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			FOREWORD

			The IAEA’s statutory role is to “seek to accelerate and enlarge the contribution of atomic energy to peace, health and prosperity throughout the world”. Among other functions, the IAEA is authorized to “foster the exchange of scientific and technical information on peaceful uses of atomic energy”. One way this is achieved is through a range of technical publications including the IAEA Nuclear Energy Series.  

			The IAEA Nuclear Energy Series comprises publications designed to further the use of nuclear technologies in support of sustainable development, to advance nuclear science and technology, catalyse innovation and build capacity to support the existing and expanded use of nuclear power and nuclear science applications. The publications include information covering all policy, technological and management aspects of the definition and implementation of activities involving the peaceful use of nuclear technology. While the guidance provided in IAEA Nuclear Energy Series publications does not constitute Member States’ consensus, it has undergone internal peer review and been made available to Member States for comment prior to publication.  

			The IAEA safety standards establish fundamental principles, requirements and recommendations to ensure nuclear safety and serve as a global reference for protecting people and the environment from harmful effects of ionizing radiation.  

			When IAEA Nuclear Energy Series publications address safety, it is ensured that the IAEA safety standards are referred to as the current boundary conditions for the application of nuclear technology.  

			Two principal options for low carbon energy are renewables and nuclear energy. While many Members States have expressed interest in these options, possible synergies between them and potential integration options have not been fully explored. Nuclear–renewable hybrid energy systems integrate these energy generation sources to leverage the benefits of each technology for improved reliability and sustainability. Nuclear–renewable hybrid energy systems can produce heat, electricity and other products that society requires while supporting higher penetrations of variable renewable generation (i.e. wind and solar photovoltaics). Nuclear–renewable hybrid energy systems can include various applications, such as seawater desalination, hydrogen production, district heating or cooling, the extraction of tertiary oil resources and process heat applications, such as cogeneration, coal to liquid conversion and assistance in the synthesis of chemical feedstock.

			In October 2018, the IAEA held a Technical Meeting on Nuclear–Renewable Hybrid Energy Systems for Decarbonized Energy Production and Cogeneration. This meeting proposed the development of an IAEA publication on nuclear–renewable hybrid energy systems. This publication provides high level information to decision makers and stakeholders, including that necessary  when considering nuclear–renewable hybrid energy systems. 

			This publication presents opportunities for nuclear–renewable hybrid energy systems that could be pursued in various Member States as a part of their future energy mix. It describes the motivation for and potential benefits of nuclear–renewable hybrid energy systems relative to independent nuclear and renewable generation producing electricity alone. Considerations for implementation are outlined in the publication, including gaps that require additional technology and regulatory development. This publication intends to equip decision makers and stakeholders with sufficient information to consider nuclear–renewable hybrid energy systems as an option within regional and national energy systems. 

			The IAEA officers responsible for this publication were T. Jevremovic of the Division of Nuclear Power and A. van Heek of the Division of Planning, Information and Knowledge Management.

			
				
					EDITORIAL NOTE

					This publication has been edited by the editorial staff of the IAEA to the extent considered necessary for the reader’s assistance. It does not address questions of responsibility, legal or otherwise, for acts or omissions on the part of any person.

					Although great care has been taken to maintain the accuracy of information contained in this publication, neither the IAEA nor its Member States assume any responsibility for consequences which may arise from its use.

					Guidance provided here, describing good practices, represents expert opinion but does not constitute recommendations made on the basis of a consensus of Member States.

					The use of particular designations of countries or territories does not imply any judgement by the publisher, the IAEA, as to the legal status of such countries or territories, of their authorities and institutions or of the delimitation of their boundaries.

					The mention of names of specific companies or products (whether or not indicated as registered) does not imply any intention to infringe proprietary rights, nor should it be construed as an endorsement or recommendation on the part of the IAEA.

					The IAEA has no responsibility for the persistence or accuracy of URLs for external or third party Internet web sites referred to in this publication and does not guarantee that any content on such web sites is, or will remain, accurate or appropriate.

				

			

			The authoritative version of this publication is the hard copy issued at the same time and available as pdf on www.iaea.org/publications. To create this version for e-readers, certain changes have been made, including a the movement of some figures and tables.
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			SUMMARY

			Nuclear energy and renewables are the two principal options for low carbon energy generation. However, synergies among these resources have yet to be fully exploited, and the advantages of integrating these generation options directly are only now being explored. Nuclear–renewable hybrid energy systems (HESs) consider opportunities to couple these energy generation sources to leverage the benefits of each technology to provide reliable, sustainable electricity to the grid and to provide low carbon energy to other energy use sectors.

			The transition of the global energy mix to include increasing fractions of variable renewable energy resources is driven by economics as well as social development concerns. While introducing new challenges, this transition also presents potential synergies and opportunities for sustainable development. In particular, the proposed coupling and/or tighter integration of nuclear and renewable resources appear to be mutually beneficial. 

			This publication describes the potential use of nuclear and renewable generation in coordinated, and in some cases tightly coupled, configurations to support various applications beyond electricity production, including seawater or brackish water desalination, hydrogen production, district heating or cooling, the extraction of tertiary oil resources, and process heat applications such as cogeneration, coal to liquids conversion and assistance in the synthesis of chemical feedstock. Where available, case studies are presented for these configurations to describe relevant market conditions and trends, energy requirements and research gaps in order to clarify the opportunities and issues associated with the proposed nuclear–renewable HESs.

			Considerations for implementation are outlined, including gaps that require additional technology and regulatory developments. This publication intends to equip decision makers and stakeholders with sufficient information to consider nuclear–renewable HESs as an option within regional and national energy systems. While the true value of these multi-input, multioutput energy systems remains to be demonstrated, and may differ as a function of deployment region and energy market structures, research to date suggests that nuclear–renewable HES may play a key role in meeting future energy demands in a manner that provides flexibility and resilience, while supporting established sustainable development goals.

		

		
		

	
		
			1. Introduction

			1.1.	Background

			Two principal options for low carbon energy are renewables and nuclear energy. The synergies between them and the advantages of integrating these options have not yet been fully explored. Nuclear–renewable HESs take advantage of coupling these energy generation sources to leverage the benefits of each technology to provide reliable, sustainable electricity to the grid and also provide low carbon energy to other energy use sectors. Nuclear–renewable HESs can produce heat, electricity and other products that society requires while supporting higher penetrations of variable renewable generation. In this manner, nuclear–renewable HESs can provide energy to support various applications, such as seawater or brackish water desalination, hydrogen production, district heating or cooling, the extraction of tertiary oil resources, and process heat applications such as cogeneration, coal to liquids conversion and assistance in the synthesis of chemical feedstock.

			Nuclear–renewable HESs are defined as integrated facilities comprising nuclear reactors, renewable energy generation and industrial processes that can simultaneously address the need for grid flexibility, greenhouse gas (GHG) emission reductions and optimal use of investment capital. These systems are often referred to as integrated energy systems that incorporate multiple generators and produce multiple energy products in either coordinated systems (i.e. a loosely coupled network of generators in a grid balancing area) or tightly coupled energy systems (i.e. an energy park scenario in which subsystems are codesigned and cocontrolled). Current energy systems are primarily loosely coupled via grid interactions, having a primary focus on supporting electricity demand. The adoption of tightly coupled designs that incorporate multiple thermal and electrical generators to support electric and non-electric energy demands offers an opportunity to optimize energy use in real time to better utilize energy generation assets, thereby using invested capital more efficiently. Focusing on the use of low emission generation resources in these highly efficient energy parks provides the further benefit of reducing emissions across multiple energy use sectors. Figure 1 illustrates the basic structure of a nuclear–renewable HES comprising nuclear reactors, renewables, industrial processes and grid interconnection (Annex I provides the legend for the graphics used in this publication).
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			1.2.	Objective

			This publication presents opportunities for nuclear–renewable HESs that are or could be pursued in various Member States as part of their present and future energy mix. It describes the motivation for and potential benefits of nuclear–renewable HESs relative to independent nuclear and renewable generation producing electricity alone. Considerations for implementation are outlined, including gaps that require additional technology and regulatory developments. This publication intends to equip decision makers and stakeholders with sufficient information to consider nuclear–renewable HESs as an option within regional and national energy systems.

			1.3.	Scope

			This publication provides information on nuclear–renewable HESs for stakeholders in academia, industry, government agencies and public institutions. The guidance provided here, describing good practices, represents expert opinion but does not constitute recommendations made on the basis of a consensus of Member States. An additional publication will be made available summarizing the Technical Meeting and discussions at a technical level.

			1.4.	Structure

			Section 2 reviews the present energy market. How this energy market may profit from the near term deployment of nuclear–renewable HESs is investigated in Section 3, while Section 4 provides definitions for nuclear–renewable HESs that are extended with case studies in Section 5. The case studies are followed by a discussion of considerations for implementation (Section 6), anticipated challenges and technology gaps (Section 7), and conclusions and recommendations (Section 8). Annex I provides the legend for the graphics used in this publication.

			1.5.	Users

			The primary users of this publication are utilities/operator organizations, governing organizations, or others who are or will be responsible for national nuclear power programme development.

			Technical experts of Member States, regulators, and others actively involved in planning and developing a nuclear power programme and nuclear power project, and technical experts involved in advising government or utility officials ought to benefit from this publication regarding impacts on planning and national infrastructure development.

			2. STATUS QUO IN ENERGY MARKETS: TRENDS AND EVOLUTION

			2.1.	Low carbon energy future

			Since 2000, global primary energy demand has increased by more than 40%, amounting to 14 314 Mtoe1 (~166.5 PWh) in 2018. Some energy scenarios are predicting that increasing incomes and 1.7 billion additional people will push up demand by almost 25% by 2040 [1]. The growth is expected to be mainly driven by developing countries as people such as the 500 million in sub-Saharan Africa gain access to electricity [2]. Ensuring universal access to affordable, reliable and modern energy services is one of the key Sustainable Development Goals [2]. Energy is essential for the improvement of living standards and wellbeing, lifting people out of poverty, creating new jobs, ensuring food security, and improving societal cohesion and inclusiveness. 

			At the same time, the United Nations (UN) Intergovernmental Panel on Climate Change (IPCC) has estimated that human activities have led to approximately 1°C of global warming above pre-industrial levels. The intensity and frequency of some climate and weather extremes, such as sea level rise and hot weather conditions, have increased [3]. 

			The IPCC study concludes, with high confidence, that it is imperative to keep the global temperature rise to less than 1.5°C above pre-industrial levels to minimize climate related risks to health, livelihood, human security, food security, water supply and economic growth. These issues are expected to be even more pervasive if the global temperature increase reaches 2°C. Limiting the temperature increase requires limiting of anthropogenic greenhouse gas emissions, especially in the energy sector. Mitigation strategies involve lowering energy and resource intensity, including enhanced energy efficiency, and deployment of low emission energy sources, such as renewables and nuclear. In the long term perspective, carbon dioxide (CO2) removal strategies are also considered.

			2.2.	Nuclear energy growth trends

			In 2019, slightly over 10% of the world’s electricity, 2586 TWh, was generated by approximately 450 nuclear power plants (NPPs) operating in 30 countries worldwide. Their total net capacity was of ~400 GW(e) [4]. Fifteen countries are currently constructing new nuclear power reactors. At the end of 2019, 57 GWe NPP capacity was under construction, comprising 54 reactors. The largest number of these reactors are being built in China, India, the Russian Federation and the United Arab Emirates [5]. Nuclear energy is currently used almost exclusively to produce electricity.

			The 2019 edition of the International Energy Agency (IEA) World Energy Outlook (WEO) [1] does not provide a forecast of the future energy system. Rather it includes three scenarios:

			(a)	The Current Policies Scenario that estimates a likely future based on existing policies;

			(b)	The Stated Policies Scenario that incorporates policy plans and announcements into the estimates; and

			(c)	The Sustainable Development Scenario that identifies a way to meet emission reduction goals.

			The Stated Policies Scenario estimates installed nuclear capacity growth of over 15% from 2018 to 2040 (reaching ~482 GW(e)). The scenario envisages a total generating capacity of 13 109 GW(e) by 2040, with the increase heavily concentrated in Asia, and in particular China (34% of the total). In this scenario, nuclear’s contribution to global power generation grows from 2718 TWh to 3475 TWh, an increase of 28% ,which is greater than the capacity growth due to projected capacity factor increases. Nuclear’s projected generation share is approximately 8.5% in 2040. Although total demand and power generation are increasing, the relative contribution of nuclear is decreasing slightly as a result of the growth of other energy generation resources.

