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Abstract

Advanced nuclear technologies have a significant role in addressing the global climate change challenge and decarbonisation efforts. However, there is a pressing requirement for a change in the regulatory approach. Licensing is a key topic that would benefit from a more targeted approach. Licensing regimes are based on conventional large reactors, and this means that the innovative attributes of the wide range of SMR designs are most likely to challenge the existing framework. The existing traditional nuclear licensing processes are lengthy in duration, high in cost and adopt conservative and stringent regulatory requirements. In addition, specific ownership/Licensee models may look different for SMRs, presenting a challenge for Regulators. Harmonisation or Standardisation may well be the ultimate goal, but until that point, a new approach needs to be considered. The paper advocates that under the supervision of the IAEA (or perhaps a designated expert-led body of the IAEA), a design approval in one jurisdiction should be capable of transfer to another jurisdiction, subject to any specific points that the “adopting” Regulator wishes to examine. In practice, a move is being seen in this direction, evidenced by an increasing number of multilateral/bilateral initiatives and numerous examples of cooperation between Regulators.
INTRODUCTION
Advanced Nuclear Technologies (ANTs) are advocated as an optimal solution to address the global climate change challenge and achieve essential decarbonisation targets. With the current regulatory framework many questions arise around whether it needs to be reviewed to enable it to deal with the innovative solutions that ANTs offer. Existing licensing regimes are predominantly designed for conventional large reactors, which present challenges for ANTs. These conventional processes are not only time-consuming and financially burdensome but also adhere to highly conservative and stringent regulatory standards that may not be fully applicable to ANTs. The traditional ownership and licensing models for conventional nuclear reactors may not always fit the structures that ANTs present.

There is an urgent requirement for a focused, practical, and adaptable regulatory approach for ANTs. Whilst the ultimate objective may be the harmonisation or standardisation of licensing processes across jurisdictions, immediate actions are imperative. Addressing how design approvals conferred in one jurisdiction may be transferable to another under the oversight of the International Atomic Energy Agency (IAEA) or a designated expert-led body is now a priority. Agreeing to an IAEA framework for this would enable regulators in the receiving jurisdictions to address specific issues without necessitating a comprehensive re-evaluation of the entire design.

The role of advanced nuclear technologies in addressing the challenges of the Energy Trilemma

Whilst the Energy Trilemma manifests itself differently in various countries according to individual or regional energy profiles, all countries face the same balancing exercise: how to accommodate the apparently conflicting demands of affordability, security, and sustainability within energy policy. Understanding the dynamics of the Energy Trilemma and devising policy measures to balance these demands is a critical policy concern in achieving a just energy transition. 

ANTs can play a significant role in this balancing act. One of the main advantages of nuclear power is that it does not produce greenhouse gas emissions. When it comes to mitigating climate change and preventing global warming from going beyond the 1.5 degrees Celsius target (as referenced in the 2015 Paris Agreement - acceded to by the signatories as a legally binding International Treaty) [1], all existing emission-free forms of energy should be used. There is a wealth of published information (for example, the IAEA Forecasts) [2] demonstrating that a net zero path cannot be reached with renewables alone and requires a significant contribution from nuclear energy. Part of the rationale for using this energy source is the growing acceptance that power produced from nuclear fission offers a much-reduced carbon footprint compared to other energy sources.  Nuclear fission, in all its forms of energy production, is recognised as the most efficient emission-free form of energy production.

For EU countries considering their route to an energy transition free of (or at least severely reduced from) fossil fuels, they can point to the EU decision [3], to include nuclear as a transitional economic activity in its taxonomy nomenclature due to its clean environmental credentials. It is hoped that in due course, the references to energy transition will be removed with a recognition that nuclear fission can and should fulfil a long-term role in efforts to decarbonise the global economy. 

