamper-proof and auditable, thereby enhancing the overall
reliability and trustworthiness of identity proofing services.

Time-Stamping Services The blockchain technology can enhance time-stamping ser-
vices by aligning with key standards such as ETSI EN 319 421 and the ISO/IEC 18014
Series. ETSI EN 319 421 outlines the policy and security requirements for Trust Ser-
vice Providers issuing time-stamps, emphasizing the need for accurate time synchro-
nization, protection against forgery and manipulation, and robust audit and verifica-
tion capabilities. The ISO/IEC 18014 Series complements these requirements by pro-
viding a comprehensive framework for time-stamping services, detailing mechanisms
for generating independent and linked time-stamp tokens and establishing traceable
time sources to ensure the integrity and precision of time-stamps in electronic trans-
actions. Blockchain integration enhances these time-stamping services through sev-
eral key mechanisms. Each blockchain transaction is inherently time-stamped and
recorded immutably on the blockchain ledger, ensuring that records are both accurate
and tamper-proof. This immutability aligns with the stringent requirements of ETSI
EN 319 421 and the ISO/IEC 18014 Series, guaranteeing that time-stamps cannot be al-
tered or falsified once recorded. Additionally, the consensus mechanisms employed by
blockchain networks ensure synchronization across all participating nodes, maintain-
ing consistent and reliable time-stamping across the entire network. This synchroniza-
tion is crucial for meeting the accuracy and reliability standards specified by both ETSI
and ISO. Furthermore, the transparent nature of blockchain ledgers facilitates compre-
hensive auditability. Each time-stamp can be independently verified by any authorized
party, enhancing the trustworthiness of the time-stamping services provided by QTSPs.
The ability to independently audit and verify time-stamps without relying on a central-
ized authority ensures that the integrity of time-stamped records is maintained, thereby
fulfilling the audit and compliance requirements outlined in ETSI EN 319 421 and the
ISO/IEC 18014 Series. By leveraging blockchain technology, QTSPs can deliver time-
stamping services that are not only compliant with established standards but also offer
enhanced security, accuracy, and transparency.

Privacy and Identity Management Integrating blockchain technology into QTSPs re-
quires strict adherence to established privacy standards to ensure the protection of Per-
sonally Identifiable Information (PII). The relevant standards in this context include
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ISO/IEC 29100:2011, which establishes a comprehensive privacy framework for PII pro-
tection, and ISO/TR 23244:2020, which specifically addresses privacy considerations
within blockchain and Distributed Ledger Technologies (DLT) environments. ISO/IEC
29100:2011 outlines fundamental privacy principles and guidelines for implementing ef-
fective privacy controls, ensuring that organizations handle PIl in a manner that respects
individuals’ privacy rights. ISO/TR 23244:2020 further refines these principles by focus-
ing on the unique privacy challenges and considerations associated with blockchain
technologies, providing guidance on how to protect PII within decentralized and im-
mutable ledger systems. Blockchain integration enhances privacy and identity man-
agement through the implementation of privacy-preserving techniques such as zero-
knowledge proofs and selective disclosure. These methods enable the verification of
identity attributes without exposing sensitive personal data, thereby aligning with pri-
vacy principles and regulatory requirements like the GDPR. Additionally, decentralized
identity solutions empowered by blockchain technology allow users to have greater con-
trol over their personal data, enabling them to manage and share their information se-
curely and selectively. This user-centric approach not only enhances data privacy but
also ensures compliance with stringent data protection laws by minimizing data expo-
sure and increasing transparency in data handling processes.

Security Framework and Controls for DT A security framework is also required to ad-
dress the unique risks and vulnerabilities associated with DLTs. Key standards guiding
this integration include ISO/TR 23245:2021 and ISO/IEC 27001. ISO/TR 23245:2021 pro-
vides comprehensive guidance on identifying and mitigating security risks, threats, and
vulnerabilities specific to blockchain environments. It outlines best practices for se-
curing blockchain implementations, addressing areas such as cryptographic security,
network protection, and safeguarding against common DLT threats like 51% attacks
and smart contract exploits. ISO/IEC 27001 complements this by establishing the re-
quirements for an effective Information Security Management System. This standard
ensures that organizations implement systematic processes for managing sensitive in-
formation, maintaining confidentiality, integrity, and availability through a risk-based
approach. Blockchain integration enhances the security framework and controls for QT-
SPs by implementing advanced cryptographic algorithms and secure consensus mech-
anisms. These measures are fundamental in protecting against common DLT threats,
ensuring that data transactions are both secure and verifiable. The use of robust cryp-
tographic techniques, such as elliptic curve cryptography and hashing algorithms, safe-
guards the integrity and confidentiality of data stored on the blockchain. Additionally,
secure consensus mechanisms like Proof of Stake (PoS) or Byzantine Fault Tolerance
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(BFT) enhance the resilience of the blockchain network, preventing unauthorized trans-
action validations and ensuring network stability. Risk management is further strength-
ened through regular security assessments and continuous monitoring, aligning with
the practices outlined in ISO/IEC 27001. By conducting periodic vulnerability assess-
ments and penetration testing, QTSPs can proactively identify and mitigate potential
security weaknesses within their blockchain implementations. Continuous monitoring
tools enable real-time detection of suspicious activities and potential breaches, facilitat-
ing swift incident response and minimizing the impact of security threats. This proac-
tive approach to risk management ensures that QTSPs maintain a high level of security
posture, adhering to both ISO/TR 23245:2021 and ISO/IEC 27001 standards. Further-
more, the integration of blockchain technologies into the organization’s overall ISMS
framework ensures a cohesive and comprehensive approach to information security.
By embedding blockchain security measures within the ISMS, QTSPs can ensure that
all aspects of their blockchain operations are governed by standardized security policies
and procedures. This integration supports the alignment of blockchain-specific security
controls with the broader organizational security objectives, fostering a unified strategy
for managing information security risks. As a result, QTSPs can achieve enhanced pro-
tection of their digital trust services, ensuring compliance with international best prac-
tices and maintaining the trust of their stakeholders.