			2.3.	Renewable energy growth trends

			According to the 2019 edition of the IEA WEO, renewable energy will experience the largest growth rates of all energy generation technologies in the coming decades. In the Stated Policies Scenario total primary renewable utilization is projected to grow by 125% between 2018 and 2040, from 1391 Mtoe to 3127 Mtoe [1]. In that same scenario, renewable electricity generation (from hydropower, bioenergy, wind, geothermal, solar and marine technologies) will grow by 165% from 6799 TWh in 2018 to 18 049 TWh in 2040. Wind and solar photovoltaic (PV) systems are both projected to grow by over 4000 TWh/year, from 5226 TWh/year in 2018 to 4705 TWh/year in 2040. 

			The capacity of solar PV is projected to grow from 495 GW to 3142, accounting for 24% of all new generation capacity added by 2040. Energy generation from wind turbines is expected to account for approximately 12% of new generation capacity added by 2040. Both solar PV and wind only produce electricity when the resource is available, resulting in lower capacity factors and limitations on when the resources generate electricity; issues that are important to consider when planning future energy mix.

			2.4.	Energy mix considerations

			Cost reductions in renewable energy technologies, aided in part by incentives such as feed-in tariffs for renewable technologies, and advances in digital technologies are opening up great opportunities for energy transitions, while creating some new energy security challenges. Wind and solar PV systems are predicted to provide more than half of the additional electricity generation in 2040 in the Stated Policies Scenario of the WEO 2019 and almost all the growth in the Sustainable Development Scenario [4]. Policy makers and regulators will have to move fast to keep up with the pace of technological change and the rising need for flexible operation of power systems that is introduced when a grid has a larger fraction of its capacity supported by variable, non-dispatchable resources.

			Nuclear energy offers flexible, low GHG emitting power generation and is not limited to regions with inexpensive fuel supply, as nuclear fuel only accounts for a fraction of a power plant’s operational costs. As countries commit to opt out of fossil fuel power generation in favour of low emission options, it is possible that future power generation grids could mostly consist of renewable and nuclear sources. Due to the variable nature of renewable power generation sources, NPPs and energy storage options are likely to play an ever more important role in balancing energy grids.

			In addition, primary energy consumed for electricity generation was only 38% of the total global primary energy consumption in 2018 [4] and that percentage is only expected to grow to 40% in the Stated Policies Scenario 2040 projection. Electricity comprises the largest demand for primary energy but industry, transportation, and building and water heating and cooling also involve large demands. 

			To address the majority of energy and emission issues, policy makers will need to look beyond electricity production and consider options to increase nuclear and renewable options for those other applications. 

			In addition, policy makers need to consider how to utilize capital investment for energy generation better. In other words, a higher capacity factor for generating energy is more economically efficient than ramping down to provide flexibility. This impact is especially noticeable for high capital, low operating cost options such as nuclear and renewable generation.

			3. MOTIVATION FOR A NEW PARADIGM OF NUCLEAR–RENEWABLE HYBRID ENERGY SYSTEMS

			3.1.	Key motivation for the hybrid energy system as a whole

			The transition of the global energy mix to include increasing fractions of variable renewable energy sources (RESs) is driven by economics as well as social development concerns; hence, this transition receives a high level of political support and funding in many countries. While introducing new challenges, this transition also presents potential synergies and opportunities for sustainable development. In particular, the proposed coupling and/or tighter integration of nuclear and renewable resources appears to be mutually beneficial. As discussed in more detail below, the variable nature of renewables can be well compensated by coupling these technologies with nuclear energy to provide a more equitable and inclusive energy system that is also environmentally sustainable, safe, reliable and affordable, while supporting enhanced grid resilience.

			3.2.	Considerations related to nuclear energy in current markets

			3.2.1.	Flexible operation of nuclear power plants

			NPPs have traditionally been dispatched as baseload generation systems, typically operating at their rated capacity with a load factor of 80−95%, where this load factor is only limited by refuelling and maintenance requirements [6]. This operating mode primarily results from low operating costs and overcomes the usually high capital costs, thereby achieving competitive economics compared to other forms of electricity generation [7, 8].

			Large scale addition of variable and decentralized renewable generation (mainly wind and solar photovoltaic) capacities is impacting on electricity market conditions. Historically, electricity supply and demand have typically been balanced on the supply side through reduced load factors of conventional (fossil fuelled and hydroelectric) power plants and increased ramping of their output. Where the installed NPP capacity is substantial in comparison to the minimum energy load of the system and combined with large renewable energy generation, the NPP load would also usually be reduced to balance electricity supply and demand. Specifically, in liberalized wholesale markets using the pay as clear bidding process, the order in which available sources are brought online to meet demand is determined on the basis of the variable costs of the power generation. As wind and solar PV systems have virtually no variable costs, they are typically utilized by the grid whenever they generate, displacing conventional technologies with higher variable generation costs.2 This mode of operations results in very low and, at times, negative grid electricity prices. The latter is a consequence of a temporary oversupply of electricity, which may occur in particular in off peak hours and in energy systems with high penetration of variable renewable sources. Most operating reactors have a technical capability to follow the load [9]. 

			In some countries, for example in France and Germany, load following is already practised regularly, providing standard grid operator services (i.e. frequency modulation and regulation of the demand variability) as well as flexibility to integrate variable renewable output. Flexible operation of NPP power output to the grid is also becoming more prevalent in regions of the United States of America due to the low cost of natural gas and increased renewable electricity generation that periodically drives electricity prices to become very low or negative (see also Subsection 3.2.2) [10–12].

			Many countries also require any new NPP to provide such increased flexibility in relatively fast power variations as well. As an example, in accordance with the European Utility Requirements, any new NPP is expected to be able to operate continuously between its minimum regulating level (~50%) and 100% of its rated output (Pr), scheduled and unscheduled, with a rate of change in its nominal output of 3% Pr/min [13]. Higher manoeuvrability exists for most modern plant designs, with wider power range variations and ramps of up to 5% Pr/min available. Advanced reactor designs in development, which generally incorporate non-water coolants and enhanced safety features, are expected to match or exceed these capabilities. Some nations also consider water cooled reactors that incorporate advanced technologies, such as small modular reactors (SMRs) and enhanced large scale designs, in the advanced reactor category.

			3.2.2.	Competitive pressure from low cost natural gas

			Globally, fossil fuels make the biggest contribution to electricity generation, with the largest contribution being derived from coal fired power plants and the second largest from natural gas [1]. The development of shale gas resources through the combined application of horizontal drilling and hydraulic fracturing (often referred to as fracking) has led to a substantial increase in the world’s proven reserves of natural gas and its production and supply on the world market. Since 2000, the world’s proven reserves of natural gas have increased by approximately 26%, mainly due to the development of horizontal fracking technology [14]. The world demand for natural gas has grown by more than 50% since 2000 (3273 Mtoe (~38.1 PWh) in 2018) [4]. At the same time, in some countries and regions, gas wholesale prices have reached their lowest point in 20 years [15].

			Combined cycle gas turbine (CCGT) plants typically have low fixed operation and maintenance costs, low capital investment needs (<1000 US $/kW [7]), feature short deployment times and are highly flexible, with a power ramping of 20−50% Pr/min possible. Advanced CCGT plants also feature high thermodynamic efficiencies (50−65%) [16]. Thus, with low natural gas prices, electricity can be generated flexibly at low cost. The abundant supply of natural gas and the resulting low cost electricity pushes wholesale power prices down, decreasing current and forecast revenues available from generated electricity. In some cases, revenues have now declined to the level that they are below the operating costs of NPPs [17].

			3.3.	Considerations for increasing penetration of renewables

			In response to commitments made in the 2015 Paris Agreement and/or individual Member State energy policies to reduce GHG emissions, many countries are planning to substantially increase the share of electricity generated by RESs [18]. Considering announced countries policies and targets, it is estimated that the share of global electricity generated by renewables (including non-variable) will increase from 25% in 2018 to approximately 40% by 2040, limiting the corresponding increase in CO2 emissions to 7% compared to 2018 [4]. However, to put the world on track to meet climate goals and stay well below a 2°C (i.e. 1.7−1.8°C) increase in global mean temperatures from pre-industrial levels, the 2019 IEA WEO estimates that the share of world electricity generated by renewables (including non-variable) would need to further increase to approximately 67% by 2040. This, together with significantly improved energy efficiencies to curb a growth in primary energy demand and combined with increased transmission capacities and energy storage, would deliver a global decrease of energy related CO2 emissions of approximately 30% by 2040 compared to 2000 [4]. 

			In a much more ambitious regional context, the countries of the European Union (EU) have committed to achieving climate neutrality and a reduction of greenhouse gas emissions of at least 80% in 2050 compared to 1990, with more than 80% of the electricity derived from renewables [19, 20]. These approaches to emission reduction focus on the electricity sector, whereas greater impact on global emissions can be achieved by also considering reducing emission from the industrial and transportation sectors. Considering the limited opportunities to expand the capacity of non-variable RESs because of geographical limitations (e.g. hydroelectric, geothermal, biomass), the majority of newly installed renewable capacity is expected to be variable in nature (mostly wind and solar PV) [4]. The large penetration of variable renewables may, however, lead to increased system cost3, as reported in the 2019 Nuclear Energy Agency publication [21], reducing the investment value. Significant increases in renewable penetration may also have relatively weak public support in impacted regions (in particular for land based wind power), may lead to reduced energy use efficiencies that result from curtailment at times of overproduction, or transmission of excess power into the transmission grids of neighbouring countries, which can stress those grids [22, 23]. Large fractions of variable RESs in the energy mix typically necessitate additional measures to match supply and demand on the electrical grid due to reduced amounts of dispatchable and flexible generation capacities that can balance them, as has been done historically. These extra measures can involve significant investments in grid infrastructure upgrades, energy storage systems and ancillary services, including improved scheduling and dispatch, frequency and voltage control, and operation of power/spinning reserves.

			3.4.	Drivers and opportunities

			The evolving grid dynamics that arise from increasing variable renewable capacity provide an opportunity for system optimization via integration of nuclear and renewable resources. Such integration may include nuclear cogeneration [24] and implementation of a tight coupling between nuclear and renewables (i.e. via nuclear–renewable HESs). Nuclear cogeneration enables switching between electricity and heat generation, with NPPs performing load following while still operating the reactor at a high capacity factor. At the same time, less curtailment is necessary, with the surplus of energy generated by nuclear–renewable HESs being used to deliver new low carbon energy products (e.g. hydrogen, hydrocarbons, industrial process heat) or new services (e.g. potable water).

			3.4.1.	Financial drivers

			As revenue is generated through the sale of electricity, high quality heat, and/or other energy products and services, capital investment in energy generating sources has the potential to be more profitable and attractive for investors. The generated electricity has the potential to remain affordable and the newly developed products and services have the potential to open up new market opportunities, particularly for industrial and transport applications. These opportunities are stimulated and developed by increasing urgency to decarbonize rapidly, not only in the power sector, but also in the transport and industrial sectors. Additionally, increasing the share of renewables in the energy mix allows for more favourable exploitation of synergies from tighter integration of nuclear and renewable sources.

			3.4.2.	Environmental drivers

			In 2017, approximately 40% of total global energy related CO2 emissions were due to power production, while the transport and industrial sectors accounted for approximately 25% and 19%, respectively [25]. In the period of 1970−2015, nuclear power avoided approximately 68 Gt of CO2 emissions, while hydropower and other renewables avoided approximately 90 Gt and 10 Gt of CO2 emissions, respectively. Apart from electricity and heat, options for reducing CO2 emissions and thus limiting the increase of global mean temperatures are limited and require rapid and sustained energy transition in these other contributing sectors [3]. The deployment of nuclear–renewable HESs moves low carbon generation beyond electricity and thus could contribute substantially to the decarbonization of transport and industrial sectors by producing low carbon fuels, feedstock and heat for industry. This would help mitigate the effects of human induced global warming while sustaining further population, economic and societal growth.

			Air pollution is an important health and environmental challenge, with the three major air pollutants being sulphur dioxide, nitrogen oxides and fine particulate matter (PM2.5). Energy related outdoor air pollution from using fossil fuels caused an estimated three million premature deaths in 2018 [4]. The health impacts of indoor air pollution from using combustible fuels for household energy are even more severe, and were estimated to have caused 4.3 million deaths in 2012; almost all in low and middle income countries [2, 26]. In one estimate for the period 1971−2009 nuclear power prevented a mean value of 1.84 million air pollution related deaths that would have otherwise resulted from fossil fuel combustion [27]. Likewise, nuclear–renewable HESs would produce fewer major air pollutants than options requiring combustion, reducing health impacts such as premature deaths resulting from high air pollution. 

			3.4.3.	Social development drivers

			The questions of social and economic development, availability of energy and access to safe potable water are fundamentally interwoven. There are close to one billion people without access to electricity today, while more than a quarter of the world population (2.1 billion people) do not have access to safe drinking water [2, 4]. Both issues are most pronounced in sub-Saharan Africa. Nuclear–renewable HESs could provide low carbon electricity and potable water through desalination in a reliable and affordable manner, enabling economic growth and social development, and fostering domestic jobs, helping to achieve multiple UN Sustainable Development Goals.