The decision at COP28 on the ‘Outcome of the first global stocktake’ recognised the potential role of nuclear power. [4]
The price of fossil fuels has had a direct impact on the cost of electricity due to the volatility of oil and gas prices. The picture is different with nuclear energy partly because the fuel accounts for only a small proportion of the total cost of production. One only has to remember the origins of the first age of nuclear program development by major jurisdictions, such as France, the UK, and the US, which was a direct response to the oil crisis in the 1970s. [5]
Uranium based nuclear fuel (the primary fuel for nuclear reactors), unlike fossil fuels, is energy dense. The IAEA has reported that one kilogram of uranium, coal, and oil produce 50,000kw/h, 3kw/h, and 4 kw/h of electricity respectively. [6] There are abundant reserves for nuclear power production and the resources are geographically diverse (making it more sustainable in terms of availability).  Currently Russia has around 44% of the world’s uranium enrichment capacity.  However, the current US ban on the import of Russian supply of unirradiated low-enriched uranium (LEU) coupled with the allocation of USD 2.72 billion to increase production of LEU and high-assay low-enriched uranium (HALEU) with similar approaches in the UK and France is indicative that a more balanced market supply can be achieved. [7] These steps will ensure the sustainability of nuclear fuel and bolster the case for its energy security component.

Nuclear power presents a solution to all the apparently competing demands of the Energy Trilemma. That being said, nuclear energy’s potential as an obvious policy choice has always been contentious due to the many concerns and challenges presented by large GW-scale nuclear power plants and the lobbying against nuclear has distorted public views on safety and security of nuclear energy generation.

· Localised Energy and diverse outputs: ANTs can be deployed off-grid, facilitating localised energy generation independent of centrally connected transmission infrastructure. They can also provide diversified outputs by providing heat, steam, or power;

· Simplified Financing Structures: ANTs may be able to rely largely on private investment with potentially simpler financing structures, such as corporate or private power purchase agreements (PPAs);

· Integration with energy system: ANTs can potentially be integrated with other energy generation technologies, including hydrogen production and renewable energy sources, thereby establishing and supporting a smart energy base; 

· System Balancing and Resilience: Their small scale also provides more flexibility to the energy system and the energy market. A well-balanced energy system is flexible to fluctuations in demand. As the share of production with intermittent renewables increases, ANTs can play a vital role in balancing the energy system. 

The advantages of ANTs highlight their potential role in the energy transition and decarbonisation. However, it is important to note that a different application of the regulatory framework is also required to allow them to be efficiently deployed and developed at scale nationally and internationally.

Regulation of the nuclear sector
3.1. Existing regulatory approach for large GW-scale plants

The regulatory framework for large GW-scale power plants has historically been characterised by either a prescriptive or goal-based approach. Under the prescriptive regulatory approach, the regulatory authority mandates specific design criteria, materials, and procedural protocols for the construction and operation of the facility. This method aims to ensure a uniform standard of safety and security across various nuclear installations. The United States and Canada exemplify jurisdictions that implement this approach.

Conversely, the goal-based regulatory framework, as employed in jurisdictions such as the United Kingdom, involves the regulatory authority establishing definitive safety objectives and goals for nuclear facilities without prescribing the specific means to achieve these objectives. Operators are thereby afforded the discretion to select the most suitable methods and procedures to fulfil the stipulated safety goals.

In practice, many regulatory bodies adopt a hybrid approach, integrating elements of both prescriptive and goal-based approaches. This involves the imposition of explicit requirements for certain aspects of facility design and operation, coupled with the establishment of overarching safety goals and objectives that operators must meet. Such a balanced approach seeks to harmonise prescriptive standards with operational flexibility, thereby promoting the safe and secure design, construction, and operation of nuclear facilities. The regulatory engagement in the life cycle of a nuclear plant usually broadly involves the following steps: Siting and Site Evaluation; Design; Construction; Commissiong; Operation; Decommissioning; Release from regulatory control.
3.2 
Overview of current licensing processes in the US and the UK
3.2.1 United Kingdom 

The Office for Nuclear Regulation (ONR) oversees the permitting and licensing process for nuclear installations and facilities in the UK. The Nuclear Installations Act of 1965 is the main source of applicable legislation on nuclear activity.  

ONR says that its processes for considering applications for licences for new nuclear sites are informed by the desire to build on the proven UK nuclear regulatory process, to protect people and society from the hazards of the nuclear industry, and to ensure a rigorous, robust, and transparent examination of the safety case and the safety management arrangements for new nuclear facilities.

The process, as stated by the ONR in its guide [8] on licensing, involves a number of discrete stages.

As the licencing and enforcement authority, the ONR possesses a range of statutory powers under the Nuclear Installations Act 1965 and the standard Licence Conditions to regulate nuclear safety-related facilities and activities. These powers include:

· Granting licences with specific conditions and modifying or revoking these conditions;

· Reducing the licensed area of a site;

· Requiring licensees to submit specified information, such as safety cases;

· Directing the shutdown of specific operations;

· Revoking nuclear site licences.