Interoperability Framework The key standard governing this area is ISO 23257:2022,
which provides a comprehensive reference architecture for blockchain and DLTs. This
standard promotes interoperability and standardization by outlining the essential com-
ponents, functionalities, and relationships within blockchain systems, thereby facilitat-
ing the design of compatible and scalable blockchain solutions. Blockchain integration
aligns with ISO 23257:2022 by adopting a standardized design approach, which ensures
that blockchain solutions are developed based on recognized architectural frameworks.
This standardized design guarantees compatibility with existing systems and networks,
enabling QTSPs to integrate blockchain technologies without disrupting their current
operations. Furthermore, the creation of standardized Application Programming Inter-
faces (APIs) and middleware solutions is critical for enabling effective communication
across different blockchain platforms and legacy systems. By establishing uniform in-
terfaces, QTSPs can facilitate smooth data exchange and interoperability, reducing inte-
gration complexities and enhancing overall system efficiency. Additionally, blockchain
technology supports the development of cross-border services, which is essential for
the harmonization of digital trust services within the European Union and on a global
scale. The standardized reference architecture provided by ISO 23257:2022 ensures that
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blockchain-enabled trust services are scalable and flexible, capable of adapting to vary-
ing regulatory and operational requirements across different jurisdictions. This harmo-
nization not only enhances the scalability and flexibility of QTSP operations but also
promotes mutual recognition of digital trust services, thereby fostering a more unified
and efficient Digital Single Market. Using standardized architectures, APIs, and middle-
ware solutions, QTSPs can effectively implement blockchain technologies that are in-
teroperable, scalable, and compliant with international standards, thus supporting the
seamless operation of digital trust services across borders.

Certificate Profiles: The relevant standards in this context are the ETSI EN 319 412 Se-
ries and ISO/IEC 9594-8:2017. The ETSI EN 319 412 Series defines comprehensive pro-
files for certificates issued by TSPs ensuring that these certificates meet uniform formats
and interoperability requirements essential for seamless integration within the Euro-
pean Union’s digital ecosystem. This series covers various aspects of certificate pro-
files, including the structure, data elements, and validation mechanisms necessary for
maintaining consistency and reliability in digital trust services. Complementing the
ETSI standards, ISO/IEC 9594-8:2017 provides a robust framework for public-key and
attribute certificates, outlining the foundational structures and protocols required for
effective certificate management. This standard ensures that PKIs and attribute-based
access controls are implemented consistently, facilitating the secure issuance, manage-
ment, and validation of digital certificates across different platforms and organizations.
Blockchain integration enhances compliance with these certificate profiling standards
by enabling the design of blockchain-based certificates that conform to the standardized
profiles defined in the ETSI EN 319 412 Series and ISO/IEC 9594-8:2017. By adhering to
these profiles, blockchain-based certificates gain recognition and acceptance across EU
member states and internationally, promoting mutual recognition and trust in digital
transactions. Furthermore, blockchain technology leverages standardized data struc-
tures and terminology as outlined in these standards, ensuring that certificate data re-
mains compatible and easily interpretable within blockchain environments. This stan-
dardized approach not only enhances the compatibility of blockchain solutions with ex-
isting systems but also simplifies the integration process for QTSPs. Additionally, the
immutable and transparent nature of blockchain facilitates facilitated validation of cer-
tificates. By aligning certificate issuance and management processes with the ETSI EN
319 412 Series and ISO/IEC 9594-8:2017, blockchain-enabled certificates can be seam-
lessly recognized and validated across different systems and networks. The decentral-
ized ledger ensures that all certificate transactions are recorded in a tamper-proof man-
ner, providing a reliable audit trail that supports the verification processes mandated
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by these standards. This alignment ensures that blockchain-based certificates main-
tain their integrity and trustworthiness, thereby enhancing the overall reliability and ef-
ficiency of digital trust services provided by QTSPs.

Technology Analysis of DLT The relevant standard in this context is ISO/TR 23455:2019,
titled Blockchain and Distributed Ledger Technologies —Overview of and Interactions
Between Smart Contracts in Blockchain and Distributed Ledger Technology Systems.
This technical report provides a comprehensive overview of smart contracts within
blockchain systems, detailing their characteristics, functionalities, and potential use
cases. It serves as a critical resource for QTSPs seeking to leverage smart contracts to
enhance their trust service operations. Informed Decision-Making is a fundamental as-
pect of integrating blockchain technology into QTSP frameworks. ISO/TR 23455:2019
offers valuable technical analysis that aids QTSPs in selecting appropriate blockchain
solutions that best fit their operational needs and compliance requirements. By un-
derstanding the various types of smart contracts and their interactions within different
blockchain environments, QTSPs can make informed decisions about which blockchain
platforms and smart contract functionalities will optimize their trust services. This en-
sures that the chosen blockchain solutions are not only technologically sound but also
strategically aligned with the goals of the QTSPs. Smart Contract Implementation is an-
other critical area where blockchain integration significantly benefits QTSPs. Smart con-
tracts, as detailed in ISO/TR 23455:2019, are self-executing agreements with the terms
directly written into code. By leveraging smart contracts, QTSPs can automate various
trust service processes, such as certificate issuance, renewal, and revocation. This au-
tomation enhances operational efficiency by reducing the need for manual intervention,
minimizing the potential for human error, and speeding up service delivery. In addition,
smart contracts ensure compliance with legal and technical standards by embedding
regulatory requirements directly into the contract code, thereby maintaining adherence
to established protocols without additional oversight. Performance Optimization is es-
sential for maintaining the security and efficiency of trust service operations within QT-
SPs. Understanding the interactions and dependencies within blockchain systems, as
outlined in ISO/TR 23455:2019, enables QTSPs to optimize both the performance and
security of their blockchain implementations. By analyzing how smart contracts inter-
act with the underlying blockchain infrastructure, QTSPs can identify and address po-
tential bottlenecks, enhance transaction throughput, and ensure robust security mea-
sures are in place. This proactive approach to performance optimization ensures that
blockchain-based trust services remain scalable, resilient, and capable of meeting the
growing demands of digital transactions within the European Union’s digital ecosystem.
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2.3 Interoperability and Scalability Considerations

Interoperability is a cornerstone of ETSI standards, ensuring that trust services
can seamlessly integrate across different systems and jurisdictions within the EU.
Blockchain technology inherently supports interoperability through standardized pro-
tocols and decentralized architectures, which facilitate seamless data exchange and in-
teraction with various trust service providers and digital identity systems. To enhance
interoperability, QTSPs can adopt blockchain platforms that support standardized APIs
and middleware solutions, enabling effective communication between blockchain net-
works and existing IT infrastructures. This ensures that blockchain-enhanced trust ser-
vices can operate cohesively with other digital trust frameworks, fostering a unified and
interoperable digital trust ecosystem as envisioned by ETSI EN 319 401. Scalability is an-
other critical consideration outlined in ETSI standards, requiring trust services to han-
dle large volumes of transactions efficiently. Blockchain integration addresses scalabil-
ity challenges through the adoption of Layer 2 solutions, sharding, and permissioned
blockchain architectures. These technical strategies enhance blockchain’s capacity to
process high transaction volumes without compromising performance or security, en-
suring that QTSPs can meet the scalability requirements specified in ETSI standards.