			3.4.4.	Geostrategic drivers

			The transition to a low carbon economy is expected to result in an energy system in which primary energy supply is largely derived from renewable energy sources, combined with nuclear power and with a diminishing share of fossil fuels [4]. In delivering low carbon electricity and new energy products, nuclear–renewable HESs can support this transition by displacing fossil fuels for electricity generation and fossil fuel combustion to support the transport and industrial sectors. This would significantly improve security of energy supply, as the reliance of the majority of Member States on fossil fuel imports would reduce significantly, freeing resources for potential investments in development policies and economic modernization [28]. For example, European Union Member State expenditure on fossil fuel imports was €266 billion in 2017 [19].

			4. INTEGRATION OF NUCLEAR AND RENEWABLE ENERGY SOURCES

			Nuclear–renewable HESs establish an energy network in which nuclear and renewable energy resources are integrated directly in a tightly coupled system or coordinated within a grid balancing area, along with energy storage system(s) to provide resilient energy supply to users in the form of thermal energy and/or electricity [29]. The proposed nuclear–renewable HES designs, configurations and control are optimized to established performance goals, such as maximum efficiency, minimum lifecycle costs, high resiliency and reliability (e.g. to meet an established reliability constraint), and minimum environmental impacts (e.g. emissions, land use, water use). These systems are designed and controlled based on key performance indicators (KPIs), which are defined and evaluated in view of user requirements and constraints. KPIs may include the fraction of energy generated from RESs, lifecycle cost, reliability, safety, availability and environmental impacts. 

			The configuration of nuclear–renewable HESs will be selected based on available coupling strategies in view of resource availability, demand profiles, and national and regional regulations and policies.

			4.1.	Technologies: systems, subsystems and components under consideration

			Nuclear–renewable HESs include multiple generation resources (e.g. nuclear and renewable, although others may also be incorporated) that can be utilized in a coordinated fashion to support various energy demands (e.g. electric, thermal, or various energy products). Integration and operation of these various subsystems should meet target demand load profiles for each of the intended applications. Nuclear–renewable HESs can be configured in various ways, including [29, 30]:

			—	Single input resource (e.g. nuclear) with multiple output products (e.g. electricity, heat, industrial product);

			—	Multiple input resources (e.g. nuclear, concentrated solar, wind) with a single product (e.g. electricity); and

			—	Multiple input resources with multiple output products.

			4.1.1.	Nuclear technology classifications 

			Nuclear reactors produce thermal energy that may then be converted into electricity. An NPP is a thermal power station in which the heat source is a nuclear reactor. In a typical NPP heat produced via fission within the nuclear reactor is used to generate steam that drives a steam turbine. The turbine is subsequently connected to a generator that produces electricity. Both thermal energy and electricity may be used to support a variety of applications in industrial, residential and commercial infrastructures. Nuclear reactors are typically classified based on output power, both electric and thermal, as described in Refs [31−41]. Typical categories include large power reactors (>700 MW(e)), medium sized reactors (<700 MW(e)) and SMRs (<300 MW(e)). Within the SMR category there are also very small reactors, also called microreactors. Table 1 provides classification of nuclear reactors by key parameters, such as fuel type, moderator and coolant.
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			Currently, bioenergy is the largest renewable energy demand in the world, and it is primarily used for space heating and cooking. Hydropower is the largest renewable electricity generator in the world. Wind and solar PV systems market penetrations are growing rapidly and both are poised to provide more energy than bioenergy and hydropower by 2040 [4]. Recent configurations of renewable energy technologies and their integration with electricity grids are described as part of smart energy grid engineering practices [33].

			4.2.	Nuclear–renewable hybrid energy system coupling scenarios

			Nuclear–renewable HES coupling is generally classified into four categories: 

			(a)	Loosely coupled;

			(b)	Multiple products, tightly coupled;

			(c)	Multiple inputs, tightly coupled;

			(d)	Multiple inputs/outputs, tightly coupled.

			In general, existing energy systems fall into the category of loosely coupled systems in which generators are coordinated via grid operators to meet electricity demand. It is worth mentioning that some cases of tightly coupled systems already exist (e.g. district heating and electricity). Other energy demands, such as those of industrial heat users, are often met by dedicated thermal generation facilities. The introduction of thermal energy networks presents new challenges; although electricity can be transported over long distances to a variety of electricity users, heat can only be transported over short distances without significant heat losses. Hence, tightly coupled systems with multiple users would likely have assets configured around a central location for heat utilization, while electricity output could be transported to users located much further from the NPP. Each of these general classifications is described in greater detail in Subsections 4.2.1−4.2.4.

			4.2.1.	Loosely coupled

			In this coupling configuration, resources could be connected via the grid but can and would be controlled in a more coordinated manner than current grid operations. Control systems would be designed in such way that they would not affect the local control strategies of each energy system. The primary focus is given to the production of electricity, ensuring that grid demand is met at all times. Figure 2 shows all possible energy generation resources that might be included, such as nuclear, wind, hydro, solar PV, biomass (biofuel), concentrated solar power (CSP) and geothermal. A specific selection of these resources would be made in a deployed system, depending on regional characteristics and resource availability. It is anticipated that these systems would also include some form of energy storage (e.g. thermal, chemical, mechanical, electrical) to better accommodate fluctuating net power demands.
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			4.2.2.	Multiple products, tightly coupled

			In this configuration, a single generation source is used to support the production of multiple product streams. Thermal energy generated by the nuclear reactor is converted into electrical energy or used directly to support multiple processes. The biomass (biofuel) component, shown in Fig. 3, is produced from feedstock using the heat generated by the nuclear reactor. Thermal energy could be converted into electricity using heat engines, as shown in Fig. 3. Similarly, thermal and electrical energy could be used to produce hydrogen via electrolysis, which would in turn be used in the fuel cells to generate electricity. The hydrogen could also be used in additional processes (e.g. fertilizer production, steel manufacturing) to produce needed commodities rather than electricity; these secondary processes and products are not included in Fig. 3.
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			4.2.3.	Multiple inputs, tightly coupled

			In multiple input, tightly coupled nuclear–renewable HESs, energy generation resources (e.g. geothermal, nuclear, concentrated solar, PV solar, biofuel, wind or hydropower) are electrically and thermally coupled to generate a single product, electricity. The specific approach to thermal coupling of generation technologies will depend on the subsystem design and will be dependent on working fluids, operating temperature and pressure, and other design specific parameters; such coupling may incorporate a thermal manifold upstream of the turbine and/or thermal storage units. The thermal integration is to consider the impact on the operation and safety of each subsystem. Figure 4 illustrates a general system configuration with all possible resources; produced hydrogen could also be used in the production of additional commodities (e.g. fertilizer, steel manufacturing) rather than for the production of electricity (Fig. 3).
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			4.2.4.	Multiple inputs/outputs, tightly coupled

			Figure 5 shows this system configuration where the multiple input resources (e.g. geothermal, nuclear, concentrated solar, PV solar, biofuel, hydro, wind) are connected thermally and electrically to produce multiple energy products. The selected subsystems will depend on regional resources, infrastructure and user requirements. Each implementation of this coupling strategy may have a different configuration and control strategy that will be defined based on user requirements and target KPIs. This type of system requires cocontrol of subsystems in order to be highly responsive to grid demand, have very high energy use efficiency and provide good economic performance under a number of scenarios; produced hydrogen can be used in the production of secondary commodities rather than solely for the production of electricity.

			4.3.	Technology readiness levels

			Technology readiness level (TRL) represents a process where the maturity level of a given technology is assessed quantitatively. It is used to indicate the development of the technology from basic design concept towards commercial deployment on a scale of 1−9, with 9 corresponding to a system that has been deployed commercially. Based on the development progress of a technology, a TRL rating is assigned after evaluation against a set of parameters. This type of assessment is very informative about the degree of technological advancement, the status of the technology, and the time and cost necessary for further maturation of the technology [29]. Table 2 outlines the definitions and concepts for various TRLs for nuclear–renewable HESs [34–37].
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			The TRL of a specific technology, component, or subsystem does not imply the same readiness level of an integrated system. For example, integration of subsystems that currently operate commercially as independent units, and hence can be designated as TRL 9 when assessed independently, will have a lower system readiness level if they are coupled to operate as a single nuclear–renewable HES. Such system readiness needs to be considered in the development and eventual deployment of candidate nuclear–renewable HESs described in Section 5.

			5. NUCLEAR–RENEWABLE HYBRID ENERGY SYSTEM APPLICATIONS

			This section provides detailed examples of candidate nuclear–renewable HESs. The purpose of these examples is to enable the reader to identify opportunities that could be considered in national contexts, provide both market and technical information on non-electrical applications and inform the reader about nuclear–renewable HES applications presented here as case studies as follows:

			(a)	Heat (Subsection 5.1);

			(b)	Hydrogen (Subsection 5.2);

			(c)	Water purification (Subsection 5.3);

			(d)	Calcination (Subsection 5.4); 

			(e)	Energy for chemical industry (Subsection 5.5);

			(f)	Multiple resources that generate electricity (Subsection 5.6);

			(g)	Microgrids (Subsection 5.7).

			The first five case studies refer to tightly coupled nuclear–renewable HESs that have a single energy generation source (nuclear reactor) and multiple energy products (electricity and a second product). As such, they interact with the grid and thus the renewable electricity generation is on the grid. Each of these subsections focuses on non-electricity products and how tightly coupled nuclear–renewable HESs could produce those products while meeting the grid’s needs for energy and, in some cases, ancillary electrical services. 

			To the extent possible, each of the five case studies includes descriptions of relevant markets and market trends; a summary of processes available for producing the specified product, including the type of energy needed to support the application; and relevant R&D areas. Finally, each subsection includes analyses that have been reported elsewhere in the literature, where available, to help the reader understand the opportunities and related issues.

			The final two case studies (multiple resources that generate electricity and microgrids) focus on other systems that produce electricity exclusively. The first is a hybrid system that increases the efficiency of production of electricity from nuclear energy. Multithermal generation (i.e. electricity generated from thermal energy from multiple sources, such as nuclear and either concentrated solar power or ocean thermal energy) is described. The last case study refers to the potential for nuclear power within microgrids.

			5.1.	Heat 

			The primary product of nuclear energy systems is heat. This heat, or thermal energy, is generally converted to electrical energy to meet grid demand. Similarly, heat is the primary product of other generators, such as concentrating solar power. Nuclear–renewable HESs could provide a unique opportunity to flexibly support both grid electricity demand and heat customers by leveraging assets provided by each generator technology.

			5.1.1.	Market

			Nuclear energy is an attractive option as a complement to renewables to reduce carbon emissions in the electricity sector. In the United States of America (USA), nuclear energy provided 55% of the non-emitting electricity generation in 2018 [38]. Globally, nuclear contributed 10% of the total electricity generation in 2018. Gross heat production in the then 28 countries of the EU was 670 219 GWh in 2017 and 26.5% of this heat was produced by renewables and biofuels (177 599 GWh), while the share of nuclear (1258 GWh) was 0.19% [39]. The combination of renewables with nuclear energy can provide a large fraction of a system’s electricity, while minimizing the inefficiencies associated with curtailed generation or energy storage losses. This hybrid configuration can also decarbonize the industrial sector through direct use of thermal energy [40]. Several countries are embarking on studies to determine the technical and economic potential of such configurations. If a carbon price is included in the economic analysis, nuclear–renewable HESs may have lower costs than traditional fossil fired energy systems [41]. Many countries and regions have implemented or are considering implementing a carbon price to curb the emission of GHGs that many believe play a significant role in climate change. This approach provides an incentive to invest in and deploy clean energy technologies that do not emit carbon or other greenhouse gasses into the atmosphere while discouraging the deployment and operation of emitting generation technologies (e.g. coal, gas and oil fired stations) unless carbon capture technologies are employed [42]. 

			Heat from nuclear–renewable HESs is expected to provide numerous advantages, including direct steam utilization via heat exchangers for industry and district heating via heat exchangers to utilize low quality heat [43, 44].

			5.1.2.	Application

			Technical designs for nuclear thermal systems to support district heating and industrial processes have existed since the beginning of nuclear energy development. However, nuclear generated thermal energy does not have a major role in commercial heat markets at present. The prospects for such use are dependent on how and where the heat market demand characteristics can be matched to what nuclear systems can offer. How quickly, and to what extent, nuclear generated thermal energy could capture a portion of the heat market depends mainly on how well the characteristics of nuclear reactors can be matched to the requirements of the heat market in order to compete successfully with alternative energy sources. In this regard, cogeneration and hybrid nuclear plants could provide supply options for district heating and electricity. For medium to large nuclear reactors, electricity is the main product due to the need for reliable baseload power and the limited energy requirements of any single heat market customer. However, the coupling of NPPs with renewable energy systems could provide an opportunity for these plants to support thermal process needs while also directing some fraction, potentially variable, of thermal energy through a steam generator for electricity production to support the grid [45]. 

