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[bookmark: _Toc213789500]Executive Summary
This strategic report presents an expert analysis of global trends in advanced construction technologies (ACT) for nuclear energy, focusing on the US-based Advanced Construction Technology Initiative (ACTI) at the Idaho National Laboratory (INL), as well as a critical assessment of the prospects for their implementation in the Russian Federation (RF) in the context of economic and regulatory challenges.
The report's key finding is that nuclear power plant construction costs and schedule risk are the primary drivers of overall deployment costs, with average historical cost overruns reaching 120%. 1 Transforming nuclear energy requires shifting focus from purely technical innovation to regulatory and operational efficiency .
Global experience, particularly ACTI's transition from the SteelBricks™ system to Diaphragm Plate Steel Composite (DPSC), has clearly demonstrated that the economic success of a structure is determined not so much by its strength as by minimizing the complexity of quality control and non-destructive testing (NDE) processes . 1 Reducing the volume of mandatory NDE is a direct path to schedule and cost reduction.
In the Russian context, the implementation of advanced methods is hampered by systemic challenges. These include the lack of a new, inherently modular light-water reactor (LWR) design, the institutional inability to ensure systematic accumulation of experience ("learning-by-doing") due to management qualification issues, and logistical constraints exacerbated by sanctions and a growing budget deficit. 1
The main strategic recommendation for the Russian Federation is to adopt a three-pronged transformation program :
1. Design Imperative: Initiate a new large-capacity LWR or SMR design, designed from the ground up for large-block assembly and optimized to minimize NDE.
2. Regulatory Catalyst: Accelerate the creation of a national risk-informed, performance-based regulatory framework (TI-RIPB) that will reduce the costs of civil structures imposed by current prescriptive requirements.
3. Digital Sovereignty: Targeted investment in the development and NQA qualification of the domestic digital engineering ecosystem (PLM, 3D CAD/BIM) to ensure a robust "digital backbone" critical for automation and quality control under sanctions.
[bookmark: _Toc213789501]SECTION I: ECONOMIC DICTATE AND THE PARADIGM OF ADVANCED CONSTRUCTION