Table 2 summarizes the key scalability solutions and their alignment with ETSI stan-
dards.

2.4 Compliance Management and Auditability

Compliance with regulatory standards is a fundamental aspect of ETSI EN 319 401,
which mandates trust service providers to implement comprehensive compliance
management systems. Blockchain integration enhances compliance and auditability
through its transparent and immutable ledger system. Blockchain’s immutable ledger
provides a tamper-proof audit trail of all trust service transactions. Every action, from
certificate issuance to revocation, is recorded on the blockchain, ensuring that all trans-
actions are traceable and verifiable. This aligns with ETSI EN 319 401’s requirements for
detailed audit trails and supports efficient and effective compliance audits. The decen-
tralized and transparent nature of blockchain allows for real-time monitoring of trust
service operations. QTSPs can leverage blockchain’s built-in transparency to contin-
uously monitor transaction activities, detect anomalies, and ensure compliance with
regulatory standards. This proactive monitoring capability aligns with ETSI’s emphasis
on maintaining ongoing compliance and swiftly addressing any deviations from estab-
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Table 2. Scalability solutions and their alignment with ETSI standards

Scalability Solution  ETSI Standard Alignment

Layer 2 solutions Enhance transaction throughput and reduce latency, aligning
with ETSI EN 319 401’s scalability requirements by ensuring effi-
cient handling of high-volume trust service transactions without
compromising security or interoperability.

Sharding Distributes the blockchain network into smaller partitions
(shards), enabling parallel processing of transactions. This
aligns with ETSI EN 319 401’s emphasis on scalable trust service
infrastructures capable of supporting growing transaction vol-

umes.
Permissioned Offer higher transaction throughput and lower latency by re-
Blockchains stricting network participation to authorized entities. This aligns

with ETSI EN 319 401’s requirements for secure and scalable
trust service operations, ensuring compliance with regulatory
standards while enhancing performance.
Consensus Mecha-  Adopting efficient consensus algorithms like PoS and BFT aligns
nism Optimization  with ETSI EN 319 401’s security and performance standards, en-
suring scalable and secure transaction processing within trust
service frameworks.

lished protocols. ETSI EN 319 401 requires trust service providers to conduct regular
security audits to identify and mitigate vulnerabilities. Blockchain integration supports
this requirement by providing a secure and transparent platform that is inherently resis-
tant to tampering and unauthorized alterations. Additionally, the use of smart contracts
for automated processes reduces the risk of human error, further enhancing the secu-
rity posture of trust services. Aligning with GDPR requirements, blockchain integration
ensures that personal data is handled in compliance with data protection regulations.
By implementing off-chain storage solutions and using encryption and pseudonymiza-
tion techniques, QTSPs can protect sensitive personal data while maintaining the in-
tegrity and auditability of blockchain transactions. This dual approach ensures that
blockchain-enhanced trust services adhere to both ETSI and GDPR standards, mitigat-
ing legal and compliance risks.

3 Market Analysis

The integration of blockchain technology into QTSPs will represents a significant shift
in the digital trust services industry. In this section an evaluation of the demand for
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blockchain-enhanced trust services is provided along with an assessment of the com-
petitive environment. In the end the trends of this emerging market are presented and a
SWOT analysis is conducted to better understand the position of QTSPs in a blockchain-
enabled market.