			Nuclear plant operation can be optimized for electricity market conditions and demand, allowing district heating to be a by-product by utilizing what is traditionally considered waste heat from the power conversion process. The characteristics of the industrial process heat market are different from those for district heating. However, the need for heat transportation and distribution can be similar for both industrial process heat and district heating. On the other hand, industrial process heat users may not be located within highly populated areas, which by definition constitute the district heating market [45].

			The interlinkage between energy and food is key when discussing major global trends such as growing population, poverty and climate change. The energy−food nexus mostly concerns the use of energy in the food supply chain, including food production, harvesting, processing, storage, transportation, retail, preparation and cooking. The food sector accounts for some 30% of global primary energy consumption, contributing significantly to fossil fuel consumption and accounting for approximately 20% of total annual GHG emissions, excluding impacts associated with land use changes that result from plant deployment. Renewable energy applications could be possible at different stages of the food supply chain [46]. It could also be possible to use nuclear–renewable HESs for this sector. Deploying hybrid systems for heating is expected to provide benefits that may include alleviating energy security concerns, boosting local productive activities and reducing GHG emissions. The need for heat in the agriculture/food sector is high; for example, much energy is spent on heating greenhouses. Current decentralized heating systems that run on conventional energy sources (gas, woodchips, oil, etc.) could easily be replaced (from a technical point of view) with centralized heating systems. Such a system to distribute heat for agricultural needs is very similar to district heating systems. The difference is that it could be operated at lower temperatures and could also use the low temperature heat derived from the district heating return line [47]. 

			Renewable generators could be combined or coordinated with nuclear systems to efficiently and sustainably produce electricity, or to support district heating, agricultural and industrial process heat applications. As such, nuclear–renewable HESs could be designed to optimally match the characteristics of the thermal heat market.

			5.1.3.	District heating and heat for agricultural needs 

			District heating systems have been evolving since the time of the Roman Empire, where heat from remote thermal springs was transported to public baths. Today, those systems exist all over the world and are used for heating of sanitary water and buildings. The heat needs of the latter fluctuate significantly, as they are mostly dependent on external temperatures and thus vary between seasons. Examples of district heating supported by nuclear cogeneration include Switzerland, the Russian Federation, Ukraine, China and Hungary, among others, providing several decades of operational experience [48]. District heating systems with renewable heat sources are a proven technology used worldwide. Figure 6 shows the schematics for a nuclear–solar HES for the district heating and agricultural sectors [56−61].

			A nuclear reactor produces the necessary heat for a steam generator. The steam generated is then heated by the working fluid (e.g. molten salt ~560°C [49, 50]) of the solar parabolic collector unit using a heat exchanger. The working fluid (~280°C [49, 50]) is also used to heat the water in the district heating network. The district heating network can also be operated using turbine steam, derived from nuclear reactor and solar parabolic collector units [51]. The district heating system is mainly composed of centralized heat generation, insulated pipes, pumps and heat stations. The medium for heat transport is water, which is heated in the heat exchanger. Heated water is then transported with the help of pumps through insulated pipes to heat exchangers that couple end users. In the heat exchangers, heat is transferred to the domestic water system. Conversely, district heating water is cooled and is then pumped back in insulated pipes to the heat generation heat exchanger, where the process repeats itself. The operating temperature of different district heating systems can vary, as the temperature of supply water ranges from 65−120°C and the return supply ranges from 25−75°C. The sizes (inside diameter) of insulated pipes and pump power are dependent on the difference between the supply and return temperatures (in addition to heat consumption). A small temperature difference implies greater pipe diameters and greater pump power, and vice versa. Higher system temperatures result in greater heat losses. The lower temperature required for district heating is also more favourable for the use of heat from low quality steam derived from the NPP low pressure turbine [51, 52]. Using the return line heat of the district heating network for greenhouses or for food drying and processing purposes can help increase food availability, reduce dependence on fossil fuels, protect against price volatility and diminish harmful emissions from the sector. Furthermore, it can significantly reduce food waste and the efficiency of the process is further increased [47].
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			5.2.	Hydrogen

			Hydrogen production offers a potential opportunity for nuclear–renewable HESs because, as a commodity product today, it has a large market with potential for growth. Today, hydrogen is produced primarily by reforming natural gas using the following chemical reaction, which also leads to the production of CO2: 

			[image: ] 

			Other hydrocarbons can be used as the feedstock in place of natural gas, but that option is less common and, in most cases, less economical. 

			Hydrogen can also be generated by splitting water with electricity and/or heat; the two products that NPPs generate. Replacing natural gas reforming with nuclear driven electrolysis would reduce the carbon emissions associated with hydrogen production, reducing the industrial and transportation sectors’ carbon footprint. Hydrogen produced from nuclear heat and/or electricity can also create a new revenue stream for NPPs.

			5.2.1.	Applications

			Hydrogen is used extensively for a number of applications. Its primary use is in industrial applications, such as oil refining and as an intermediate in ammonia production [53]. Oil refineries currently use hydrogen for cracking, also known as ‘sweetening’, upgrading heavy fractions to lighter ones, and removing sulphur and other contaminants. Ammonia is produced globally using the Haber−Bosch process that uses nitrogen and hydrogen as feedstocks. It is usually coupled with natural gas reforming, which produces the needed hydrogen, because heat integration improves the overall energy efficiency. Nitrogen feedstock is acquired by an energy intensive air separation plant using compression and refrigeration to produce liquefied nitrogen. Ammonia is then used directly as a fertilizer or reacted to produce an alternative fertilizer such as urea. 

			Hydrogen is also used to produce methanol, which is a precursor for formaldehyde, acetic acid and other chemicals. Methanol is also used as an energy carrier, either via direct combustion in fuel cells or after conversion to dimethyl ether that is used as an oxygenate to lower emissions from internal combustion engines. Dimethyl ether can also be added to diesel fuel or it can be further dehydrated to produce other oxygenates that are fungible with motor gasoline. In a similar manner, hydrogen can be combined with CO2 to synthesize formic acid, a chemical that is used to produce laminate materials and may also serve as a hydrogen carrier. More information on organic chemical products is provided in Subsection 5.5. 

			The hydrogen market is large. For example, as of 2019 global on-purpose hydrogen production is over 60 Mt/year (8.5 EJ/year), produced almost exclusively from reforming natural gas. An additional 40 Mt/year (5.7 EJ/year) is produced as a by-product from other processes (primarily catalytic reforming in petroleum refineries and ethylene production) and is used for processing purposes in the refining and chemical industries. Thus, the by-product hydrogen is usually used internally within the process rather than being marketed [54].

			The hydrogen market can grow dramatically because hydrogen can be produced from a diverse range of feedstock (like nuclear and renewable energy used for water splitting) to supply many different end use applications beyond those that are currently established. Examples of potential future hydrogen demands include the use of hydrogen for energy storage, transportation and industrial heating. Because hydrogen is a gas at standard temperature and pressure, it can be stored, although that storage requires geological formations and/or energy intensive compression or liquefaction. If hydrogen can be stored easily it can be an energy buffer that decouples the time energy is produced from the time it is used. It can also reduce emissions associated with the transport and industrial sectors, the two sectors that are difficult to decarbonize. For the industrial sector, hydrogen can be used as both an energy carrier to provide heat when and where it is needed and as a feedstock for chemical reactions. Hydrogen and CO2 are potential feedstocks for the organic chemical industry (a carbon utilization process), and hydrogen can be used in the production of steel through direct reduction of iron ore [55]. Stationary fuel cell combined heat and power systems can provide electricity and heat/cooling to buildings.

			The Hydrogen Council estimates the potential global hydrogen demand in 2050 at 78 EJ/year (550 Mt/year) for electricity storage (primarily seasonal), transportation, industrial energy, feedstock for carbon utilization processes and direct reduction of iron ore, and combined heat and power (CHP) in buildings [56]. The Hydrogen Council identifies transportation as the largest potential hydrogen market at 22 EJ/year (155 Mt/year), a market that has begun to grow in recent years. Between 2014 and August 2019, over 7800 light duty fuel cell electric vehicles (FCEVs) were delivered in the USA [57] and, in 2018, there were 2900 FCEVs in Japan, with hundreds more in Germany, France and the Republic of Korea [58].

			Multiple countries have FCEV targets, including the USA (where the state of California has a goal of 1 million FCEVs by 2030 [59]), Japan (200 000 FCEVs by 2025), France (20 000 FCEVs by 2028), China (50 000 FCEVs by 2025) and the Republic of Korea (production target of 81 000 FCEVs by 2023) [58]. Hydrogen utilizing fuel cell options for heavy duty trucks, buses, trains, ferries and aircraft are also being developed [53], with over 21 000 fuel cell forklifts shipped or on order as of 2018 [60]. Fuel cell powered trucks, trains, and ferries are also under development and being featured in early demonstrations worldwide.

			5.2.2.	Production opportunities

			Many options have been proposed or are being developed to produce hydrogen. As mentioned earlier, most of the hydrogen used in the world today is produced from natural gas.

			The IAEA [61] identifies six methods in which nuclear energy can be used to produce hydrogen or to supplement other energy sources in producing hydrogen: 

			(a)	Nuclear assisted reforming of natural gas;

			(b)	Nuclear assisted coal gasification;

			(c)	Nuclear assisted thermochemical conversion of biomass;

			(d)	Thermochemical water splitting; 

			(e)	Low temperature electrolysis (LTE); 

			(f)	High temperature steam electrolysis (HTSE).

			The first three methods utilize nuclear generated heat (mostly in the form of steam) to reduce the need for fossil or biomass generated heat to perform those conversions. Thus, they are a variation of the chemical industry, as described in Subsection 5.5, and are not described further in this subsection, while the final three are.

			Water radiolysis is an alternative hydrogen production technology; however, yields are low and limited research has been conducted on using this technology for industrial hydrogen production [62]. Thus, this option is not discussed further. 

			5.2.2.1.	Thermochemical water splitting

			Thermochemical water splitting requires water and heat, preferably at a high temperature, and uses a chemical catalyst (or combinations of catalysts) to split the water into hydrogen and oxygen. Ideally, a single step thermal decomposition would be performed; however, that would require temperatures of 2500°C or greater. Thus, multistep processes that require heat at moderate temperatures are being developed [63]. These processes use intermediate chemical compounds to support water splitting and recycle or regenerate those compounds so that they stay within the process. 

			Thermochemical water splitting is at an early stage of development. Over 350 potential cycles have been identified and most research has been focused on the cycles, as shown in Table 3 [64]. None have been commercialized, although the hybrid sulphur, sulphur iodine, cerium oxide and copper–chlorine cycle has been demonstrated experimentally.
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			The nuclear–renewable HES interface for all the cycles is heat, which could be transferred as steam or via a high temperature heat transfer fluid (HTF). With a temperature requirement of 550°C, the copper–chlorine cycle has the lowest temperature requirement. The only other two options with temperatures <1000°C are the hybrid sulphur cycle and the sulphur–iodine cycle. Thus, all the cycles require higher temperatures than can be achieved directly from light water reactors (LWRs) without significant temperature boosting. Due to challenges with thermal cycling of materials, these cycles cannot be ramped easily and thus require very stable energy sources [74, 75].

			Even without ramping, some of these processes involve strong acids or bases, and materials and pump durability is a key issue; therefore, improving the durability of both the reactant materials and the equipment that they come into contact with is a key R&D priority, with a focus on the integrity of process components under harsh conditions [67, 68]. In addition, a key R&D area is improving thermal efficiency. Data acquisition and mining are one option being used to address that issue [68]. High temperature reactor design is a second key priority [69]. Additionally, the development of catalysts and separation membranes for high temperature operation in harsh environments is another challenge that requires new research.

			5.2.2.2.	Low temperature electrolysis

			Low temperature electrolysis uses electricity exclusively to split water into hydrogen and oxygen. Alkaline electrolysis has been a commercial technology for decades. It utilizes a pair of electrodes (the cathode and anode) submerged in an aqueous alkaline solution, usually containing either potassium hydroxide or sodium hydroxide. The electrodes are commonly separated by a porous diaphragm that allows hydroxide ions to migrate but prevents the hydrogen that is produced at the cathode from mixing with oxygen that is produced at the anode.