These measures enable the ONR to control and maintain compliance with nuclear safety standards. It is noteworthy that the ONR 's powers (as set out in Part 3 of the Energy Act 2013) refer to the potentially onerous obligation of “ensuring” nuclear security and safeguards.

3.2.2 United States 
The US operates both a two-step licensing process (under Part 50) and a combined licensing process under Part 52. 

Under the two-step licensing process, the applicant must submit an application comprising preliminary safety analyses, an environmental review, financial and antitrust statements, and an assessment of the nuclear power plant's necessity. The Nuclear Regulatory Commission (NRC) undertakes a thorough technical evaluation and environmental review in accordance with the National Environmental Policy Act (NEPA). Public participation is solicited through public meetings, and evaluations by the Advisory Committee on Reactor Safeguards (ACRS) and the Atomic Safety and Licensing Board are considered. Upon the NRC's approval, construction of the facility may commence.
Subsequent to construction, the applicant is required to submit an application for an operating licence, which must include detailed information on operation and maintenance procedures, emergency plans, and safeguards, alongside a final safety analysis report and an updated environmental report.

The NRC reviews the application, including emergency plans, in consultation with the Federal Emergency Management Agency (FEMA) and conducts public meetings for further review and public comment. A notice in the Federal Register provides an opportunity for interested parties to petition the NRC for a hearing, which the Atomic Safety and Licensing Board conducts. Upon the NRC's approval, the facility is authorised to commence operations.

A combined licence under Part 52 authorises construction of the facility much like a construction permit would under Part 50’s two-step process. A combined licence application must contain essentially the same information required in an application for an operating license issued under Part 50. There is also a mandatory hearing for a combined licence.
The regulatory processes described above for the UK and the US were designed for large GW-scale nuclear power plants, which are customised site-specific reactors constructed on-site, with the potential of variation in design and safety features. 

In 2022, the National Innovation and Research Advisory Board (NIRAB) of the UK reviewed the nuclear new-build approval processes and estimated the timelines for the regulatory approvals for SMRs and large GW-scale reactors. [9] The study suggests that a large GW-scale reactor can take up to 13 years to construct and commission and an SMR (applying the existing regulatory processes) can take up to 12 years. 

This suggests that the existing regulatory framework is prohibitive in terms of time and costs and may not be appropriate for ANTs due to their unique features. The unique features of modularity, standardised production and manufacturing at scale, and the inherent safety features necessitate a different regulatory treatment and approach beyond the first approvals being granted. If ANTs are to play a meaningful role in the net-zero transition and beyond, there is a general recognition that the regulatory approach may have to change. 

4. Regulatory challenges for advanced nuclear technologies
As discussed in the previous sections, the existing regulatory frameworks are outdated and not designed for modern ANTs, and they are slow to adapt to meet new technological advancements. This raises a number of interlinked questions that need to be addressed:

· To what extent might it be possible to “passport” a standardised modular design of a new nuclear reactor into multiple jurisdictions, acknowledging the benefits (in time and cost) that this could bring when a “new” nuclear country applies its own licensing system? Assuming this can be done in practice, what safeguards need to be put in place to respect the sovereignty of a state in matters of international nuclear law? And can this approach cope with different approaches of different states towards regulation?

· Historically, in most nuclear jurisdictions, to license a large GW-scale nuclear power plant, the steps that are addressed include a site justification report and regulatory protocols. These steps include an elaborate review of the site-specific and project-specific organisation structure, ownership and licensing model for the nuclear power plant. However, for advanced nuclear technologies, these traditional ownership/Licensee models may look different so how does the Regulator get comfortable with this? 

4.1 Licensing: a move towards Standardisation
It is important to note that a number of jurisdictions are reviewing their current regulatory framework, including licensing processes, to adapt to the specificities of ANTs and address their challenges. For instance, the UK’s nuclear regulator, the ONR, has introduced new flexibilities into its existing pre-licensing process known as generic design assessment (GDA), in theory reducing the number of “Steps” to 3 (from 4). The ONR has launched an early Regulatory Engagement process [10] and it has also set up an Innovation Pathways [11] process to facilitate earlier and more effective regulatory interaction for advanced nuclear. The ONR has, in addition, stated that it is planning a focused review of its licensing guidance. At the heart of that guidance are references to a whole series of Safety Assessment Principles (SAPs), Security Assessment Principles (SyAPs) and Technical Assessment Guides (TAGs), which were developed around existing designs and may not be applicable to innovative new designs.