3.1 Evaluation of the demand for blockchain-enhanced trust services

The demand for blockchain-integrated trust services is driven by the increasing need for
secure, transparent, and efficient digital transactions across various sectors. The prolif-
eration of digital technologies, coupled with rising cybersecurity threats, has heightened
the emphasis on trust services that can assure the integrity and authenticity of digital
interactions. This demand is segmented into three primary categories: the enterprise
sector, government and public services, and small and medium-sized enterprises. In
the enterprise sector, large corporations are adopting blockchain-enhanced trust ser-
vices to secure complex transactions, manage digital identities, and protect sensitive
data [8]. Industries such as finance, healthcare, supply chain, and legal services are par-
ticularly inclined in leveraging blockchain technology in order to enhance their oper-
ational integrity and compliance [25]. In the financial sector particularly, institutions
require secure digital signatures and timestamping services to adhere to the regulatory
standards and prevent fraudulent activities. Blockchain’s immutable ledger ensures that
transactions are tamper-proof, thereby increasing trust and reducing the risk of fraud.
Similarly, in healthcare, blockchain facilitates the secure sharing of patient data across
different entities, ensuring data integrity and compliance with data protection regula-
tions like the GDPR. The ability to maintain a transparent and immutable record of pa-
tient interactions enhances data security and operational efficiency, making blockchain
an invaluable tool for large enterprises. Additionally, supply chain companies utilize
blockchain to track the provenance of goods, ensuring transparency and accountability
from origin to destination, and thus mitigating risks associated with counterfeit prod-
ucts and enhancing the supply chain integrity. Legal services benefit from blockchain
through the secure management of digital contracts and the verification of legal docu-
ments, ensuring their authenticity and reducing the likelihood of disputes. These ap-
plications underscore the significant demand within the enterprise sector for scalable
and secure blockchain solutions that can handle high transaction volumes without com-
promising on security or efficiency. Governments worldwide are increasingly adopting
digital platforms to deliver a wide range of public services, necessitating digital trust ser-
vices to ensure security and transparency [19]. Leveraging blockchain helps in offering
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enhanced trust services including secure identity verification, document authentica-
tion, and transparent record-keeping, which are critical for maintaining public trust and
administrative efficiency. The European Union’s eGovernment initiatives, for instance,
emphasize the integration of reliable trust services to enhance citizen engagement and
streamline administrative processes [22]. Blockchain technology enables governments
to create tamper-proof records of public transactions, ensuring that citizen data is se-
curely managed and accessible only to authorized personnel. This not only enhances
data security but also improves the efficiency of public service delivery by reducing bu-
reaucratic delays and minimizing the risk of data breaches. Moreover, blockchain facili-
tates the implementation of decentralized public service platforms, allowing for greater
transparency and accountability in government operations. For example, blockchain
can be used to secure voting systems, ensuring the integrity of electoral processes and in-
creasing voter confidence. The ability to provide transparent and immutable records of
public transactions fosters trust among citizens, making blockchain an essential compo-
nent of modern eGovernment frameworks. SMEs also are increasingly recognizing the
transformative potential of blockchain technology in order to enhance security. Access
to affordable and scalable trust services enables SMEs to compete more effectively in the
digital marketplace by providing secure transaction processing, efficient identity man-
agement, and transparent record-keeping. Blockchain-integrated trust services offer
SME:s the ability to implement secure digital signatures and identity verification systems
without the need for extensive technical expertise or significant financial investment.
This democratization of advanced trust services allows SMEs to enhance their opera-
tional security, reduce the risk of fraud, and ensure compliance with regulatory require-
ments. Additionally, the scalability of blockchain solutions ensures that SMEs can grow
without being hindered by technological limitations, thereby supporting their long-term
sustainability and competitiveness. The demand for user-friendly blockchain services
that offer seamless integration with existing business processes is on the rise, as SMEs
seek to leverage technology to improve their operational efficiency and customer trust.
The above-described cases collectively illustrate the demand for blockchain-enhanced
trust services within the digital trust services industry. The enterprise sector, govern-
ment and public services, and SMEs each present unique opportunities for QTSPs to de-
ploy scalable and secure blockchain solutions that address specific needs, thereby driv-
ing the overall market growth for blockchain-integrated trust services. The projected de-
mand for blockchain-integrated trust services is poised for substantial growth, driven by
multiple factors including technological advancements, regulatory developments, and
increasing awareness of data security and transparency among organizations and con-
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sumers alike. According to recent market research, the global blockchain market is ex-
pected to grow from approximately 18 billion in 2024 to over 200 billion EUR by 2029, ex-
hibiting a compound annual growth rate (CAGR) of around 65% during this period [25].
This exponential growth underscores the expanding recognition of blockchain’ s poten-
tial to revolutionize trust services by enhancing security, efficiency, and transparency. It
also underlines the need for the EU to be at the forefront of this technological evolution
to ensure that it harnesses blockchain’s full potential while maintaining regulatory over-
sight and fostering a secure digital environment for its citizens and businesses. Leading
the adoption of blockchain-integrated trust services will enable the EU to position itself
as a global leader in digital innovation, attracting significant investments and fostering
the growth of a blockchain ecosystem within the EU region that will automate and in-
crease the security of the offered services also minimizing the cross-border complexities.
Particularly, integrating blockchain technology with the eIDAS Regulation enables the
creation of a standardized and secure digital identity infrastructure that facilitates seam-
less cross-border digital interactions, essential for the functioning of the digital single
market. Moreover, the EU’s proactive stance on blockchain ensures the development
of interoperable solutions that meet stringent regulatory standards, thereby enhancing
trust and confidence among users and service providers. This leadership not only pro-
motes economic growth and technological advancement but also ensures that digital
identity solutions are resilient, privacy-preserving, and aligned with the EU’s commit-
ment to data protection and sustainability. Consequently, the EU’s strategic integration
of blockchain within its digital identity framework is crucial for driving secure, efficient,
and trustworthy digital interactions, reinforcing its role as a pioneer in the global digital
trust services landscape. Continuous advancements in the blockchain technology are a
primary driver of the projected demand for blockchain-enhanced trust services. Inno-
vations such as interoperability solutions, scalable consensus mechanisms, and privacy-
preserving technologies like Zero-Knowledge Proofs (ZKPs) are making blockchain more
practical for enterprise applications. For instance, developments in Layer 2 scaling so-
lutions, including Rollups and Sidechains, significantly increase transaction throughput
and reduce latency, enabling blockchain to support high-volume trust service opera-
tions more effectively. In [32], the authors explore how ZKPs can address GDPR compli-
ance challenges within blockchain projects, providing a framework for managing pri-
vacy while maintaining blockchain’s decentralized benefits. Their findings highlight
the importance of privacy-preserving technologies for regulatory alignment, position-
ing ZKPs as a critical innovation in blockchain’s expansion across data-sensitive sectors.
Additionally, advancements in smart contract functionality and decentralized identity
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frameworks are enabling more sophisticated and secure trust service offerings, further
stimulating demand [18]. However, regulatory support and the establishment of clear
legal frameworks are crucial factors. Governments and regulatory bodies worldwide are
increasingly recognizing the importance of blockchain in enhancing digital trust and se-
curity. In the European Union, initiatives such as the European Blockchain Services In-
frastructure (EBSI) and the ongoing refinement of the eIDAS Regulation are fostering an
environment conducive to blockchain adoption. These regulatory developments pro-
vide the necessary assurance to organizations regarding the compliance and legal stand-
ing of blockchain-enhanced trust services, thereby encouraging their adoption. The
global push towards digital transformation across industries is another significant con-
tributor to the rising demand for blockchain-enhanced trust services. Organizations are
increasingly seeking digital solutions to streamline operations, enhance data security,
and improve customer trust. Blockchain’ s inherent features of immutability, decentral-
ization, and transparency align perfectly with these objectives, making it an attractive
technology for enterprises undergoing digital transformation. As businesses continue
to digitize their operations, the need for reliable and secure trust services will escalate,
driving the demand for blockchain-integrated solutions. Growing consumer awareness
about data privacy and security is also playing a pivotal role in driving the demand for
blockchain-integrated trust services. Consumers are becoming more conscious of how
their data is managed and are demanding greater transparency and control over their
personal information. Blockchain’ s ability to provide verifiable and immutable records
of data transactions enhances consumer trust, making blockchain-enhanced trust ser-
vices highly appealing to organizations aiming to meet these consumer expectations.
Hence, the adoption rates of blockchain-enhanced trust services are expected to accel-
erate as organizations recognize the tangible benefits and return on investment (ROI) as-
sociated with blockchain integration. Early adopters are setting precedents and demon-
strating successful implementations, thereby encouraging broader market penetration.
Case studies from leading enterprises illustrate significant improvements in security, ef-
ficiency, and trust, further propelling the adoption rates across various industries. As
organizations across various sectors seek to enhance their trust services through secure,
transparent, and efficient digital solutions, the market for blockchain-enhanced trust
services is expected to expand rapidly. QTSPs are well-positioned to capitalize on this
growing demand by leveraging blockchain technology to offer innovative and compli-
ant trust service solutions that meet the evolving needs of their clients. The competitive
landscape for blockchain-integrated trust services is highly dynamic, marked by estab-
lished QTSPs expanding their service offerings and new entrants harnessing innovative
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blockchain technologies to gain a foothold in the market. GlobalSign, a leading QTSP
exemplifies this trend by actively integrating blockchain solutions to enhance its certifi-
cate management and security frameworks. According to their recent insights, PKI and
Blockchain serve different yet complementary roles in addressing the social problem of
trust. While PKI focuses on encrypting communications and authenticating message
originators through asymmetric encryption, Blockchain provides a secure, immutable
ledger for recording time-stamped transactions without relying on centralized Certifi-
cate Authorities. This differentiation allows to leverage Blockchain for identity verifica-
tion and secure IoT device management, enhancing the robustness and transparency of
their trust services.