			Polymer electrolyte membrane (PEM) electrolysis, also referred to as proton exchange membrane electrolysis, is a newer technology that is related to PEM fuel cells. It uses a polymer membrane that allows protons to cross between the electrodes and prevents mixing of the produced hydrogen and oxygen. This membrane design allows for hydrogen production at up to 20 MPa (thus avoiding or reducing energy intensive compression of the gas). The membrane typically includes a catalyst such as platinum or a platinum group metal to catalyze water splitting, making it a higher cost option than alkaline electrolyzers; however, R&D is targeting cost reductions that will make PEM electrolysis competitive with or have lower cost than alkaline electrolysis [70].

			Both electrolyzer technologies can use electricity from any source and have been shown to have up to 69% efficiency based on hydrogen’s lower heating value (LHV) [71]. PEM electrolyzers have higher current densities, allowing them to adapt to rapid changes in power that could be caused by a tightly coupled nuclear–renewable HES that is following grid signals. Rapid fluctuations in loads or generation (such as those that might be caused by wind or PV solar generation) can create variability on the grid that requires quick responses from load following entities. 

			Since the only energy supply to LTE systems is electricity, electricity is the integration point. Within a tightly coupled nuclear–renewable HES, the electricity could be generated from either renewable or nuclear energy, or both. Both alkaline and PEM electrolysis can provide grid services such as flexibility and contingency reserves. PEM electrolyzers can also provide frequency control and voltage regulation because of their ability to ramp very quickly [72]. PEM electrolyzers can further be fully shut off very rapidly and can be put through very rapid cold starts; thus, they do not require a continuous electricity source. In addition, because electrolyzers are modular, the manufacturing process can be scaled. Such scaling is unlikely for thermochemical processes.

			LTE systems are a commercial technology, having achieved annual sales of 100 MW (input electricity capacity) in 2017 [73]. At an average electricity requirement of 50 kWh/kg hydrogen produced, that capacity could produce 48 000 kg/day. The larger electrolyzer systems (>1 MW/system) use alkaline technologies, but PEM electrolyzer systems of 1 MW(e) are now also being marketed [70].

			Research and development on LTE systems is focused on reducing capital costs with minimal negative impacts on performance. Lower cost materials (e.g. alternative catalysts) and advanced manufacturing methods that can reduce costs are the key focus areas. Improved technologies to achieve moderately high pressure and avoid the need for compression are another R&D area [74].

			5.2.2.3.	High temperature steam electrolysis

			High temperature steam electrolysis is another water splitting technology; it differs from LTE in that water vapour (steam) is split instead of liquid water; thus, lower cost thermal energy can be used to evaporate the water while electricity is then used to split hydrogen from oxygen. The electricity required for splitting water vapour is reduced by the heat of vaporization compared to that required for liquid water. At 750−1000°C, the required electricity input is 35% lower than for liquid water [63], although the electricity saving is reduced at lower temperatures. HTSE can be performed in a solid oxide electrolysis cell (SOEC). The solid oxide electrolyte is a ceramic that conducts oxygen. Proton conducting solid oxide materials are currently being developed and have been shown to be effective for water splitting at reduced temperatures of ~500−700°C. While the kinetics of proton conducting SOECs are slow and thus require a larger cell area to accomplish the same separation efficiencies, the lower temperatures help to avoid several materials durability issues that have an impact on the lifetime of oxygen transporting SOECs and stacks [75].

			Since HTSE requires both heat and electricity, both integration points are essential within a nuclear–renewable HES that includes HTSE. Higher temperatures within the HTSE result in higher yields, so high temperature heat is preferred in most situations, but the temperature is limited by the heat tolerance of materials. To avoid thermal stresses, the HTSE stack is optimally kept at a constant temperature. Constant temperature operation requires a reliable heat source, although technologies that allow temperature ramping are under development. Testing of electricity ramping is underway to quantify limitations on ramp rates and frequency.

			SOECs have been built and are being tested, and markets are beginning to emerge in Europe and the USA. For example, one system has been deployed in Europe for hydrogen production at a steel mill. Orders have been made from two commercial companies in Europe for commercial technology readiness demonstration [76]. Current R&D focus areas include materials and designs that are durable at high and varying temperatures and improved membranes that increase efficiency [77].

			5.2.3.	Case studies

			Several technoeconomic assessments of nuclear–renewable HESs with electrolysis have been published, including ones with either LTE or HTSE options. In 2005, Ref. [78] proposed cogeneration of hydrogen from nuclear and wind resources using an alkaline electrolyzer. They estimated that the economics of large scale hydrogen production are comparable to those for steam methane reforming with carbon sequestration in Ontario, Canada. Reference [79] considers the nuclear–renewable HES shown in Fig. 7, referring to Pakistan’s context. It identifies hydrogen production as a key opportunity for Pakistan to support biofuel refineries and the fertilizer industry by providing a necessary component for biofuel upgrading and the production of ammonia, which is used as a raw material for the production of a variety of fertilizers, synthetic fuels and chemicals. Hydrogen is a key component in ammonia production, which is the backbone of the fertilizer industry — considered to be the largest hydrogen consumer in the world. The use of LTE/HTSE produced hydrogen for several unit processes and unit operations in the chemical industry is briefly discussed in Subsection 5.5.
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			Reference [80] analyses nuclear–renewable HESs with LTEs that include wind as the renewable energy source and allow for electricity to be purchased from the grid at a higher price than it can be sold to the grid in the USA. They identified opportunities where a nuclear–renewable HES is profitable; however, in the US context, those opportunities require high electricity prices, high natural gas prices, low LTE costs (a purchase price of $100/kW(e) for the LTE system), or drivers beyond economics (e.g. policy). High capacity payments also increase the number of profitable opportunities for nuclear–renewable HESs because they can provide electricity during the hours necessary to receive the capacity payment but produce hydrogen during other hours when its value is greater than the sale of electricity. In cases with very low cost electricity, the study found that the nuclear–renewable HES purchases electricity optimally during periods when the cost is lowest instead of making the capital investment necessary for the nuclear reactor and the steam turbine.

			The technoeconomics of nuclear–renewable HESs with HTSE electrolysis have also been analysed. The Japanese Atomic Energy Agency is developing the Gas Turbine High Temperature Reactor 300 (GTHTR300C) for cogeneration; a high temperature gas reactor (HTGR) with the explicit purpose of producing both electricity and heat, making it an optimal reactor choice for nuclear–renewable HESs with HTSE. It is based on a prismatic core reactor and generates power by direct cycle gas turbine with heat as a coproduct [79]. Figure 8 shows this nuclear–renewable HES design with high level controls for a GTHTR300C, the HTSE nuclear–renewable HES. Preliminary analysis shows that the system has load following capability across both long and short time scales. It also shows that the electricity cost from the GTHTR300 is competitive with that from other sources because the system is simple (with inherent safety and a gas turbine) as well as providing high efficiency electricity production (45−50%) [81].

			Reference [80] also analyses the economics of nuclear–renewable HESs with HTSEs. The conclusions are similar to those found for nuclear–renewable HESs with LTEs. The authors reported that although HTSEs have higher efficiencies than LTEs, the increased capital cost did not make the HTSEs an appreciably better fit in nuclear–renewable HESs. They also found that volatile electricity prices impact on the likelihood of HTSE nuclear–renewable HESs being profitable; increased volatility increases the potential for profitability because they can respond to price signals and produce the most profitable product during each hour of the year.

			The case for hybridizing existing LWRs to produce hydrogen and electricity is being evaluated for locations where electricity prices are low and volatile due to low cost natural gas and increasing penetrations of wind and solar generation. The analysis of a hybrid process using an HTSE indicates that the optimal configuration involves heat recuperation of the hot hydrogen and oxygen carrying streams to superheat the steam generated using the heat of the LWR, increasing the steam temperature from ~275−775°C. Electrical topping heat is used to boost the steam to 800−850°C before it enters the HTE stacks [82]. 

			Technoeconomic analysis indicates that hybridizing can increase the profitability of the NPP under hydrogen price projections and at a variety of discount rates. Profitability increases primarily due to the ability to maximize hydrogen production during most hours of the year when electricity prices are lower and take advantage of high electricity prices and the capacity market, which has a high compensation for a limited amount of electricity generation. Costs for hydrogen storage and transport from the NPP to markets are highly uncertain and require in-depth analysis to improve estimates [83].

			In conclusion, the case studies indicate that nuclear–renewable HESs that produce hydrogen are technically achievable, have the potential to be more profitable than plants that only produce electricity in situations where the electricity price is low and volatile, and there is a robust value for electricity generation capacity. In addition, the ability to store the hydrogen when the nuclear–renewable HES is maximizing electricity production and to transport the hydrogen to markets is a key cost driver. These systems are also more profitable in situations with low electricity to natural gas price ratios.

			5.3.	Water purification

			Access to clean water is fundamental to societal growth, economic development and agricultural productivity. The United Nations Sustainable Development Goal 6 for water focuses on ensuring the availability and sustainable management of water and sanitation for all [84]. As of 2019, the UN estimates that there is still a lack of access to clean water for billions of people globally. More efficient management, distribution and use of existing water resources is critical in addressing water availability and threats to water security, but access to new sources of water through desalination or purification of saline water (brackish or seawater) or wastewater resources may also have significant impact on societal growth. The US Department of Energy has similarly established a Water Security Grand Challenge [85]. This White House initiated challenge establishes a framework to advance transformational technologies and innovation to address the global need for safe, secure and affordable water. Key goals within the Challenge focus on cost effective desalination technologies; transformation of wastewater from the energy sector to a resource; significant reduction in water use by current thermoelectric plants and achievement of net zero water impact for new plants; and development of small, modular energy–water systems for various deployment scenarios (e.g. urban, rural, emergency or disaster response).

			Water prices vary dramatically by region, such that no single price point can be established to determine the point at which nuclear driven desalination facilities will be economically viable. The World Bank indicated in December 2017 that “countries need to quadruple spending to US $150 billion a year to deliver universal safe water and sanitation” [86]. The International Desalination Association (IDA) reported that in 2018 Saudi Arabia and Abu Dhabi saw the price for desalinated, potable water drop to US $0.50/m3 for the first time, with the price reduction primarily attributed to the reduced cost of desalination technologies and increased water reuse. In 2019, the water reuse prices were expected to drop even further to US $0.30−0.40/m3 [ 87]. 

			Most desalination facilities currently operate using thermal and electrical energy derived from fossil energy plants. Considering the goals that have been set for reducing carbon emissions and expanding the use of low or zero carbon technologies, it may be opportune to further expand the use of nuclear and renewable energy for desalination applications. Nuclear–renewable HESs could play a significant role in meeting these water needs at a large scale via the use of existing, large scale NPPs or newly built installations, or via modular, transportable systems that incorporate very small nuclear reactor systems. The introduction of water processes via nuclear and renewable energy can simultaneously reduce water use by the facility and support municipal water needs by processing otherwise nonbeneficial water sources. 

			5.3.1.	Prominent desalination technologies

			As of mid-2018 the IDA reported in the 31st desalination inventory that more than 20 000 desalination plants were operating around the world with a total installed capacity of more than 97×106 m3 water/day. While the desalination market had been relatively steady since approximately 2015, 2019 was expected to show a surge in development due to increased water demands, decreasing capital and operating costs for desalination, and the need to replace aging desalination facilities with more energy efficient processes [87, 88]. Most of these plants process seawater or brackish water to produce fresh water for potable water use or thermal plant cooling. Prominent desalination technologies fall into two categories: membrane processes and thermal or distillation processes. Membrane processes only require electricity, while distillation requires both heat and electricity. These processes are listed in Table 4
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			Reverse osmosis (RO) is the most mature membrane desalination process and is employed in approximately 50% of the desalination facilities around the world. RO uses pressure to force water through a series of semipermeable membranes to separate out contaminants and dissolved salts (ions). This process only requires electricity to drive the high pressure pump, which generally operates at 5.5–8.5 MPa. Figure 9 shows a conceptual configuration for the integration of a RO plant within a nuclear–renewable HES.

			Two prominent thermally driven distillation technologies are multistage flash (MSF) and multieffect distillation (MED). The integration of a distillation facility is shown conceptually in Fig. 10. In MSF [89], the incoming saline water source is heated to near boiling and pumped through a series of consecutive chambers or stages that have decreasing pressure. At each stage the brackish water or seawater flashes to steam and the vapour is extracted as fresh water; the lower pressure at each stage lowers the boiling point of the water. The salinity of the unflushed portion of water increases at each subsequent stage, such that at each of the series of stages water is removed as fresh water and brine. The MSF plants may have 4 to 40 stages and process on the order of 4000 to 30 000 m3/day.
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			The MED is also a distillation process that again requires both thermal and electrical energy input but operates at a somewhat lower temperature than MSF. In this case a steam heat source, such as that which might be acquired from the low pressure turbine in the NPP, is used to process feedwater through a series of evaporators that operate at successively lower pressures. At each stage the saline water source is sprayed onto tubes within which steam is flowing. This causes a portion of the feedwater to evaporate off the tube surface; the remainder of the feedwater is collected at the bottom of the vessel, which is then extracted and used as the flow going into the second effect. Steam within the tube condenses and is withdrawn for recovery and use in the NPP. The vapour from the first effect is used to provide the heat source in the second effect. Vapour that condenses inside the tubes from the second effect on is withdrawn as fresh water. Reference [90] provides a detailed description of this process. MED plants may incorporate 8–16 effects and process on the order of 2000−10 000 m3/day. An additional distillation method that has been used in combination with MED is vapour compression (VC) [91]. The VC process derives heat from the compression of vapour rather than using direct heat from a boiler. VC has generally been applied in small scale systems, processing on the order of 20−2000 m3/day.