[bookmark: _Toc213789502]1.1 The Root of the Problem: Unmanageable Cost and Schedule in Nuclear Megaprojects
Historical experience with nuclear energy infrastructure deployment demonstrates a consistent pattern of cost and time inefficiencies. Statistics for large projects generally show that only a very small proportion (approximately 0.5%) of megaprojects are completed on time, within budget, and with the expected benefits. 1 In nuclear energy, the average cost overrun on construction projects has reached 120%. 1
Economic assessments consistently point to two critical factors determining overall costs: construction costs and the risk of schedule delays . 1 These factors have become the bane of the industry and a serious barrier to the commercial success of next-generation reactors, despite their improved passive safety systems. 1
The problem is compounded by the fact that traditionally vital deployment elements such as civil/structural design, project complexity, and automation have either been underestimated or delayed in development cycles. 1 Furthermore, the nuclear industry's collective experience in implementing large construction projects has declined over the past several decades. The low rate of new NPP construction has led to a loss of critical industrial expertise, which in turn increases the risks of errors, rework, and on-site delays. 1 Thus, improving the competitiveness of nuclear energy requires not only technical innovation but also the restoration of lost production and management competencies, as well as a radical reduction in financial risks.
[bookmark: _Toc213789503]1.2 Fundamental Shift: The Concept of Modularity (PPM) as an Economic Driver
To overcome systemic cost and schedule challenges, the nuclear industry is rapidly moving toward advanced manufacturing practices known as Prefabrication, Preassembly, and Modularization (PPM). 1 PPM is a construction process in which components, systems, and structures (SSCs) are manufactured in a factory (prefabrication), assembled into larger subassemblies (prefabrication), and assembled into self-contained modules. 1
The primary economic benefit of PPM is the ability to parallelize manufacturing, which significantly reduces overall construction time, thereby reducing overall costs. 1 Transferring fabrication and assembly from suboptimal field conditions (subject to weather, limited access, concrete consolidation issues, and deviations from tight tolerances 1 ) to a controlled shop environment ensures greater and more predictable quality control, especially in welding, and improves worker safety. 1
This fundamental shift is a direct response to the loss of expertise caused by low construction frequency. 1 Prefabrication standardizes complex processes and reduces a project's dependence on the ever-degrading skills of field personnel. Systematic skill retention and the achievement of a "learning-by-doing" effect are directly linked to a continuous, ongoing construction process. 1 For example, China, which commissions 6–8 new units annually, demonstrates that a continuous project flow is essential for leveraging the economic benefits of modularity and maintaining competitiveness. 1
[bookmark: _Toc213789504]1.3. ACTI Priorities: Demonstrating Technologies to Reduce Risks
The ACTI program, initiated by the National Reactor Innovation Centre (NRIC), aims to reduce cost overruns and schedule delays. 1 The key goal of ACTI is to transform construction costs, enabling nuclear power to become a competitive source of carbon-free energy. 1
ACTI's first major project, launched in partnership with GE-Hitachi Nuclear Energy (GEH), focuses on demonstrating technologies that can reduce construction costs by more than 10% and significantly reduce schedule risks. 1 This project focuses on three key technologies :
1. Vertical Shaft Construction: Based on best practices in tunneling, this method reduces excavation and the need for engineered backfill. For a typical nuclear facility, this method has the potential to save up to $50 million and significantly reduce the construction schedule. 1 It is particularly relevant for advanced reactors, many of which are designed for underground installation to ensure passive safety and physical security. 1
2. Modular Steel-Concrete Composite Walls (DPSC): Developing composite systems that can be quickly manufactured in factories in parallel with excavation work, allowing designers to significantly compress schedules. 1
3. Digital Twin Monitoring: Create a virtual representation of the as-built structure that integrates with stress-strain and seismic sensors to actively monitor the asset's integrity throughout its lifecycle. 1
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[bookmark: _Toc213789506]2.1. Revolution in Structural Materials: From SteelBricks™ to DPSC
Advanced composite structures, such as SC-Walling (Steel-Plate Concrete Composite), are modules composed of two parallel steel slabs connected by tie rods. 1 These slabs serve as permanent formwork and reinforcement, minimizing the problem of rebar overload typical of traditional nuclear construction. 1 Concrete is poured on-site or at a factory.
The SteelBricks™ system was initially selected for the ACTI project with GEH. 1 However, analysis revealed that joining the individual components required significant amounts of full-penetration welding. 1 This, in turn, would have necessitated extensive non-destructive testing (NDE) and regulatory documentation, creating unacceptable risks of schedule delays and cost overruns. 1
The integrated project team made a critical decision to switch to a Diaphragm Plate Steel Composite (DPSC). 1 The DPSC system uses fillet welds to connect the diaphragm plates to the face plates. This technological solution significantly simplified the welding and inspection process. 1
### A Lesson in Regulatory Optimization
A key advantage of DPSC is that the fillet weld, unlike a full penetration weld, is classified as a Category H weld, requiring only visual inspection . 1 Visual inspection can be easily accomplished using a camera attached to the robotic welding arm, eliminating the need for costly and time-consuming NDE, which would be mandatory for SteelBricks™. 1
This case provides a crucial methodological lesson in nuclear construction: innovations that minimize the complexity of quality control and non-destructive testing are a direct path to cost reduction and schedule acceleration. 1 The cost and complexity of the regulatory process (inspection, NDE, documentation) in the nuclear sector often outweigh the cost of the materials themselves.
The summary table below demonstrates the benefits of DPSC:
Comparative Analysis of Modular Systems: SteelBricks™ vs. DPSC
	Characteristic
	SteelBricks™
	Diaphragm Plate Steel Composite (DPSC)

	Welding Type
	Full penetration welding
	Fillet welds

	Non-Destructive Testing (NDE)
	Extensive NDE required
	Visual inspection only (Category H)

	Welding Volume/Timeframe
	Significant amount of welding, high risk of schedule disruption
	Significant reduction in welding volume, simplification of robotics

	Material Processing
	Bending/forming and heat treatment required
	No bending/forming required

	Regulatory Impact
	High complexity of NQA-1 control
	A sharp reduction in regulatory burden (visual control)