3.2 Costimplications

Integrating blockchain technology into QTSP frameworks involves significant financial
investments and strategic considerations. The most critical cost factor is the infras-
tructure and technology required to support blockchain implementation. Upgrading
the existing IT infrastructure is essential to accommodate the operational demands of
a distributed ledger system. This upgrade necessitates substantial Capital Expenditures
(CAPEX) for acquiring high-performance servers and advanced networking equipment
capable of handling the increased computational load inherent to blockchain technolo-
gies. The decision between deploying a private, public, or consortium blockchain pro-
foundly impacts the overall cost structure. Private blockchains, favored by the Euro-
pean Union for their enhanced control and privacy, typically incur higher costs due to
the necessity for dedicated infrastructure and ongoing maintenance. In contrast, pub-
lic blockchains may offer reduced infrastructure costs by leveraging existing public net-
works but come with challenges related to scalability and transaction fees [4]. The EU’
s current strategic direction leans towards the implementation of private blockchains
to ensure compliance with stringent regulatory standards and data protection require-
ments. Another substantial expenditure arises from software development and acquisi-
tion. Customizing blockchain platforms to align seamlessly with QTSP operations de-
mands specialized development efforts. This customization involves creating smart
contracts tailored to automate processes such as certificate issuance and revocation,
developing application programming interfaces (APIs) to ensure interoperability with
existing systems, and designing user interfaces that facilitate seamless interactions for
both administrators and end-users [3]. The complexity of integrating blockchain with
legacy systems may necessitate bespoke middleware solutions, further escalating de-
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velopment costs. Additionally, opting for proprietary blockchain platforms or middle-
ware introduces recurring licensing fees, adding to the long-term financial commitment.
Ongoing maintenance, including software updates and security patches, is essential to
ensure the blockchain network remains secure and functional, thereby requiring con-
tinuous budget allocation. Operational and maintenance costs also play a pivotal role
in the overall financial implications of blockchain integration. Regular maintenance is
crucial for the sustained performance and security of the blockchain infrastructure. This
includes routine software updates, security patches, and system optimizations to pro-
tect against emerging threats and vulnerabilities. Moreover, robust security manage-
ment practices must be implemented to safeguard the blockchain network from cyber-
attacks, unauthorized access, and operational anomalies. This often necessitates in-
vesting in advanced security solutions and employing specialized personnel to manage
and monitor the blockchain system effectively. Additionally, staff training is imperative
to equip personnel with the necessary skills to operate and manage the new blockchain
systems, ensuring smooth adoption and minimizing disruptions to existing workflows.
Despite the significant upfront and ongoing costs, the potential Return on Investment
(RO]) from integrating blockchain technology into QTSP frameworks is considerable.
Enhanced security and trust are primary drivers of ROI, as blockchain’ s immutable
ledger and decentralized architecture significantly reduce the risk of data breaches and
unauthorized alterations, thereby lowering costs associated with fraud prevention and
compliance violations. Furthermore, the automation of trust service processes through
smart contracts increases operational efficiency, reducing the need for manual inter-
ventions and minimizing human errors. This automation not only accelerates transac-
tion processing but also lowers operational costs, contributing to a favorable ROI. Addi-
tionally, compliance with regulatory standards such as the eIDAS Regulation and GDPR
is streamlined through blockchain’ s transparent and immutable records, potentially
reducing costs related to audits and legal liabilities. The ability to offer secure, trans-
parent, and efficient trust services can also enhance the competitive advantage of QT-
SPs, attracting more clients and expanding market share, which further contributes to
the overall ROI. Scalability considerations are paramount when integrating blockchain
technology into QTSP frameworks. The blockchain infrastructure must be capable of
handling high transaction volumes without compromising performance or security. Im-
plementing scalability solutions such as Layer 2 protocols, sharding, and adopting more
efficient consensus mechanisms like Proof of Stake (PoS) or Byzantine Fault Tolerance
(BFT) is essential to ensure that the blockchain network can grow in tandem with the
increasing demands of trust service operations. These scalability measures not only en-

41



hance transaction throughput and reduce latency but also ensure that the blockchain
system remains cost-effective and efficient as the volume of transactions scales. Addi-
tionally, the infrastructure should be designed to accommodate future growth, allowing
QTSPs to expand their services without necessitating significant re-engineering or ad-
ditional investments. Risk assessment is another critical aspect of the cost implications
associated with blockchain integration. Technical risks, such as scalability limitations,
interoperability issues with existing systems, and the maturity level of blockchain plat-
forms, can lead to project delays, increased costs, or system vulnerabilities. Addressing
these technical challenges requires thorough planning, robust testing, and the adoption
of best practices in blockchain deployment. Regulatory risks also pose significant con-
cerns, as compliance with regulations like eIDAS and GDPR is complex and evolving.
Misalignment with these regulations can result in legal penalties, reputational damage,
and financial losses. Therefore, QTSPs must ensure that their blockchain implemen-
tations are fully compliant with all relevant regulatory requirements through continu-
ous monitoring and adaptation. Security risks, including 51% attacks, smart contract
vulnerabilities, and key management issues, must be mitigated through the implemen-
tation of advanced security measures, regular security audits, and the adoption of se-
cure consensus protocols. Furthermore, adoption risks, such as user resistance to new
technologies and the slow pace of acceptance, can impact the realization of anticipated
ROL. To mitigate these risks, QTSPs should invest in comprehensive training programs,
engage in user education initiatives, and adopt a phased implementation approach to
facilitate smoother transitions and higher adoption rates.