			Hybrid desalination facilities draw on multiple desalination technologies to process saline water sources. The Ras Al Khair plant in Saudi Arabia, for example, uses both RO and MSF to process 1 036 000 m3/day [92]. The site also includes a large power generation component operating at 2400 MW to support the MSF–RO system. Similarly, the United Arab Emirates Fujairah 2 plant processes 591 000 m3/day using MED and RO, which produce 450 000 m3/day and 136 500 m3/day, respectively [92].

			5.3.2.	Existing nuclear driven desalination plants

			Heat and/or electricity from NPPs, coupled with heat/electricity from directly integrated or nearby renewable plants, where applicable, can be utilized for desalination and purification of brackish groundwater, seawater, or wastewater from industrial processes. Integration of these processes provides a pathway for the use of excess energy during times of peak generation from the coupled renewable generators (e.g. during peak solar insolation in the middle of the day) or at times of low electricity demand for a system that also supports grid needs. 

			Table 5 summarizes currently operating or previously operated nuclear cogeneration plants that produce water either for plant cooling or potable water use. Per the IAEA publication on nuclear cogeneration [23], the global use of nuclear energy for desalination applications has an accumulated experience of 250 years of reactor operation, when tallied across all nuclear desalination units. Except for the desalination facility in Kazakhstan that is now out of service, these units process a small amount of water per day. 

			As an example of how these systems are utilized in conjunction with an NPP, the Diablo Canyon plant in the USA, operated by Pacific Gas and Electric, processes seawater to support all water use needs on-site, including plant cooling and potable water. The brine that results from the desalination process is rejected and returned to the ocean after being mixed with other rejected water so that local salinity is not measurably increased. The plant is also permitted to provide water for fire suppression to the surrounding area if they are called upon to do so. Pacific Gas and Electric considered increasing the size of the desalination facility to provide potable water to the surrounding communities, but the decision to shut down the plant at the end of the current licences for both reactor units halted the proposed expansion plan.
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			5.3.3.	Case studies for future desalination with nuclear–renewable hybrid energy systems

			There are several opportunities under evaluation that would utilize heat and/or electricity from an existing NPP to produce potable water. Two such cases are summarized in this subsection. In many cases developers of advanced reactors and SMRs are also considering coupled desalination facilities, depending on the intended deployment site [94–97].

			5.3.3.1.	Case study: nuclear and solar PV to produce electricity and potable water in the US southwest

			A 2015 study in the USA evaluated the potential for a nuclear–solar PV nuclear–renewable HES option sited in northeast Arizona. This case included a 600 MW(th) (180 MW(e)) SMR for the nuclear generation and 30 MW(e) solar PV generation. Analyses indicated that such a system could supply 230 million cubic metres (61 billion gallons) of fresh water per year, meeting ~88% of the current total water consumption in Phoenix and Tucson, Arizona, using brackish groundwater as the feed source [98]. This initial high level study that considered new generation capacity led to further evaluation among a private public partnership comprising US government laboratory researchers and an NPP owner.

			The Palo Verde Generating Station (PVGS) is the largest NPP in the USA. It includes three pressurized water reactors (PWRs), each of which can provide 1.4 GW(e). Arizona Public Service (APS) is the operating owner of PVGS, working alongside six additional plant owners. PVGS serves electricity users in Arizona, New Mexico, California and Texas. This region has seen a dramatic increase in solar PV generation in recent years, which has the potential to impact on the continued steady state operation of PVGS at its full operating capacity. Increasing penetration of solar PV in the region is resulting in excess electricity generation at certain times of day, typically impacting on baseload generation systems. While PVGS currently maintains the ability to operate at its nominal capacity, APS is evaluating the potential future need to operate with flexible power output.

			The cooling water for PVGS is currently treated effluent purchased from a regional wastewater treatment plant. APS maintains a long term water resources programme that considers the use of advanced treatment and cooling technologies to reduce plant cooling costs relative to continued use of increasingly expensive effluent. Another option under consideration is to replace some of the costly effluent with brackish groundwater from a regional aquifer, which may require supplemental water treatment to avoid an impact on plant operations. Researchers at the US Department of Energy (DOE) Idaho National Laboratory, working with input from APS, are investigating the option of processing this brackish groundwater, which is unusable directly, using electricity provided by PVGS. This approach would provide secure cooling water supply to PVGS at a stable price, and additional water could be processed for developing municipalities in the west valley of Phoenix. As noted previously, nuclear driven desalination is already employed in the USA by the Diablo Canyon NPP, which operates a seawater reverse osmosis (SWRO) system for both plant cooling and potable water use on the plant site. Although this system is of a smaller scale than what might be envisioned for a RO plant in Arizona, it provides a basis for the plant operation and for the acceptance of a nuclear electricity driven water processing plant in the USA. Figure 11 shows the evaluated nuclear–renewable HES configuration for processing brackish groundwater, in addition to continuing use of some amount of treated municipal wastewater, using electricity produced by PVGS. This nuclear–renewable HES would be categorized as multiple tightly coupled products, as described in Subsection 4.2.2. Although PV is not directly integrated with PVGS, its impact on the PVGS grid balancing area motivates consideration of desalination as a secondary load for PVGS.

			Researchers at Idaho National Laboratory developed a methodology to evaluate the potential benefit of increasing the baseload electricity demand by the addition of a desalination plant that would be used to generate cooling water for PVGS from poor quality brackish groundwater. The results of the 2018 preliminary analysis indicate that the proposed configuration may be economically viable if sufficient water is processed to provide for community water needs [99]. A second phase of the study was conducted in direct partnership with the operating utility to identify possible synergies between a larger desalination plant for the production of potable water and various applications in addition to PVGS cooling water [100]. In short, the study indicates that there are feasible combinations of regional RO and PVGS connected RO systems that would support the water purity needs of PVGS and increase municipal water supply, but additional work is necessary to fully evaluate the economic aspects of these systems.
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			5.3.3.2.	Case study: Pakistan nuclear desalination demonstration plant (NDDP) 

			The Pakistan Atomic Energy Commission successfully commissioned their first nuclear desalination demonstration plant (NDDP) unit at Karachi NPP (KANUPP) in 2010 [101]. KANUPP is a Canada deuterium–uranium (CANDU) type reactor with an installed capacity of 137 MW(e) and has been in commercial operation since 1972. A MED type low temperature horizontal tube evaporator is coupled with KANUPP through an intermediate coupling loop (ICL) [102]. The eight effects included in the MED plant provide 1600 m3/day of desalinated water with a total dissolved solids content of <5 ppm and a gain output ratio of 6 : 1 [101]. A strategy of low pressure−high pressure−low pressure is adopted to keep the ICL at high pressure compared to the feedwater and primary regenerative heater loop [102]. The purpose of this strategy is to avoid the risk of any radioactive leakage into the NDDP feedwater supply from the low pressure primary loop to the high pressure ICL. Steam extraction from the high pressure turbine at a pressure and temperature of 1.7 bar (170 kPa) and 116°C, respectively, is used in the ICL for nuclear desalination [101]. The ICL consists of an intermediate heat exchanger, recirculation pump and reboiler that produce steam needed for the first effect of the desalination plant. The requirements of feedwater, electricity and process heat are met by the KANUPP facility, while the desalinated water is used for inhouse consumption by the NPP [102]. A schematic diagram of a typical MED type nuclear desalination facility like KANUPP is shown in Fig. 12 [103, 104].

			Researchers carried out an assessment study of the KANUPP nuclear desalination project to determine the technical and economic feasibility of various desalination technologies (MED, MSF, RO, hybrid MED–RO and hybrid MSF–RO) for integration with KANUPP [104]. The study shows varying water cost trends for the integrated desalination technologies with an indication of developing hybrid MED–RO or MSF–RO to couple with KANUPP.

			Pakistan has vast potential for wind and solar energy [105], and coupling/retrofitting of existing and planned NPPs with renewables (solar and wind) for nonelectric applications such as water desalination could be a good opportunity to address the potable water needs of the country. A nuclear desalination facility at KANUPP could be enhanced further by the addition of a renewable, most likely solar, facility.
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			5.4.	Calcination

			5.4.1.	Global market trends

			Concrete is the second most consumed substance on Earth after water; on average, each person consumes three tonnes of concrete per year. Concrete is used as a construction material for buildings and transportation infrastructure and is the final product from cement and aggregate. To produce cement, limestone and other claylike materials are heated in a kiln at approximately 1400 °C; a process called calcination. Today, minerals are predominantly calcined using fossil fired vertical kilns that have replaced earlier, less efficient, horizontal rotary kilns. During the calcination process CO2 is released both as a result of power generation (burning fossil fuels) and the calcination reaction itself, which is provided for limestone:

			[image: ] 

			Worrel et al. [106] first estimated that the cement industry, the largest calcination industry, contributes approximately 5% of annual global anthropogenic CO2 emissions. Ali et al. [107] more recently concluded that in the cement industry roughly half of the emissions result from heat production and half from the calcination reaction itself. The work on CO2 reduction during calcination has focused on two areas: carbon capture [108–113] and using alternative energy sources that may provide the high temperatures needed for the traditional calcination process. 

			One alternative energy source considered is CSP. Solar calcination experiments were conducted by Flamant et al. [114, 115], Licht et al. [116], Meier et al. [117–120], and Salman and Kraishi [121]. The listed CSP system concentrates solar radiation for the mineral reaction directly and is thus able to reach or even exceed the high temperatures required for the traditional calcination reaction. Other designs, such as the one used in the recent Low Emissions Intensity Lime and Cement (EU-LEILAC) project [122, 123] or the flameless calcination unit designed by Rheinisch-Westfälische Technische Hochschule Aachen University and Tsinghua University [103, 104], use HTFs such as molten salt or superheated steam that heats minerals for calcination indirectly. 

			Calcination systems that use HTFs to transfer heat to a mineral feed material reach lower calcination temperatures than systems that concentrate solar radiation directly on a small volume of the mineral feed material. Systems using HTFs can, however, reach much larger throughputs and inherently have the ability to store energy so that energy from the source can vary across time. In addition, various power sources can be used to heat the HTF. Those two aspects make use of an HTF a relevant application for nuclear–renewable HESs.

			5.4.2.	Production opportunities

			Nuclear–renewable HESs use the synergies that are created when coupled systems consisting of nuclear and renewable components are designed to work together [43, 126, 127]. These technical and economic advantages may also be realized in calcination units where the calcine is effectively used to absorb energy; particularly excess energy in the form of heat. This opportunity allows NPPs to continuously produce process heat at their maximum capacity while variable energy production from solar thermal concentrators is captured. Salt storage units allow all of the components in the system to produce at their maximum respective potential. The calcination units are unlikely to ramp their energy use up and down very well due to thermal constraints; thus, energy storage is needed to decouple the energy generation from utilization.
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			Figure 13 shows simplified schematic overviews of the innovative flameless calcination unit coupled to an HTGR (right) and a concentrated thermal solar power plant (left). The solar power plant was motivated by the Gemasolar power plant recently commissioned in Spain that has a receiver thermal power of 120 MWth [128, 129]. The HTGR was motivated by the HTR-PM demonstration plant currently under construction in Shandong Province, China, that will provide 2×250 MWth [130, 131] for electricity production. One unit of the preconceptual tube in tube flameless calcination system processes some 125 t of mineral feed per day. Depending on the ore that should be processed, two units may need to be employed in a row for complete calcination of the mineral feed. Large calcination plants produce thousands of tonnes of mineral products per day, so it is likely that a number of furnaces will be deployed together. Unlike traditional calcination furnaces that need to be operated 24/7 because of the large amount of calcine in the furnace at one time, the tube in tube calcination system presented here is flexible in its operation, as only relatively small amounts of calcine are in the furnace at one time. This characteristic allows flameless calcination systems to be used as process heat sinks in nuclear–renewable HESs in the same way that other energy industrial applications are, as summarized by Ruth et al. [132]. While standard approaches to calcination have a long operational history, the proposed flameless calcination application for nuclear–renewable HESs remains in an early development phase.