To enable commercial use of the DPSC system, ACTI planned a full-scale demonstration (Topic 6), costing US$50 million, to validate large-scale mock-ups of composite walls and their connections with self-compacting concrete (SCC) and high-performance concrete. 1
[bookmark: _Toc213789507]2.2. Digital Twins: Foundation for Automation (TRL 7)
The development and implementation of digital twins is a fundamental prerequisite for all other advanced construction practices. 1 Advances in artificial intelligence (AI), machine learning (ML), and computing power enable the creation of a robust "digital thread" —an end-to-end information system that is maintained throughout the project lifecycle and links the digital project to the physical asset. 1
Digitalization of the engineering process eliminates routine manual data transfer between different engineering applications, increasing design productivity. 1 Digitally enabled systems engineering enables more simulations and verifications early on, ensuring the optimal solution is selected in terms of cost and schedule. 1 This is critical, as rework during the final design, procurement, and construction stages accounts for a significant portion of cost overruns in the nuclear industry. 1
The goal of ACTI (Topic 2) is to develop an open, modular digital twin foundation (including PLM, 3D CAD/BIM, and EAM) to Technology Readiness Level (TRL) 7 (demonstration of a prototype in an operational environment). 1 A critical requirement for commercial application is the qualification of this digital engineering ecosystem to rigorous NQA-1 standards. 1 Such qualification enables the transfer of verification and quality control to the design and manufacturing phase, which is a prerequisite for the safe and efficient deployment of automated and modular technologies at a nuclear site.
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### 2.3.1. Robotic 3D Printing of Reinforced Concrete Technologies
3D printing technology in construction offers a revolutionary change, replacing traditional, labor-intensive approaches with automated, rapid construction. 1 NRIC aims to create a framework for SMR/microreactor construction that takes less than one month . 1 3D printing enables construction to proceed around the clock, significantly reducing labor requirements and material waste. 1
However, transferring this technology to the nuclear sector requires immediate work on developing concrete formulations capable of withstanding high temperatures and seismic loads, as well as developing testing standards and regulatory collaboration. 1 The economic impact of 3D printing is only possible with the successful implementation of regulatory reform (Topic 1) and the availability of a reliable digital twin (Topic 2) that ensures the impeccable precision necessary for automated installation.
### 2.3.2. Diaphragm Walls and Shaft Sinking
One of the largest factors driving up the cost of nuclear construction is the excessive costs associated with large-scale bathtub excavation. 1 Technologies borrowed from tunneling, such as vertical shaft construction and diaphragm walling, offer solutions for significantly reducing the amount of excavation required. 1
The Diaphragm Walls method involves constructing a reinforced wall by vertically excavating a trench, which is supported by a mud slurry and then replaced with concrete after the rebar cage is installed. 1 This method creates sealed cells ideal for underground placement of microreactors , providing inherent safety, physical security, and reduced time to market. 1 ACTI (Topic 4) estimates the funding requirement for the detailed conceptual design of a demonstration facility to be US$5–7 million. 1
[bookmark: _Toc213789509]2.4 Advanced Cable Welding and Splicing Techniques
Modern advanced welding techniques are critical for joining modules and increasing fabrication speed. Technologies such as hot-wire tungsten inert gas welding (Hot-wire GTAW) and laser beam welding (LBW) provide higher deposition rates and accuracy. 1 Friction stir welding (FSW), a solid-state process, minimizes defects and is approved by ASME B&PV Code, Section IX. 1
For large components such as SMR housings, electron beam welding (EBW) using a modular in-chamber system (MIC-EBW) is being considered. 1 Automation of all these welding processes reduces defect rates, increases speed, and reduces reliance on a limited number of highly skilled operators. 1
Furthermore, cable installation, which often lies on the critical path, can be optimized by splicing cable ends running through different modules. This method has proven itself in the shipbuilding industry. 1
[bookmark: _Toc213789510]SECTION III: CRITICAL ANALYSIS OF ACT IN THE RUSSIAN CONTEXT
An analysis of the prospects for implementing advanced construction methods in the Russian Federation reveals a number of systemic, institutional, and logistical barriers that take precedence over purely technical issues.
[bookmark: _Toc213789511]3.1. Systemic Crisis of Qualification and Management
The Russian specialist rightly emphasizes that the technical implementation of modularity is impossible without the designers who must incorporate it into a new project. 1 However, a deeper and more critical barrier is managerial and institutional weakness. The benefits of continuous construction and "learning-by-doing" can only be realized by a qualified team of professionally trained specialists. 1