In conclusion, the integration of blockchain technology into QTSP frameworks involves
significant cost implications, encompassing infrastructure upgrades, software develop-
ment, and ongoing maintenance. However, the potential ROI, driven by enhanced se-
curity, operational efficiency, regulatory compliance, and competitive advantage, jus-
tifies the initial and ongoing investments. Scalability and risk assessment are critical
factors that must be meticulously managed to ensure the successful and sustainable in-
tegration of blockchain technology. By strategically addressing these cost implications
and associated risks, QTSPs can leverage blockchain to deliver secure, transparent, and
efficient trust services, thereby positioning themselves advantageously in the evolving
digital trust services market.
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3.3 Return on Investment (ROI) and Cost-Benefit Analysis

One of the most significant benefits of blockchain integration is the enhancement of
operational efficiencies through automation. Smart contracts, which are self-executing
contracts with the terms directly written into code, can automate various processes such
as certificate issuance, renewal, and revocation. This automation reduces the need for
manual intervention, thereby decreasing administrative overhead and minimizing the
potential for human error. For instance, the automation of certificate renewal processes
ensures timely renewals without the delays typically associated with manual processes,
thereby maintaining uninterrupted service for clients. The reduction in administra-
tive tasks not only lowers labor costs but also allows QTSPs to allocate resources more
strategically towards innovation and service improvement. Enhanced security is an-
other critical advantage that directly contributes to ROI. Blockchain’ s decentralized
and immutable ledger significantly reduces the risk of data breaches and fraudulent ac-
tivities, which are prevalent concerns in centralized systems. By mitigating these risks,
QTSPs can avert the substantial financial losses associated with cybersecurity incidents,
including costs related to breach remediation, legal liabilities, and reputational damage.
Furthermore, the implementation of multi-signature schemes and decentralized key
management enhances the overall security infrastructure, providing an additional layer
of protection against unauthorized access and ensuring the integrity of digital signa-
tures. The reduction in security-related incidents translates into direct cost savings and
preserves the financial stability of the organization. Operational efficiency gains from
blockchain integration also contribute to ROI. The automation capabilities of smart con-
tracts streamline certificate management workflows, accelerating processes and reduc-
ing turnaround times. This increased efficiency not only enhances service delivery but
also improves customer satisfaction, potentially leading to higher client retention rates
and the attraction of new clients seeking reliable and efficient trust services. Addition-
ally, the scalability offered by blockchain technology allows QTSPs to handle a larger
volume of transactions without a proportional increase in operational costs, thereby
supporting business growth and expanding market reach [11]. Market differentiation
and competitive advantage are intangible yet substantial benefits that positively impact
ROL. By adopting blockchain technology, QTSPs position themselves at the forefront of
technological innovation within the digital trust services market. This differentiation
can attract clients who prioritize advanced security measures and transparency, thereby
expanding the client base and increasing market share [7]. Moreover, the ability to of-
fer blockchain-enhanced trust services can open up new revenue streams, such as pre-
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mium services for clients requiring higher levels of security and transparency, further
contributing to the financial returns of the integration. Long-term cost savings repre-
sent another pivotal aspect of the cost-benefit analysis. Decentralized systems reduce
the need for extensive centralized infrastructure, leading to lower maintenance and op-
erational costs over time. The immutable nature of blockchain eliminates the need for
costly data reconciliation processes, as all transactions are permanently recorded and
easily verifiable. Additionally, the reduction in fraud and error-related losses contributes
to sustained cost savings, enhancing the overall financial health of the organization.

3.4 Scalability and Long-Term Economic Implications

One of the critical technical and economic considerations for QTSPs is the scalability
of blockchain systems and their long-term economic implications. This section pro-
vides an analysis of the scalability challenges associated with blockchain integration, ex-
plores potential solutions, and examines how these factors influence the long-term eco-
nomic viability of blockchain adoption within QTSP operations. Since the inception of
blockchain technology, there has been ongoing discussion regarding its ability to handle
a continuously growing number of transactions and accommodate sustained growth.
Scalability challenges in blockchain arise due to limitations in transaction throughput,
latency, and resource consumption [33]. QTSPs process high volumes of transactions
related to digital signature issuance, verification, and certificate management. Integrat-
ing blockchain technology into these operations necessitates a blockchain infrastruc-
ture capable of efficiently handling such transactional loads. It is well-known that pub-
lic blockchains like Bitcoin and Ethereum have limited transaction throughput. Bitcoin
processes approximately 7 transactions per second (TPS), while Ethereum initially han-
dled around 15 TPS. However, with the implementation of PoS and sharding in Ethereum
2.0, this number is expected to increase significantly. In contrast, traditional payment
systems like Visa can process up to 24,000 TPS [30]. The low throughput of public
blockchains is primarily due to their consensus mechanisms, which prioritize security
and decentralization over scalability. For QTSPs, utilizing a public blockchain with low
transaction throughput can lead to processing delays and affect operational efficiency.
A significant challenge is the inability of current public blockchain networks to offer de-
terministic latencies; the upper bound of the expected time for a transaction to be con-
firmed is non-deterministic. Transaction confirmation times depend on network uti-
lization and the transaction fees users are willing to pay. As the number of transactions
increases, network congestion can lead to higher transaction fees and slower confir-
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mation times, impacting the cost-effectiveness of blockchain integration [12]. Further-
more, blockchain networks require nodes to store the entire ledger, which continuously
grows as new transactions are added. This increasing data size poses storage challenges
and increases resource consumption. Nodes participating in the network must allocate
computational power and storage capacity, leading to higher operational costs. For QT-
SPs, efficiently managing these resources is crucial to maintain cost-effectiveness and
sustainability in the long term. To address the aforementioned scalability challenges,
several technical solutions and approaches have been proposed and implemented in
various blockchain platforms. QTSPs considering blockchain integration can lever-
age these solutions to enhance scalability and optimize long-term economic outcomes.
Layer 2 solutions encompass a variety of architectural approaches that involve building
protocols on top of existing blockchains to offload transactions from the main chain,
thereby increasing throughput and reducing congestion. (i) State channels enable two
parties to conduct numerous transactions off-chain, with only the initial and final states
recorded on the blockchain. This significantly reduces the number of on-chain transac-
tions and improves scalability. (ii) Sidechains are independent blockchains running in
parallel to the main chain, connected via a two-way peg. They allow the transfer of assets
between chains, enabling specialized processing without burdening the main chain. (iii)
Techniques like Plasma and rollups bundle multiple transactions into a single on-chain
transaction, reducing theload on the main chain. Rollups execute transactions off-chain
and submit compressed transaction data to the main chain for verification. Implement-
ing Layer 2 solutions can enhance the scalability of blockchain networks used by QTSPs,
allowing them to handle higher transaction volumes without compromising security or
decentralization. Another technique is sharding, which divides the blockchain network
into smaller partitions called shards, each capable of processing its own transactions
and smart contracts. By distributing the workload across multiple shards, the network
can achieve higher throughput and scalability. For QTSPs, sharding can enable parallel
processing of transactions related to digital signatures and certificates, improving effi-
ciency and reducing latency. However, implementing sharding introduces complexity
in maintaining network security and consistency across shards. Protocols like Ethereum
2.0 are actively developing sharding solutions to enhance scalability. Consensus mech-
anisms play a crucial role in determining the scalability of a blockchain network. Select-
ing a blockchain platform with an optimized consensus mechanism can significantly
impact scalability and the long-term economic implications for QTSPs. (i) Proof of Stake
(PoS): Validators stake an amount of cryptocurrency as collateral to participate in the
consensus process. PoS reduces computational resource requirements and increases
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transaction throughput compared to Proof of Work (PoW). (ii) Delegated Proof of Stake
(DPoS): Stakeholders elect a limited number of delegates to validate transactions, en-
hancing efficiency and scalability. Permissioned blockchains restrict network participa-
tion to authorized entities, reducing the number of nodes required to reach consensus.
This controlled environment allows for higher transaction throughput and lower latency
compared to public blockchains. For QTSPs, permissioned blockchains provide a scal-
able solution tailored to their operational needs, enabling efficient processing of trust
services while maintaining necessary security and privacy controls. Additionally, per-
missioned blockchains can be optimized to meet specific regulatory requirements and
integrate seamlessly with existing enterprise systems. Scalability solutions have signifi-
cant long-term economic implications for QTSPs integrating blockchain technology, as
they can affect operational costs, system performance, and the ability to adapt to future
growth. Reducing resource consumption and improving transaction efficiency, scala-
bility solutions can lead to substantial cost savings. Layer 2 solutions and optimized
consensus mechanisms lower computational and energy requirements, translating to
reduced expenses on hardware, energy consumption, and maintenance. Also, higher
transaction throughput and lower latency enhance service quality, potentially attract-
ing more clients and increasing revenue. Efficient scalability ensures that the blockchain
infrastructure can support growing transaction volumes without proportional increases
in operational costs, contributing to favorable economies of scale. As demand for dig-
ital trust services grows, the blockchain system must accommodate increased transac-
tion volumes and more complex operations. Investing in scalable blockchain solutions
future-proofs the technological infrastructure of QTSPs, ensuring the system remains
robust and performant over time, avoiding the need for costly overhauls or migrations
to new platforms. Note that scalable systems are better positioned to integrate emerging
technologies, such as the Internet of Things (IoT) and Artificial Intelligence (AI), which
may introduce new transaction types and data processing requirements. By adopting
scalable blockchain architectures, QTSPs can remain agile and responsive to technolog-
ical advancements. Scalability enhances the ability of QTSPs to offer reliable and effi-
cient services, strengthening their competitive position in the market. Clients increas-
ingly demand fast, secure, and scalable trust services, and the ability to meet these ex-
pectations can differentiate QTSPs from competitors. Furthermore, scalable blockchain
solutions enable QTSPs to expand their service offerings, such as real-time transaction
processing, high-volume data validation, and support for global operations. Scalability
issues can lead to system bottlenecks, service disruptions, and security vulnerabilities.
Proactively addressing scalability, QTSPs mitigate risks associated with system overloads