			5.5.	Chemical industry

			Dependence on fossil fuel resources and the risk of negative environmental impacts associated with burning these fuels could be mitigated by adopting low and zero emission energy technologies for electric and nonelectric energy needs. As discussed previously, NPPs can be designed to generate process heat, electricity and feedstock to produce chemical products such as syngas, soda ash, high purity hydrogen, nitrogen, argon, ammonia, methanol and many other chemicals, even at times when RESs such as wind and solar are not adequately available.

			5.5.1.	Applications

			Nuclear reactors provide an excellent source of heat for various industrial applications, including hydrogen, desalination, unconventional oil production and biomass ethanol production. Heat produced by nuclear reactors could be utilized for a variety of applications, such as heating, drying, crystallization (sugar) and distillation in chemical processes, replacing the energy derived from the combustion of fossil fuels. Thus, nuclear–renewable HESs could be used to avoid combustion of fossil fuels and biomass resources, reserving them as feedstock for numerous products in the strategically important chemical industry sector, with the major advantage being reduced emissions. 

			Nuclear reactors can provide process heat and steam necessary to carry out industrial processes (chemical reactions) and unit operations (physical processes). HTGRs can produce superheated helium, which can then replace the burners in steam methane reforming of natural gas to produce hydrogen, greatly reducing the GHG emissions from this process [133]. HTGRs and molten salt reactors are capable of supplying high steam temperatures. Other designs may also supply high steam temperatures when incorporating heat recuperation of the hot hydrogen and oxygen carrying streams to superheat the generated steam. Additionally, electrical topping heat may be employed to achieve high temperatures. 

			Figure 14 shows a variety of possible applications of nuclear–renewable HESs in the chemical industry [29].

			Table 6 outlines several candidate technologies for integration with nuclear–renewable HESs, with a high level assessment of the TRL or availability of the technology [29, 61, 133–138]. The technologies presented in Table 6 are all in commercial operation, but their implementation in NPPs is at the conceptual stage.
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			5.5.2.	Research and development directions

			Some R&D investment is necessary before nuclear–renewable HESs can be deployed for chemical industry applications to ensure rapid, efficient and safe responses to market signals. Chemical manufacturing plants are typically designed to operate at near constant levels; new design schemes that are resilient to time varying electrical and thermal inputs are probably necessary to realize the full potential of nuclear–renewable HESs that support electrical grid demands in addition to chemical processes. Detailed economic models are required to compare conventional and nuclear–renewable HES based chemical industry to evaluate capital costs, operation and maintenance costs, potential product costs and market risks. Study of the environmental impact of the proposed technologies is also essential to characterizing climate change impacts. Furthermore, safety (prevention and mitigation of accidents) and licensing are also to be evaluated for the nuclear–renewable HESs.

			5.5.3.	Production opportunities

			IAEA NES No. NP-T-4.3 [136] discusses the potential application of nuclear energy to chemical industry processing (e.g. petroleum, petrochemicals, hydrogen, steel, iron, aluminium, waste to energy (including plastic recycling)), with a brief introduction to the types of nuclear reactors suitable for various unit processes and unit operations (nuclear process heat reactor design). 

			The potential nuclear reactor energy delivery source (steam) to support chemical industry applications can be divided into three types: low pressure steam (LPS, <1 MPa), intermediate pressure steam (IPS, 1−10 MPa) and high pressure steam (HPS, >10 MPa) [29]. The requirements for key applications are summarized in Table 7 [29, 139]. In terms of GHG emissions, coal and solid waste gasification provide higher emissions than NPPs. An overview of the HTGR integrated industrial processes for coal and natural gas derived products is provided in the following subsections [135, 138].

			5.5.3.1.	Coal derived opportunities

			The processes involved in conventional coal to liquid, coal to natural gas, and coal to methanol and gasoline plants generate surplus heat to fulfil plant requirements. In a nuclear integrated system, for integration purposes, nuclear generated hydrogen (as described in Subsection 5.2) is required in lieu of direct nuclear heat. By integrating nuclear power and HTSE to support these coal derived processes, GHG emissions could be significantly reduced [135].

			Analyses suggest that integration of nuclear electricity and nuclear generated hydrogen would result in increased carbon usage, and reduced coal consumption. As a result, CO2 emissions would also be decreased for coal to liquid, coal to natural gas, coal to methanol and coal to gasoline applications [135].
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			5.5.3.2.	Natural gas derived opportunities

			After detailed review of conventional natural gas to liquid plants, it was observed that there is a significant opportunity for high temperature heat integration. Natural gas combustion in conventional plants can be replaced by nuclear heat provided by an HTGR or other high temperature advanced reactor, as the operating temperature in the primary reformer for conventional plants is 730°C. This small reduction in temperature does not have any negative effect on the performance of the primary reformer [135]. 

			Analyses suggest that replacement of natural gas combustion in the primary reformer with HTGR generated nuclear heat would result in a reduction of natural gas consumption and a decrease in CO2 emissions in natural gas to liquid and natural gas to methanol and gasoline case studies [135]. 

			5.5.4.	Case studies

			IAEA NES No. NP-T-4.2 [61] emphasizes the production of hydrogen and the use of that hydrogen in various industrial processes (e.g. natural gas reforming, coal gasification, thermochemical conversion of biomass). These industrial processes utilize nuclear generated heat to reduce the fossil or biomass generated heat necessary to perform chemical conversions by using HTSE produced hydrogen. Nuclear hydrogen production is described in Subsection 5.2. Coal driven chemical industry and ammonia production are selected as the case studies and are described in the following subsections.

			5.5.4.1.	Coal driven chemical industry

			Global coal based chemical industry is growing significantly in coal rich countries of the world, such as South Africa, the USA, Australia, Indonesia and India. Hence, there is significant potential in the development of low carbon, organic based nuclear–renewable HESs. Hence, it is expected that the penetration of HESs will grow significantly over the next decade [137].

			Coal driven chemical industry involves the synthesis of different chemicals to meet societal needs. Carbon obtained from coal gasification serves as a key component in these applications. The water gas shift reaction used for the synthesis of coal derived chemicals results in very high CO2 emissions. CO2 emissions can be reduced by integrating nuclear generated hydrogen with carbon obtained from coal gasification to synthesize chemicals with the additional potential benefit of this becoming economically viable [137]. In producing fuel and chemicals in coal based nuclear–renewable HESs, coal serves as a carbon resource while nuclear energy serves as a resource for H2, O2, heat and electricity. This type of integration results in enhanced energy and carbon efficiencies and yields an optimum balance between carbon and hydrogen, which leads to reduced CO2 emissions [138]. Currently, new advanced nuclear plants have 39% integrated thermal efficiency. In comparison, new CCGT plants can reach up to 49%. Advanced NPPs aim at thermal efficiencies significantly above 40%, without considering cogeneration designs. For organic based nuclear–renewable HESs (discussed in Section 5.2.2.3), a coupled HTSE plant could provide H2, which can then be mixed with syngas obtained from coal/biomass to obtain the required H2/CO ratio. The O2 from the HTSE process is then utilized for the coal/biomass gasification process. In this manner, the HTSE plant can serve as a good alternative for conventional water−gas shift reaction units and air separation units [138]. The chemical resources required for coal/biomass gasification, syngas cleaning and sulphur recovery would be the same as those for conventional systems. The nuclear reactor and/or integrated RESs could provide the necessary electrical resources. The coupled nuclear reactor may also provide steam supply to support process and utility heat demands. A simplified flow diagram is shown in Fig. 15 [137].
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			5.5.4.2.	Ammonia production

			Conventional production of ammonia is based on the Haber−Bosch process, where the reforming of natural gas with steam produces a gas mixture of hydrogen, nitrogen and CO2. Nitrogen and hydrogen combine chemically to synthesize ammonia, while CO2 and other contaminants are removed by the process of absorption before the process of ammonia synthesis:
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			Ammonia is a major feedstock required to produce a variety of fertilizers, fuels, chemicals and nitric acid. The two basic raw materials (hydrogen and nitrogen) can be produced at NPPs to replace the dispersed heat market necessary to support the direct raw materials market [139]. The primary advantages of producing ammonia using nuclear energy include low stable operating cost, reduced GHG emissions and the use of readily available raw materials (water and air) rather than expensive fossil fuels. Ammonia production is the largest consumer of hydrogen in the world. Hydrogen produced by HTSE (discussed in Section 5.2.2.3) as a replacement for steam−methane reforming can eliminate the absorption of contaminants in the production of ammonia. 

			The nitrogen required to produce ammonia can be provided either by cryogen air separation, pressure swing absorption, or burning hydrogen to remove oxygen from air. Thus, coupling of a large scale ammonia plant with HTSE can reduce GHG emissions and provide an economical solution for the production of ammonia and its derivatives [134, 139]. The production and capital cost comparison for nuclear assisted ammonia production found in the literature indicates that, relative to conventional processes, it has the lowest operating cost (10−40% less than conventional) and the highest capital cost (65−430% greater than conventional) [134, 137, 138]. It is predicted that SMRs can reduce this high capital cost by reducing the time and cost of NPP construction and licensing [134]. The integration of renewables (such as solar and wind) with nuclear generation for nuclear assisted ammonia production could further improve plant economics and further reduce GHG emissions. A possible nuclear–renewable HES configuration for nuclear assisted ammonia production plant is presented in Fig. 16 [134].
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			5.6.	Multiple resources for electricity

			Nuclear hybrid systems can be coupled in such a way that they only produce electricity. Electricity presents one of the most practical forms of energy, as it can easily be transformed into other forms. According to the International Energy Agency (IEA) [25], the global demand for electricity is rising and will continue to rise for a period of time. The efficiency of electricity production in nuclear or renewable power plants is being pushed to its limits (especially conventional nuclear). However, process efficiency can be improved for integrated nuclear–renewable HESs, as will be described. In this subsection, two types of hybrid systems that only produce electricity are presented: nuclear combined with CSP and with ocean thermal energy conversion (OTEC). Both technologies are still in the research stage.

			5.6.1.	Nuclear–renewable hybrid energy system with concentrated solar power

			Both nuclear and CSP utilize the Rankine cycle in which heat from steam is transformed into electrical energy in a turbine generator unit. High pressure saturated steam is produced in the steam generator of a conventional NPP. Due to design limitations, this steam has a relatively low temperature and cannot be overheated, resulting in limited plant efficiency and large thermal discharges from the condenser to the environment. In contrast, CSP power tower technology can achieve very high temperatures (250–1000°C) [140], and CSP can generate ultracritical steam temperatures of >600°C [141]. CSP uses mirrors or lenses to concentrate energy from the sun to heat up an HTF, such as molten salt [142]. The heated fluid is connected to a steam generator, which then produces high pressure steam [143].
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			System efficiency can be increased by combining both technologies. One of the simplest ways to couple the technologies is by installing an additional heat exchanger, such as a solar thermal reheater located between the moisture separator reheater and low pressure turbine (Fig. 17) [144]. In this heat exchanger, heat from CSP further overheats steam from the moisture separator reheater. The proposed system can be installed in existing NPPs or new builds. A second way to couple the two systems is more complex, as it proposes the installation of a superheater before the high pressure turbine with a combination solar thermal reheater located between the moisture separator reheater and low pressure turbine [145]. Heat storage tanks installed in the CSP circuit can further improve efficiency and steady operation, recognizing that CSP generation is dependent on both day−night solar irradiation variability and weather.

			One advantage of the hybrid configuration illustrated in Fig. 17 is that the power block and associated CSP balancing of the plant is not needed. Elimination of these components can significantly reduce both capital and maintenance costs. A second advantage of this system configuration is increased efficiency. However, there are also some challenges that should be taken into a consideration. During times of low production from the coupled CSP, the benefits of integration may be outweighed by losses due to reduced steam pressure drops in the reheater and superheater. This issue can be mitigated by installing bypasses. Another challenge in defining the system configuration is that the plume from the neighbouring cooling towers may affect the operation of the CSP. Integration of CSP and nuclear generation ensures that there will be sufficient electricity to meet demand at all times. In the event that excess electricity is available from such configuration during times of peak solar production, heat storage tanks already present in the CSP configuration can be utilized to delay electricity generation until solar irradiation is reduced.