If construction management is carried out by "random non-professionals appointed to these positions for family, corruption, or political reasons," then the process of accumulating experience is disrupted. 1 In such a situation, even if technical experience is accumulated, it cannot be recorded, evaluated, and used to optimize future projects. This institutional obstacle calls into question the effectiveness of any investment in ACT, since it does not allow for a systematic increase in project management maturity, in contrast to the continuous and systematic approach demonstrated, for example, by the Chinese nuclear industry. 1
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Modularity shifts complexity and risk from the construction phase to the manufacturing and logistics stages. For large-block assembly, which is most relevant for Russian large-scale reactor (LWR) projects, the critical path is determined by the following factors:
1. Transporting Heavy Blocks: Moving heavy, bulky modules to the construction site requires significant investment in repairs and upgrades to bridges, roads, and port infrastructure. 1 Given the vast geographic distances in Russia, this factor can offset the savings from prefabrication.
2. Development of Very Heavy Lift (VHL) Equipment: Installation of heavy modules requires the development of Very Heavy Lift (VHL) equipment. Global experience reflected in ACTI confirms the importance of the Open Top Installation method using VHL cranes to reduce installation time. 1
3. Box-by-Box Assembly: On-site assembly of modules requires the highest precision in the design position. 1 This reinforces the need to use NQA-qualified digital twins to ensure accuracy that would be impossible with traditional methods.
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Projects are often cited as examples to demonstrate best practices that are not truly representative of large-scale modular deployment. 1
BREST project (a fast reactor with liquid metal coolant) is more of an experiment, and its fate is far from certain. 1 Using such projects as an example of the widespread use of modularity in civil energy is methodologically flawed.
nuclear power plant (FNPP ) project has been in development for over 25 years and utilizes a unique, "dual" regulatory framework—partly shipbuilding (the reactor is part of the vessel) and partly nuclear energy (the vessel is part of the power plant). 1 Its long-term operation should prove the validity of this approach, but its unique regulatory and design features make it an unfortunate example for a standardized, land-based modular strategy.
A strategic challenge for the Russian nuclear industry is the lack of a new high-power thermal light-water reactor (LWR) design that would be developed from the outset with maximum consideration for large-unit construction. Adapting older designs to modularity is a suboptimal and costly approach. A competitive modular design from scratch is needed that would incorporate all the lessons learned from DPSC (reducing NDE) and logistical requirements.
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[bookmark: _Toc213789515]4.1 The Imperative of Regulatory Reform: Transition to TI-RIPB
The regulatory environment is a critical economic catalyst. Traditional prescriptive requirements, such as NQA-1 in the US (or its equivalent in Russia), significantly increase the cost of civil structures, estimated to be approximately double. 1 About 75% of this increase is due to the need to use expensive NQA-1-compliant materials and rigorous inspection, testing, and documentation procedures. 1
This problem is exacerbated by advanced reactors (ARs), which often mitigate many risks (such as operating at low pressure or being located underground) but are subject to the same stringent criteria as traditional LWRs. This leads to unnecessary overdesign and unnecessary application of NQA-1 requirements. 1
ACTI (Topic 1) identifies investment in a regulatory and technical framework that utilizes risk-informed and performance-based approaches (TI-RIPB) as a mandatory requirement. 1 The goal is to define requirements for civil structures based on their actual functions, not just the formal designation "safety-related." This requires the development of a graded approach to QA, particularly for concrete, and the creation of new standards that allow the use of software controls instead of code-based qualification. 1
ACTI's strategic analysis demonstrates that the successful implementation of any advanced construction technology is directly dependent on the parallel successful implementation of the TI-RIPB regulatory approach. 1 Unless the high process costs associated with current QA requirements are reduced, the economic impact of large investments in technology (e.g., $50 million for a full-scale demonstration of modular walls) will be negated. 1 Thus, regulatory reform is not simply a bureaucratic process but a critical economic imperative.
[bookmark: _Toc213789516]4.2. ACTI Global R&D Priority: Funding Roadmap
The ACTI initiative has identified seven key R&D areas that require significant investment (with a total planned budget of over $115 million) to ensure the economic competitiveness of nuclear energy. 1
NRIC ACTI R&D Proposal and Funding Needs Summary (USA)
	Topic No.
	Technology/Direction
	Main Goal
	Estimated Financing Need (USD million)

