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Abstract

Small Modular Reactors (SMRs) are at the forefront of nuclear technology innovation. They present a potential solution to the increasing energy demand while achieving net zero emissions by 2050. The operational flexibility of SMRs is a key focus, as they provide power for processing heat for industrial applications, desalination, hydrogen production, and electricity generation. 
In the context of Kuwait, which presently lacks a nuclear power infrastructure, SMRs emerge as a potential solution for meeting the nation’s specific energy requirements and sustainability ambitions, including achieving the goal of net zero emissions by 2050. Our analysis leverages the IAEA comprehensive database on SMRs to provide policymakers with the latest advancements in SMR technologies if Kuwait decides to pursue a nuclear power program. While acknowledging that a Reactor Technology Assessment (RTA) requires an extensive, multidisciplinary effort and continuous stakeholder engagement that can evolve over the course of developing a nuclear power program, a preliminary RTA was conducted. This assessment aimed to determine the most suitable SMR technologies for Kuwait, focusing on reactor types and operational temperatures for cogeneration applications that could contribute to decarbonizing the desalination and oil/gas sectors.
Our findings indicate that Pressurized Water SMRs (PW-SMRs) are especially well-matched for lower-temperature applications, making them an ideal option for Kuwait’s desalination industry. PW-SMRs can supply electricity for desalination plants employing reverse osmosis technology and serve thermal processes in multi-stage flash distillation (MSF) and multiple-effect distillation (MED) plants. Concurrently, SMRs designed as high-temperature gas-cooled reactors are recognized for their potential to facilitate high-temperature industrial processes that can be utilized in the upstream and downstream oil sectors and for hydrogen production.
1. INTRODUCTION
Kuwait, strategically located in the northeastern Arabian Peninsula, has substantial hydrocarbon reserves owing to its advantageous geological conditions. Spanning an area of approximately 17,820 km² and housing a population of around 4.2 million, Kuwait boasts one of the world's largest crude oil reserves, establishing itself as a pivotal player in global oil production [1-4]. Despite this, Kuwait is shifting its focus towards a diversified, sustainable energy future aligned with evolving global energy narratives.
The Ministry of Electricity, Water, and Renewable Energy (MEWRE) manages Kuwait’s extensive provision of subsidized electricity and water, resulting in one of the highest per capita energy consumption rates globally, recorded at 17.3 MWh in 2021. Since 2002, the average electricity consumption per capita has stabilized around 16 MWh, significantly higher compared to the per capita electricity consumption in the Middle East (4.3 MWh), Europe (5.6 MWh), and OECD countries (7.9 MWh) [5-7].
In 2022, Kuwait's peak electricity demand peaked at 16.18 GW, against an installed capacity of 20.25 GW, marking a 2.5% annual growth from 2021 [8-9]. This increasing peak load, as illustrated in Fig. 1, signals higher consumption and/or an expanding consumer base. Continuing this trend could constrain Kuwait's energy export capabilities, underscoring the critical need to explore alternative energy sources.
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FIG. 1. Peak Load vs Total Installed Capacity in Kuwait (1993-2022).

The 1970s saw Kuwait’s initial exploration into establishing a Nuclear Power Plant (NPP), a plan deferred due to economic factors and the 1986 Chornobyl incident. Renewed interest in nuclear energy emerged in the early 21st century, driven by rising oil prices and advancements in nuclear technology [10]. In 2009, the Kuwait National Nuclear Energy Committee (KNNEC) was formed to study nuclear reactor options, but the Fukushima-Daiichi disaster in 2011 led to the committee’s dissolution [11-15]. This incident promoted stricter global safety standards, promoting passive safety systems and Small Modular Reactors (SMRs) [16-18].
Historically, Kuwait’s nuclear ambitions centered on large traditional water-cooled reactors. However, SMRs now present a versatile alternative with various cooling methods and non-electric applications. Neighboring countries like Saudi Arabia and Jordan are also investigating SMR technology for diverse uses [19-23]. Globally, nations including the USA, UK, Canada, China, Russia, Korea, and Argentina are advancing SMR designs, reflecting a growing international interest in this innovative technology.
Kuwait’s MEWRE forecasts indicate an installed capacity of 31.3 GW by 2028, with peak load expectations reaching 20.9 GW by 2030 and anticipated electricity generation of 155.7 TWh, a 72.2% increase from the 2023 level of 90.3 TWh, as indicated in Table 1 [9]. These projections highlight the urgent need for strategic planning and substantial energy sector investments to meet future demands.
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	Year
	Expected Electrical Energy Generation
 (M. kWh) 
	Peak Load
 (MW)