In line with the IAEA, the UK regulatory process requires that the risks posed by a nuclear plant are demonstrable “As Low As Reasonably Practicable” (“ALARP”), taking into account economic and safety requirements. In the UK, this concept originally derives from UK legislation, specifically the Health and Safety at Work etc. Act 1974. The term has been enshrined in UK case law since the 1949 case of Edwards v National Coal Board.  In that case, the appeal court ruled that the National Coal Board did not have to take every possible physical measure to eliminate risk – it only had to provide protection where it was required. The phrase used in the judgement was “reasonably practicable”, establishing the principle that a risk must be significant in relation to the “cost” (in terms of money, time or effort) required to avert it.

A good example of the application of ALARP in the nuclear industry is the requirement that workers’ exposure to ionising radiation is “as low as reasonably practicable”. But what happens once exposure levels fall significantly below safe limits? Given what we know about exposure to radiation for the general public on a daily basis, is reducing radiation levels “as low as reasonably practicable” still a useful exercise? Many in the industry question the standards now being applied in terms of dosage and safe use, when the metrics are based on very historic assumptions which are no longer relevant in modern technologies. A potential solution is to consider modifying the standards to which ALARP is applied so that we move away from reducing risk to standards which were set at a time when the nature and effect of exposure was much less understood than it is now.  

In the US, the NRC has recently developed guidance documents to facilitate the licensing process for non-light water reactor designs. The guidance is anticipated to significantly reduce the regulatory uncertainty for new reactor concepts that don’t fit the mould of conventional reactor technologies.
It is also worth noting the NRC's work on Environmental Impact Assessments for advanced nuclear reactors. In April this year, the NRC approved a proposed rule to streamline the National Environmental Policy Act review process for these reactors. NRC staff estimates that the streamlined review process could reduce the costs of environmental reviews by 20-45%.
At the international level, a harmonisation approach has been attempted over many years with the aim of creating a globally harmonised regulatory structure for new nuclear technologies. One of the early key harmonisation initiatives was the NEA’s Multinational Design Evaluation Programme
 (MDEP) [12]. Significant work on this topic was also completed by the WNA`s Cordel Group.
[13] Examples from the Aviation industry and transport of radioactive materials were cited as examples of industries/systems that successfully worked on common certification systems. More recently, the IAEA’s Nuclear Harmonisation and Standardisation Initiative (NHSI), with its twin track (Regulatory and Industry) top-down approach, might be making some progress with establishing which common areas to address and, as such, points the way forward to increased collaboration and cooperation between both technology vendors and regulators. The Cordel Group emphasises this approach in its most recent publication. [14]

What we are seeing in practice is a pragmatic approach involving bilateral and multilateral regulatory collaboration, with the ultimate objective that technologies certified in one jurisdiction should be accepted in others so long as IAEA standards are met. This reflects the way in which international harmonised regulation has evolved in other industries and seems to be a safe and secure approach to unification and harmonisation.

These initial steps might go further through nuclear developers/technology owners signing up to confidential agreements with the IAEA (acting as an “Oversight Body”) for early support in the application process in one jurisdiction and a national regulator where the technology is developed reviewing the design through to acceptance and sign off and inclusion in an IAEA register of jurisdictionally approved technologies. This may develop to the extent that a regulator from another interested jurisdiction shadows the first Regulator’s assessment process to satisfy itself with the design, retaining the right to apply national regulatory and/or site-specific requirements.

The idea is that early IAEA involvement ensures technology approval consistency across jurisdictions, minimising redundant regulatory processes. The current review process for the Nuward SMR design (with six Regulators in total led by the French Safety Authority (ASN) with the participation of the Czech (SUJB) and Finnish (STUK) safety authorities, joined by regulators from Sweden (SSM), Poland (PAA) and the Netherlands (ANVS)) [15] and common topics being reviewed is an excellent example of how this practice should work. 