46



and performance degradation. Scalable systems are more resilient to attacks that exploit
network congestion or transaction delays, enhancing overall security.

3.5 SWOT Analysis

Conducting a SWOT analysis can help QTSPs to evaluate their strengths, weaknesses,
opportunities, and threats within the blockchain-enhanced trust services market. This
analysis not only highlights the internal and external factors influencing QTSPs but also
guides them in leveraging their strengths, addressing weaknesses, capitalizing on op-
portunities, and mitigating threats to maintain a competitive edge in the evolving digital
trust landscape.

3.5.1 Strengths

QTSPs possess inherent strengths that uniquely position them to integrate blockchain
technology effectively into their service offerings. One of the primary strengths is their
established expertise in delivering trust services, including the secure issuance, manage-
ment, and verification of digital certificates and signatures. This expertise is grounded in
adeep understanding of cryptographic principles, secure key management, and compli-
ance with stringent security standards, which are fundamental to blockchain technol-
ogy. For instance, their proficiency in asymmetric cryptography and digital signature
algorithms aligns closely with the cryptographic mechanisms employed in blockchain
systems, facilitating a smoother integration process. Moreover, QTSPs have extensive
experience navigating complexregulatory frameworks such as the eIDAS Regulation and
the GDPR. This regulatory compliance proficiency enables QTSPs to design and imple-
ment blockchain solutions that meet stringent legal requirements, providing a competi-
tive advantage over less regulated entities. Their ability to ensure that blockchain imple-
mentations adhere to data protection and electronic identification standards is crucial,
given the immutable nature of blockchain records and the importance of protecting per-
sonal data. For example, QTSPs can implement privacy-preserving techniques like zero-
knowledge proofs to comply with GDPR while leveraging blockchain’s transparency. Ad-
ditionally, QTSPs have established trust and strong relationships with clients across var-
ious sectors, including finance, healthcare, and government. This trust is built on a
track record of reliability, security, and compliance, making clients more receptive to
adopting new blockchain-based services offered by QTSPs. For instance, InfoCert, one
of Europe’ s largest QTSPs, has successfully integrated blockchain technology to en-
hance its digital identity verification and document authentication services, reinforcing
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client trust and expanding its service offerings. Furthermore, QTSPs’ reputable brand
and demonstrated commitment to security can alleviate client concerns regarding the
adoption of new technologies. Their proven ability to deliver secure and compliant trust
services positions them as credible providers of blockchain-enhanced solutions. This
credibility is critical in an industry where trust and reliability are paramount.

3.5.2 Weaknesses

Despite their strengths, QTSPs may face several internal challenges that could impede
the effective integration of blockchain technology. A significant weakness is the po-
tential technological lag, where QTSPs may lack the necessary expertise in blockchain
technology, leading to slower adoption and implementation. Blockchain systems re-
quire specialized technical skills, including proficiency in distributed ledger technolo-
gies, smart contract development, and consensus mechanisms. The shortage of in-
house blockchain experts can hinder QTSPs from swiftly capitalizing on blockchain’s
benefits and may necessitate substantial investment in training or hiring skilled person-
nel. Another notable weakness is the challenge of integrating the blockchain with exist-
ing legacy systems. Many QTSPs operate on established infrastructures that may not be
inherently compatible with blockchain technologies. For example, traditional PKI sys-
tems used by QTSPs rely on centralized architectures, whereas blockchain operates on
decentralized principles. Reconciling these differences may require significant modifi-
cations or complete overhauls of current systems, leading to increased implementation
costs and extended timelines. The complexity of integration can also introduce tech-
nical risks, such as system incompatibilities and data migration challenges. Organiza-
tional inertia and resistance to change within traditional QTSPs can further impede in-
novation and adaptation to new technological paradigms. Employees accustomed to
legacy systems and processes may be hesitant to embrace blockchain integration due to
uncertainties about its benefits, potential disruptions, or job security concerns. This re-
sistance necessitates comprehensive change management initiatives to foster a culture
of innovation and adaptability. Without a supportive organizational environment, QT-
SPs may struggle to implement blockchain solutions effectively. Additionally, resource
constraints, such as limited financial budgets and competing priorities, can limit the
ability of QTSPs to invest in blockchain technology. The substantial capital expenditures
required for infrastructure upgrades, software development, and ongoing maintenance
may strain resources, particularly for smaller QTSPs. Balancing these investments with
other operational demands is a significant challenge that must be carefully managed.
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3.5.3 Opportunities