	2023
	90311
	16707

	2024
	97626
	17250

	2025
	105534
	17812

	2026
	114082
	18391

	2027
	123323
	18990

	2028
	133312
	19608

	2029
	144110
	20246

	2030
	155783
	20905



Furthermore, Kuwait is diversifying its energy portfolio by embracing renewable energy. The Shaqaya Renewable Energy Plant (SREP), comprising 10 MW of photovoltaic, 10 MW of wind energy, and a 50 MW concentrated solar power plant, contributes less than 0.3% of the total installed capacity. However, it marks a significant step towards reducing reliance on oil and gas. Kuwait aims to reach a 15% share of renewable energy in electricity generation by 2030, with a target capacity of 4.5 GW [10, 11]. Nonetheless, the ambitious SREP project experiences significant delays, pushing the target of reaching 4.5 GW to 2035 or even 2040.
Moreover, Kuwait is committed to achieving net zero emissions by 2050 in the oil and gas sector and by 2060 in all other sectors, as per the Paris Climate Agreement. This commitment emphasizes Kuwait's need to decarbonize its sectors, taking effective measures to pursue the net-zero emission targets. One such sector is the energy-intensive desalination industry, which produces significant CO2 emissions. Kuwait faces severe water scarcity due to its location in the arid Middle East and North Africa and the lack of easily accessible surface water. There is only a low level of brackish to salty groundwater in the north of Kuwait. The country has a substantial annual expenditure on direct water supply and distribution, which burdens its economy. Therefore, Kuwait heavily relies on seawater desalination. SMRs have the potential to help decarbonize the desalination sector, address the intermittency of renewable energy, and facilitate the transition away from the oil and gas industries due to their cogeneration capabilities.
As Kuwait navigates crucial energy policy decisions, SMRs emerge as promising, offering safe, sustainable, and economically viable energy solutions compatible with global trends towards smaller, flexible power systems. If Kuwait pursues a nuclear power program, conducting a Reactor Technology Assessment (RTA) is essential for developing the necessary infrastructure and informed decision-making, as outlined by the IAEA milestones framework.
While acknowledging that an RTA requires an extensive, multidisciplinary effort and continuous stakeholder engagement that can evolve over the course of developing a nuclear power program, a preliminary RTA assessment was conducted. This assessment aimed to determine the most suitable SMR technologies for Kuwait, focusing on reactor types and operational temperatures for non-electric applications that could contribute to decarbonizing the electrical grid, desalination, and oil/gas sectors. The desalination and oil/gas sectors require different temperatures and, consequently, different reactor types. 
Recognizing that an RTA entails extensive multidisciplinary efforts and ongoing stakeholder engagement, a preliminary assessment was conducted to identify suitable SMR technologies for Kuwait. This assessment focused on reactor types and operational temperatures suitable for non-electric applications like desalination and the oil/gas sectors. Different desalination technologies—multi-effect distillation (MED), multi-stage flash distillation (MSF), and reverse osmosis (RO)—require varying temperature ranges, influencing reactor type suitability. As a result, the preliminary RTA assessment study considered two SMRs: water-based SMR and high-temperature-based SMR.
2. Materials and Methods
As the global community grapples with the urgent need to mitigate and adapt to the impacts of climate change, nuclear power emerges as a frequently recommended low-carbon energy source. Its potential to significantly reduce greenhouse gas emissions positions it as a critical component in the fight against climate change. However, the financial challenges associated with nuclear power projects are often underestimated, especially for low- and middle-income countries. These projects demand substantial initial investments, with the complexities and high costs of constructing nuclear power plants posing significant barriers to entry. Countries with limited financial resources find it particularly difficult to shoulder these initial costs. Additionally, the ongoing operational and maintenance expenses add to the financial burden, making it even more challenging to sustain nuclear power projects over the long term. Despite these hurdles, the potential benefits of nuclear power in reducing carbon emissions are undeniable. Therefore, it is essential to acknowledge and address these financial obstacles, developing innovative solutions that facilitate broader access to nuclear energy for countries aiming to transition to low-carbon electricity generation.