	1
	Risk-Based Regulation (TI-RIPB)
	Civilian Structure Cost Reduction (NQA-1) through TI-RIPB.
	$15 (for 3 years)

	2
	Digital Twins (TRL 7)
	Optimizing design, reducing errors, creating an open ecosystem.
	$18 (for 3 years)

	3
	High Temperature Concrete
	Ensuring the structural integrity of the thermal insulation material and its use in thermal accumulators.
	$2–3

	4
	Diaphragm Walls
	Reducing excavation volumes, supporting underground microreactors.
	$5–$7

	5
	Robotic 3D Printing
	Ultra-fast construction (target: <1 month for SMRs/Microreactors).
	$5–$7 (Phase 1)

	6
	Full-Scale Modular Walls
	Validation of large-scale composite systems and supply chain development.
	$50

	7
	Seismic Isolators
	Reducing seismic risk, simplifying standardization and the regulatory process.
	$20

	Total
	Comprehensive Program
	Transformation of construction costs and schedule.
	~$115–$118 (Phase 1 and R&D)


Notably, investments in seismic isolators (Topic 7, $20 million) are aimed at more than just improving structural integrity. Incorporating isolators reduces the impact of seismic forces on reactor structures, which simplifies the design of safety-related systems and components (SSCs) and potentially streamlines the regulatory approval process . This is another example of a technological solution that brings economic benefits through regulatory optimization.
[bookmark: _Toc213789517]4.3. Geopolitical and Financial Limitations of the Russian Federation
The implementation of advanced construction methods in the Russian Federation faces significant geopolitical and macroeconomic constraints.
Sanctions Barrier: Critical ACTs, such as advanced digital twin software, high-precision robotic welding systems (e.g., Hot-wire GTAW, FSW, EBW) 1 , as well as VHL cranes and large-format 3D printing components, may be unavailable or require substitution due to sanctions.1 This is not just a technical delay; it is a strategic risk that obliges Russia to accelerate the development of a domestic, NQA-qualified digital and manufacturing base to ensure sovereignty over critical technologies.
Financial Deficit: Against the backdrop of a growing budget deficit and the impossibility of unlimited export financing , investments in ACT must be as effective as possible. This requires a thorough, formal study of the cost-effectiveness of each potential technological direction, as recommended by NRIC. Limited resources make it impossible to simply copy Western R&D plans, requiring strict prioritization.
[bookmark: _Toc213789518]SECTION V: STRATEGIC CONCLUSIONS AND TARGETED RECOMMENDATIONS FOR THE RUSSIAN FEDERATION
The implementation of advanced construction methods is a strategic imperative, not simply a technical choice, as a lag in this area could leave Russia lagging behind the global nuclear energy industry for 30 years or more. 1 ACTI's global experience shows that the effectiveness of investments in physical technologies depends entirely on the success of regulatory and digital reforms.
[bookmark: _Toc213789519]5.1. Assessment of the Strategic Backlog of the Russian Federation
Russia's current strategic lag is due to two key factors:
1. Design Backlog: Lack of new generation LWRs originally designed for modular construction, while global SMR projects are purposefully optimized for PPM. 1
2. Digital Gap: Insufficient maturity and NQA qualification of domestic digital engineering platforms (3D CAD/BIM, PLM), which makes it impossible to implement automated methods (3D printing, robotic assembly), which require precision guaranteed only by the "digital thread". 1
[bookmark: _Toc213789520]5.2 Recommendation 1: Project Imperative
There is an urgent need to initiate the development of a new design for a high-power light-water thermal reactor (or optimized SMR), where the principles of large-block assembly and modularity are incorporated into the architecture from the ground up.1
The design should be optimized considering logistical constraints (module dimensions/weight) and regulatory efficiency, using the DPSC lesson to minimize NDE in assembly seams.
[bookmark: _Toc213789521]5.3 Recommendation 2: Regulatory Catalyst
Recognizing that regulatory investments bring the most rapid and significant economic impact, it is necessary to create a national regulatory and technical framework that ensures a risk-informed and calibrated approach (similar to TI-RIPB).
The main objective is to dramatically reduce prescriptive quality assurance (NDE) and inspection requirements for standardized modular composite structures, where quality can be assured by factory quality control (QC) and digital systems rather than labor-intensive field inspections.
[bookmark: _Toc213789522]5.4. Recommendation 3: Sovereignty of Digitalization (NQA-Qualification)
Targeted investment in the development and NQA-1 qualification of the domestic digital engineering ecosystem (PLM, 3D CAD/BIM, EAM) to a level comparable to TRL 7 is critical. 1 This will provide a robust “digital thread” that is necessary not only for resilience in the face of sanctions, but also to ensure the precision required for the safe and efficient deployment of robotic and automated construction technologies. 1
[bookmark: _Toc213789523]5.5 Recommendation 4: Personnel, Management and Infrastructure
1. Management Reform: Implementation of a centralized and professionally oriented project management system that guarantees continuity of leadership and eliminates the appointment of non-professionals, thus ensuring the systematic collection and use of experience ("learning by doing"). 1
2. Logistics: Conducting a strategic audit of the transport infrastructure. Developing a long-term investment plan for the development of extra-heavy-duty (VHL) lifting equipment and upgrading key transport arteries (bridges, roads) to enable the delivery of extra-heavy modules.
3. Supply Chain: Targeted funding for the development of a domestic supply chain for the fabrication of modular composite structures (SC-Walling) and advanced welding techniques (FSW, automated GTAW) in accordance with stringent nuclear standards. 1
General Conclusion: Adopting a comprehensive strategy encompassing regulatory, digital, and management aspects is the only way to overcome the current gap and ensure the economic viability of the Russian nuclear energy sector in the face of increasing global competition. ACTI recommends creating a dedicated program with an annual budget of $15–20 million over five years1 — this figure can serve as a minimum benchmark for investment in critical R&D areas.
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