The expanding market for blockchain-enhanced trust services presents numerous op-
portunities for QTSPs to innovate and diversify their service offerings. There is a grow-
ing demand for secure digital transactions, decentralized identity management, and
automated compliance solutions. According to Market Research Future, the global
blockchain identity management market is expected to reach USD 19.0 billion by 2027,
growing at a CAGR of 85% from 2020 to 2027 [23]. This surge is driven by increasing
cybersecurity threats, regulatory compliance requirements, and the need for efficient
identity verification processes. By leveraging blockchain’s decentralized and immutable
ledger capabilities, QTSPs can offer enhanced security features, such as tamper-proof
digital certificates, real-time verification processes, and self-sovereign identity solu-
tions. For example, blockchain-based DIDs and VCs enable users to control their per-
sonal data, aligning with GDPR requirements and improving user trust [5]. QTSPs can
capitalize on this trend by developing blockchain-integrated identity verification ser-
vices that meet evolving client needs. Furthermore, strategic partnerships with tech-
nology providers, blockchain startups, and regulatory bodies can enhance QTSPs’ capa-
bilities and accelerate blockchain adoption. Collaborations with blockchain innovators
can provide QTSPs with access to cutting-edge technologies and expertise. For exam-
ple, Belgian Mobile ID partnered with major banks and telecom operators to launch the
itsme® platform [17], a digital identity solution recognized under eIDAS, which utilizes
blockchain components to provide secure and user-friendly services. The rise of new ap-
plications, such as blockchain-based supply chain transparency, smart contract-driven
trust services, and IoT security, offers QTSPs the potential to tap into emerging markets.
By offering blockchain-enhanced trust services in these areas, QTSPs can expand their
market reach and establish themselves as leaders in innovative trust solutions. Further-
more, favorable regulatory developments, such as the European Commission’s support
for blockchain through the European Blockchain Services Infrastructure (EBSI) initia-
tive, provide an encouraging environment for QTSPs to innovate [15].

3.5.4 Threats

The external environment presents several threats that QTSPs must navigate to success-
fully integrate blockchain technology. Competition from technology giants and innova-
tive startups poses a significant threat. Companies like IBM, Microsoft, and Accenture
are investing heavily in blockchain technology and offer comprehensive blockchain so-
lutions, including trust services. These organizations possess advanced technological
capabilities, substantial resources, and established client networks, potentially over-
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shadowing QTSPs’ offerings. The rapid pace of technological advancements in the
blockchain space can render existing solutions obsolete. New blockchain platforms,
consensus mechanisms, and cryptographic techniques are continually emerging. QT-
SPs risk investing in technologies that may become outdated or unsupported, necessi-
tating continuous investment in research and development to stay current. Failure to
keep pace with these advancements can result in QTSPs losing their competitive edge
and market share. Regulatory uncertainty and evolving compliance requirements also
pose challenges. The legal landscape for blockchain technology is still developing, with
varying regulations across jurisdictions. Uncertainties regarding how existing laws ap-
ply to blockchain, such as issues around data immutability conflicting with the GDPR’s
"right to be forgotten,” can introduce complexities and increase operational risks. QT-
SPs must remain agile to adapt to new laws and standards, necessitating ongoing com-
pliance assessments and adjustments to trust service operations. Technological vulner-
abilities inherent in blockchain technology can undermine the trust and reliability of
blockchain-enhanced trust services. Risks such as smart contract flaws, 51% attacks,
and emerging threats from quantum computing can compromise security. For exam-
ple, vulnerabilities in smart contracts can lead to unauthorized access or manipulation
of trust services. These vulnerabilities not only pose security risks but also have the po-
tential to damage QTSPs’ reputations and erode client trust. Economic factors, such as
budget constraints or economic downturns, could limit investments in blockchain tech-
nology, hindering QTSPs’ ability to innovate and maintain competitive services. Addi-
tionally, as more QTSPs adopt blockchain, the market may become saturated, leading to
increased competition and potentially reduced profit margins. Dependency on third-
party blockchain platforms or service providers introduces additional risks, including
service outages, vendor lock-in, and data privacy concerns. QTSPs must carefully assess
these dependencies and develop strategies to mitigate associated risks.

4 Conclusion

The integration of blockchain technology into Qualified Trust Service Provider frame-
works represents a significant advancement in enhancing the security, efficiency, and
interoperability of trust services within the European Union’s digital ecosystem. By
leveraging blockchain’s inherent features—decentralization, immutability, and cryp-
tographic security—QTSPs can address existing challenges associated with centralized
trust models and improve compliance with regulations.
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Technical feasibility studies indicate that blockchain can be effectively aligned with ETSI
standards, such as ETSI EN 319 401 and EN 319 411, ensuring that blockchain-based
trust services meet stringent regulatory requirements. Interoperability and scalability
considerations can be managed through the adoption of standardized APIs, Layer 2 scal-
ing solutions, and optimized consensus mechanisms, enabling the seamless integration
with existing systems and accommodating high transaction volumes.

Analysis of the market indicates an increasing demand for trust services powered by
blockchain technology in numerous industries. This trend is fueled by the necessity for
secure and transparent digital exchanges. Despite the substantial initial costs associated
with infrastructure upgrades, software creation, and operational outlays, the potential
returns on investment are substantial. Advantages comprise heightened security, effi-
ciency gains through automation, and a bolstered competitive edge.

In conclusion, integrating blockchain technology within QTSP frameworks is both tech-
nically feasible and economically advantageous. Addressing technical challenges and
leveraging their expertise in trust services, QTSPs can lead the way in delivering secure,
efficient, and compliant trust services. This integration not only aligns with the Euro-
pean Union’s vision for a unified digital single market but also fosters a resilient and
trustworthy digital ecosystem for all stakeholders.
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