2.1. 	The Reactor Technology Assessment Methodology

The study utilized the IAEA’s toolkit for reactor technology assessment [25]. The RTA methodology involved several stages to evaluate the suitability of SMRs for Kuwait’s proposed nuclear power program. 
In the initial stage, the assessment focused on the country's nuclear energy policies and regulations and their alignment with SMR deployment. Kuwait did not have a finalized nuclear law, which had been under development in collaboration with the IAEA. Public perception and acceptance of nuclear energy and SMR technology in Kuwait were also considered. Due to the lack of extensive public acceptance studies on nuclear energy in Kuwait, a preliminary qualitative survey was conducted by interviewing experts within the State of Kuwait.
In the second stage, we evaluated several key criteria to determine the feasibility of deploying SMRs in Kuwait. The methodology we used included 6 key elements out of the 10 key elements, as indicated in Table 2. These elements were used to assess the country's current and future electricity demand, evaluate energy security and vulnerability to supply disruptions, measure the potential environmental impact and greenhouse gas emission reductions from SMR adoption compared to other energy sources, consider safety and security implications associated with SMR technology integration, and take into account public perception and acceptance of nuclear energy and SMR technology.

TABLE 2. THE RTA KEY ELEMENTS AND TOPICS ASSOCIATED WITH EACH KEY ELEMENT

	Key Element
	Number of Topics

	KE1: Site and Environment
	8

	KE2: Fuel Cycle
	9

	KE3: Nuclear Safety
	12

	KE4: Nuclear Island Design and Performance
	10

	KE5: Balance of Plant (BOP) Design and Grid Integration
	6

	KE6: BOP Design for Purposes Other Than Electricity Production
	6

	KE7: Safeguards and Protection
	4

	KE8: Technology Readiness
	3

	KE9: Project Delivery
	7

	KE10: Economics and Financing
	6



Furthermore, Kuwait lacked a nuclear energy policy, infrastructure, and an established nuclear power program, so only several key elements (KE) were considered. These included KE1 (site and environment), KE3 (nuclear safety), KE4 (nuclear island design and performance), KE5 (balance of plant), KE6 (design for other than electricity production), KE7 (safeguards and protection), and KE8 (technology readiness).
During the third stage of the study, comprehensive data on NuScale and HTR-PM were gathered to cover all essential criteria and elements. Finally, each SMR technology was evaluated based on the importance of each criterion using a rating scale. The RTA tool multiplied the score by its corresponding weight to calculate the weighted score for each technology. These weighted scores were then compared to determine the most suitable option for Kuwait.

2.2. SMR Technologies

SMRs are advanced nuclear reactors designed for modular manufacturing in factories, allowing for transportation and assembly on-site. This method reduces construction costs and timelines by leveraging manufacturing efficiencies and minimizing extensive on-site work. While factory manufacturing involves fewer components and enhances worker safety, significant supply chain costs arise from transportation, logistics, and coordination. Therefore, efficient supply chain management is crucial for overall cost-effectiveness.
SMRs are characterized by compact design, integrating components like reactor coolant pumps, pressurizers, and steam generators into a single-reactor vessel, leading to efficient space utilization. The modularity of SMRs offers several benefits, including reduced initial capital investment, scalability, and flexibility in site selection. Modular plants can co-site multiple reactors, enabling cogeneration, quicker learning, and enhanced operational flexibility. Additionally, functional and system testing during manufacturing and assembly stages shorten project timelines, drawing on techniques from shipbuilding, aircraft manufacturing, and the automotive sector.
A significant challenge in deploying SMRs is the ability of national regulatory bodies to assess and approve these innovative designs. The shift to factory-based manufacturing means many licensing tasks can occur at factory sites, with regulatory bodies focusing on component traceability throughout the supply chain. The IAEA identifies challenges in licensing and design certification of SMRs, including unique engineering aspects, multi-module deployment, proliferation resistance, security concerns, control room staffing, emergency planning zones, technology transfer, and protection of proprietary design information. These complexities necessitate comprehensive regulatory frameworks and international cooperation to address the unique characteristics and demands of SMRs.
SMR design and engineering are typically finalized once they have undergone regulatory reviews and received permission for construction within a given nation. Only a few SMR designs, such as the American NuScale, have achieved regulatory clearance or are under construction globally. This regulatory approval marks significant progress towards their operational status and contribution to the global nuclear energy landscape.
The RTA study focused on two different SMR technology designs for Kuwait: HTR-PM (R#1) and NuScale (R#2). Table 3 contains basic information about these two reactor types.