The same can be said for the adoption by the NRC and the Canadian Nuclear Security Commission (CNSC) of topical reports to assess GE-Hitachi’s SMR. These reviews and topical reports are undertaken under the Memorandum of Cooperation (MOC) between the NRC and CNSC, which aims to enhance technical reviews of advanced reactor and SMR technologies. [16] The MOC between the NRC and CNSC allows each regulator to review the results should an applicant from each of these jurisdictions propose to construct and operate a reactor design currently under review or previously reviewed by one of these regulators. In 2022, the CNSC completed a joint report with NRC to assess a method proposed by GE Hitachi and to support future licensing activities for its boiling water reactor design. [17]

These examples of regulatory collaboration provide excellent templates of what can be achieved in manageable steps. One of the key benefits would appear to be an opportunity for both designers and Regulators to be in discussions at an early stage in the design process which should save time further down the line in pre-Licensing and Licensing processes. Another key advantage is the opportunity for a sharing of practices and experiences of different Regulators and the potential identification for changes to national regulations and practices. 
4.2 Ownership models
The standard model for large GW-scale reactors is a single operator acting as a Licensee for one nuclear power plant on one allocated licensed site. The situation for ANTs is different. It might be that a number of different advanced nuclear technology types could operate on the same licensed site. Will a national regulator accept one “overarching” Site Licensee/Operator, or will it require a variety of different Licensees/Operators? Will the regulator accept a “thin” operator entity? This goes to the heart of what a licensable entity needs to demonstrate, essentially control over all nuclear-related activities and operations and independence from shareholders and owners. Will there be scope for common systems (for example, Emergency Preparedness measures) to be shared? What about the deployment of advanced nuclear technologies in remote sites/locations? This all needs to be seen in the context of Safeguard requirements. These are all challenging points for Regulators that require consideration of a new approach. Our recommendation is that these new potential ownership models need to be tested to examine whether they can exist in compliance with IAEA and international and national requirements or if not whether there is a case for adaptation of existing rules,
5. Conclusion 
The deployment and development of ANTs present a potential opportunity to address global climate change and support decarbonisation. However, the existing regulatory frameworks, designed primarily for conventional large reactors, present significant challenges in terms of time, cost, and adaptability. The traditional licensing processes, characterised by conservative requirements, are not well-suited to the innovative attributes and modular nature of ANTs.

A shift towards a more pragmatic and targeted regulatory approach is essential to support the potential of ANTs effectively. The proposal for design approvals to be transferable across jurisdictions under the supervision of the IAEA or a designated expert-led body represents a pragmatic step towards regulatory harmonisation. This approach, coupled with the increasing multilateral and bilateral cooperation among regulators, can potentially expedite the ANT deployment.

Regulators such as ONR and the NRC have made commendable progress in adapting their processes to accommodate ANTs. Initiatives like the UK's early Regulatory Engagement process and the NRC's revised licensing guidance for non-light water reactors highlights the potential for regulatory innovation, and where meaningful interaction can result in significant progress towards approval. Regulatory cooperation for Nuward and the Memorandum of Cooperation between the NRC and CNSC are other encouraging examples towards the type of cooperation and interdependence that can reform a multijurisdictional approach for ANTs.

Addressing these regulatory challenges through collaborative and flexible frameworks can ensure that ANTs play a significant role in achieving net-zero emissions and supporting a sustainable energy transition. Ultimately, the successful integration of ANTs into the global energy landscape hinges on regulators' abilities (supported by the appropriate policies) to embrace innovation, streamline processes and foster international cooperation and work closely with technology developers/designers. By doing so, the regulatory community can help to facilitate the rapid and efficient deployment of advanced nuclear technologies.
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� Preparing to be a licensable organisation; creation and collation of licence application dossier; licence application; nuclear site licence assessment; granting a site licence; regulation under the licence for construction, commissioning and operation.


� MDEP was established in 2006 as a multinational initiative taken by national nuclear safety authorities to develop innovative approaches to leverage the resources and knowledge of the national regulatory authorities involved in the review of new reactor nuclear power designs.  One of the key objectives is to enhance multilateral cooperation within existing regulatory frameworks, with a view to the harmonisation of regulatory requirements and practices


� CORDEL Working Group established the Small Modular Reactor Ad-hoc Group (SMRAG) in 2013 to elaborate a path towards harmonised and well-regulated global SMR deployment. This group was directed to review the state of the art for this technology and its potential for standardisation.
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