TABLE 3. BASIC INFORMATION ABOUT THE TWO SMRS CONSIDERED IN THE STUDY FOR KUWAIT

	Reactor
	HTR-PM
	NuScale

	Designer
	Tsinghua University
	NuScale Power LLC

	Status
	In operation
	Received US NRC certification

	Type
	HTGR
	Integral PWR

	Power (Net Electric Output)
	210 MWe
	77 MWe

	Country of Origin
	China
	USA



3. Results
The final scores of the two SMRs considered for Kuwait were 3.50 for HTR-PM (R#1) and 3.48 for NuScale (R#2). The RTA indicated that the HTR-PM reactor is the most suitable for Kuwait's nuclear plan. Despite the close final scores, HTR-PM was preferred due to its high thermal efficiency, beneficial for the oil and gas industry. If the focus were solely on electricity output and desalination, NuScale would be more suitable.
Both SMR technologies scored similarly in KE1 (site and environment) due to comprehensive subtopic coverage, including environmental and radiological impact. NuScale scored slightly higher due to NRC's stringent regulations covering more subtopics.
Both technologies scored similarly regarding nuclear safety (KE3), meeting necessary safety features, including the defense-in-depth philosophy, protection against hazards, and severe accident mitigation. For KE4 (nuclear island design and performance), NuScale excelled, meeting all requirements and providing sufficient data. Factors influencing this score included a high-capacity factor and the ability to achieve constructability as a first-of-a-kind (FOAK) within 24 months.
HTR-PM scored the highest in KE6 (designed for other than electricity production) due to its exclusive focus on electricity production and ongoing plans for cogeneration capabilities. Both technologies scored similarly in KE7 (safeguards and protection) due to a high degree of safeguards. For KE8 (technology readiness), NuScale scored highest, having passed phase two from the NRC and preparing for a pilot plant at Idaho National Lab (INL). Although HTR-PM is operational, its commercialization and readiness are focused on the medium term. NuScale secured the second position, while HTR-PM obtained the first spot, as illustrated in Fig. 2 and 3.
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FIG. 2. Preliminary RTA results for Kuwait.
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FIG. 3. Final Preliminary RTA results for all Kes considered for Kuwait. 
Conclusion
The nuclear RTA is crucial for countries interested in developing nuclear power programs. The IAEA offers a method for evaluating and selecting the most suitable reactor technology based on safety, performance, economics, and environmental impact. The assessment thoroughly explores design characteristics, safety systems, operational performance, and fuel types. It considers safety features, risk assessment, emergency response capabilities, power output, efficiency, operational flexibility, and economic factors such as capital costs, construction timelines, and maintenance expenses. Environmental considerations focus on greenhouse gas emissions, waste management, and biodiversity impacts. Regulatory compliance and adherence to safety and security guidelines are also important. This method allows stakeholders to make informed decisions by weighing the benefits and challenges of various reactor technologies in accordance with project goals, safety requirements, and economic viability.
However, since Kuwait lacks a nuclear energy policy, a preliminary RTA assessment was conducted, considering only seven out of the ten key elements (KEs). These included KE1 (site and environment), KE3 (nuclear safety), KE4 (nuclear island design and performance), KE5 (balance of plant), KE6 (design for other than electricity production), KE7 (safeguards and protection), and KE8 (technology readiness). The SMR technologies investigated were HTR-PM and NuScale SMR designs for Kuwait. Based on the preliminary RTA, HTR-PM was chosen for Kuwait due to its high-temperature output (net thermal efficiency) suitable for the oil and gas industries, with a final score of 3.50 compared to NuScale's 3.48.
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