			5.6.2.	Nuclear–renewable hybrid energy system with ocean thermal energy conversion

			OTEC operates on the basis of the temperature difference between deep seawater and surface seawater. This process uses an organic Rankine cycle. This cycle is the same as the Rankine cycle in principle, but it uses organic compound as its working fluid rather than water [146]. This enables operation at lower temperatures. The proposed nuclear−OTEC HES [147, 148] uses hot water discharge from the NPP condenser to provide heating in the evaporator (Fig. 18). This water is hotter than the surface seawater; consequently, this hybrid system is more efficient than conventional OTEC. The other benefit of this system is that it extends the suitable regions for OTEC to places with lower seawater surface temperatures and places with shallower deep water. Higher efficiency, shallower deep water intake and combined electrical facilities contribute to the superior economic feasibility of this nuclear–renewable HES compared to conventional OTEC. OTEC is still under development and there are the challenges to overcome in the design of the proposed hybrid systems, such as how to optimize the circulating system and the arrangement of the evaporator at the NPP discharge area [144].
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			5.7.	Microgrid integrated with nuclear power

			A microgrid is a small scale electricity generation system at the distribution end with extensive controllability. A microgrid can operate in a grid connected mode (connected with a regional large scale electric grid) or in islanded mode [149, 150]. A microgrid can be fully supported by RESs, but their variable nature suggests a need for integration with a dispatchable source of energy, such as energy storage or flexible nuclear energy, to reliably meet electricity demand. Recent evolution from large scale NPPs to small modular and microreactor concepts provides a viable option for microgrid application [32]. As presented in Section 4, SMRs have an electricity generating capacity of <300 MW(e) [32]. There are a number of challenges to be overcome for microgrids, such as the availability of dispatchable resources at the right scale, lack of long duration energy storage systems in the commercial market, and voltage and frequency regulation. A number of gridscale battery storage systems have been installed globally, and the cost associated with these systems has declined in recent years, but these systems still do not address storage beyond a multihour duration to address seasonal needs. SMRs may be a reasonable option for overcoming these challenges.

			5.7.1.	Global market and trends

			Microgrids are widely used in a number of applications, including, but not limited to, industrial and commercial facilities, transportation and city infrastructure. Microgrids operating in remote communities or facilities are likely to be operated in islanded mode; those connected to a broader regional grid may select the microgrid configuration for enhanced independence or grid resilience. The size of a microgrid may vary, depending on the target load profiles and demand requirements. Small industrial microgrids are commonly rated between 200 kW(e) and 5 MW(e). Utilities can utilize microgrids on feeder lines, with typical sizes from 5–20 MW(e). Power substations might utilize microgrids having capacities that exceed 20 MW(e). In some cases, larger microgrids may be needed to provide larger generation capacity to meet demand profile, such as islands, marine applications and remote cities, where demand can reach 300 MW(e). This case study describes one potential design of an SMR based microgrid and proposes performance indicators, including reliability and grid resiliency.

			5.7.2.	Regional markets and trends

			An SMR based microgrid could support a number of different applications in various regions around the world. These applications may include reliable supply for electrified transportation or marine systems, or supply of heat and electricity to large industrial facilities or remote communities. Regional deployments could include the northern territories in Canada, the State of Alaska in the USA, Greenland (Kingdom of Denmark) and island nations, just to name a few. As many of these regions have expressed a desire to move away from emission generating technologies, such as diesel generators, the market for microgrids based on non-emitting generation technologies is expected to grow.

			5.7.3.	Proposed microgrid configuration

			A microgrid incorporates a number of distributed energy resources (DERs), including energy generators (e.g. renewable, fossil, nuclear), energy storage systems, load management systems and communication networks. As renewable resources are not available at all times, fossil fired (e.g. diesel) generators are often used as backup power to serve the base and emergency loads. However, diesel generators present environmental concerns due to GHG emissions, such that many microgrid users are exploring clean alternatives. An SMR or MMR may be a suitable replacement for fossil fired generators operating within a microgrid [160]. 

			This case study provides an initial assessment of the performance of an SMR in a microgrid relative to a more standard diesel generator. The studied microgrid is based on a tightly coupled HES with multiple input resources and multiple output streams, as illustrated in Fig. 19. 
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			The renewable energy sources in the example case include solar, wind, biomass and hydropower, with dispatchable energy provided by either a nuclear reactor or a diesel generator. Both electricity and thermal demand are considered within the system. Multiple energy storage options are incorporated, including battery banks, thermal energy storage (TES) and hydrogen. 

			Detailed analysis can be conducted to evaluate and compare microgrid performance when either a diesel generator or an SMR is included in the microgrid; such detailed analysis of the proposed microgrid is beyond the scope of this publication. The analysis approach necessarily entails the definition of key performance indicators and goals and the definition of a control strategy and hierarchy of operations, considering the potential order of operations for both energy generators and users. 

			The analyses reported in Refs [160, 161] reveal that SMRs could potentially replace diesel generators in the studied microgrid. The SMR based configuration would significantly reduce GHG emissions while reducing energy costs and maintaining reliability of supply. Although SMR based microgrids require additional at-scale demonstration, licensing and siting activities, their potential warrants further development.

			Research is still necessary to improve the performance of microgrids. Potential areas for R&D activities include:

			—	Resilience of microgrids with self-healing and fault tolerant control strategies;

			—	Intelligent control with prediction capabilities and optimization using artificial intelligence and computational intelligence algorithms;

			—	Real time monitoring using sensor networks based on improved communication layers; and

			—	Enhanced SMR designs with autonomous features to support intelligent control systems, with real time control based on microgrid conditions.

			6. Considerations for NUCLEAR–RENEWABLE HYBRID ENERGY SYSTEM Deployment

			Many steps should be considered prior to a decision to proceed with the implementation of a new energy system. This section outlines these steps, which range from technical and financial considerations to less quantitative sociopolitical drivers. These steps may entail action by a sponsoring government or government agency seeking wise investment in the country’s energy systems, action by research organizations to address technical gaps in the available technologies to achieve the desired goals, or actions by plant designers, owners, or operators in their energy planning activities.

			6.1.	Techno-economic analysis 

			Technoeconomic analyses are conducted to concurrently determine the technical and economic viability of proposed energy systems. Such analyses can be conducted using steady state modelling tools to first determine the appropriate energy balances within a proposed system, followed by more detailed dynamic analyses to ascertain energy flows in real time in order to optimize the system configuration (e.g. components or subsystems to include), component and subsystem sizing (e.g. capacity of the generation sources, energy storage components and coupled facilities), and then optimization of the dispatch of energy to either electricity production to meet grid demand or to the coupled processes over a simulated operational period. These analyses are conducted within established technical constraints (e.g. maximum/minimum ramp rates or turndown ratios for all of the coupled systems), while also introducing an optimization goal, such as maximum profitability of the nuclear–renewable HES or minimum levelized cost of energy. Examples of such technoeconomic analyses can be found in Refs [83, 151]. 

			As a part of this optimization, the hierarchy of applications is then established. For example, if the nuclear–renewable HES is designed to produce multiple products, what product is considered to be primary? If electricity demand is to be met at all times with an established reliability goal, then electricity production may be selected, regardless of the economic potential of the non-electric applications (e.g. hydrogen or chemical products). Alternatively, the system may be designed to support electricity demand only under certain conditions, whereas the coupled industrial application is to be supported with a specified reliability goal. This hierarchy will impact on the economic evaluation and the potential benefit to the nuclear–renewable HES owner(s); thus, it is considered within the decision framework. 

			6.1.1.	Framework for evaluating the intended nuclear–renewable HES implementation

			In order to initiate a technical analysis, one firstly ascertains the intended applications for the energy system, the resources that might be leveraged and the markets to be served. Data on the behaviour of the renewable resources (i.e. wind or solar potential, even if these have not yet been built in a region), electricity demand as a function of time (over a full one year period) and projected demand growth, and energy markets are critical in evaluating the feasibility of a nuclear–renewable HES. Further considerations and data requirements are elucidated in the following subsections. 

			Many steps should be considered prior to a decision to proceed with the implementation of a new energy system. This subsection outlines these steps, which range from technical and financial considerations to less quantitative sociopolitical drivers. These steps may entail action by a sponsoring government or government agency seeking wise investment in the country’s energy systems, action by research organizations to address technical gaps in the available technologies to achieve the desired goals, or actions by plant designers, owners, or operators in their energy planning activities.

			6.1.1.1.	Regional energy demand and opportunities

			Key considerations in selecting potential energy generation and use options, and necessary datasets to support evaluation of those options, are summarized as follows:

			(a)	Resource potential for renewable generation sources (e.g. wind, solar, hydro):

			(i)	What renewable resources are currently installed in the region, or have a reasonable expectation to be installed? 

			(ii)	Are there geographical features present to support energy system options (e.g. is the regional geography supportive of using pumped hydro for energy storage that may be integrated within the nuclear–renewable HES)?

			(iii)	Are the natural features appropriate for the selected technologies (e.g. is elevation available to support pumped hydro? Is sufficient wind available?)?

			(iv)	If built, what is a reasonable expectation for availability or capacity factor for each resource?

			(v)	Are data available at sufficient fidelity for the renewable energy source as a function of time (e.g. are the available data at a five minute or hourly resolution? Are a full year of data available to ensure understanding of seasonal behaviours?)?

			(b)	Energy and electricity demand in the intended deployment region:

			(i)	What is the current and estimated future baseload, peak and time dependent electricity demand? 

			—	At what time resolution are these data available? 

			—	What is the anticipated growth in electricity demand over the intended lifetime of the energy system under consideration due either to population or industrial growth (e.g. what will the demand be in 40 or 60 years)?

			(ii)	What thermal energy demands are present in the region currently, and what is the potential for growth of industrial markets if a high quality, reliable energy source is available?

			(c)	Regional resources present:

			(i)	Is water available in the region to support cooling of thermal plants?

			(ii)	In regions of water scarcity, is there a brackish water, seawater, or wastewater resource available? 

			—	Note that such a resource could be used to support the production of water for plant cooling and/or for potable water use in municipal regions.

			—	If additional, cost effective water resources were made available what is the anticipated impact on population and industrial growth, which could further increase energy demand?

			(iii)	Are there available sources of coal, natural gas, or other feedstocks to support the production of commercial commodities?

			6.1.1.2.	Suite of technologies to be considered

			After the regional parameters described in Subsection 6.1.1.1 have been characterized, the full suite of technologies that could be utilized in meeting the various demands should be identified. The capacity of the components or subsystems may be determined by conducting specific analyses focused on determining the best utilization of each of these options to meet the established technical, economic, or environmental performance goals.

			(a)	Nuclear energy system:

			(i)	Selection of a candidate nuclear energy technology firstly considers the power level/range necessary to support the intended applications. Evaluations might consider options such as those described in Section 4: MMR, on the order of one to tens of MW(e); SMR, <300 MW(e); or large scale reactor, on the order of one GW(e).

			(ii)	Selection of a candidate reactor technology should then consider the temperature required to support the coupled application(s):

			—	Water cooled technologies produce steam at a temperature on the order of 300oC. This output steam temperature might be increased via chemical heat pumps or electrical heating, although the impact of such a configuration on the overall plant efficiency is considered in the analysis. Selection of water cooled technology with temperature boosting may reduce risk, as these reactor technologies are already available in the commercial market.

			—	Advanced reactor technologies under development may offer mid-range (i.e. 500–700°C) or high temperature (i.e. 900–1,000°C) output, but there may be additional project risk if a novel technology is selected.

			(b)	Renewable energy source:

			(i)	Selection of a renewable energy source considers the resource potential, as identified in Subsection 6.1.1.1, and any constraints that are applied, such as maximum facility size due to land availability. 

			(ii)	Optimization analysis using an approach such as that described by Epiney et al. [152] can then be employed to select the appropriate size renewable facility to be integrated in the nuclear–renewable HES. The estimated time dependent availability of the renewable resource is applied as a part of the dynamic system analysis and optimization.

			(c)	Coupled energy use facilities, if included in the nuclear–renewable HES:

			(i)	If the nuclear–renewable HES includes a coupled energy use facility, such as an industrial plant or chemical production facility, the appropriate size of that plant is determined. Such selection of plant capacity can be made as a part of the multivariable optimization problem.

			(ii)	The size or capacity of the coupled energy use facility considers the current and potential future market for the produced commodity, feedstock availability and necessary transport infrastructure, and infrastructure necessary to transport the produced commodity to the customer.

			(d)	Energy storage:

			(i)	It may be necessary to include some form of energy storage in the plant design to ensure operational stability as energy is dynamically allocated among the various coupled energy users or to ensure that the energy demands are met with an established level of reliability (e.g. stored energy may be used to support peak electricity demand). 

			(ii)	Evaluation should consider multiple viable energy storage options as part of the system optimization, including thermal energy storage, chemical energy storage (i.e. hydrogen) and electrical energy storage. The dynamic analysis toolset applied in the optimization should employ subsystem models with the appropriate performance constraints (e.g. charge and discharge rate, storage capacity and duration) to ensure adequate selection of storage systems. Note that the optimization toolset may include multiple storage technologies in the analysis, but the results could select zero capacity for one option while building out a second option.

			(e)	Financial parameters:

			(i)	System design and optimization analysis includes an estimate of capital costs for each plant, as well as other fixed and variable costs (e.g. operations and maintenance, fuel). 

			(ii)	Analysis should also estimate the lifetime of each subsystem that will be coupled. Each subsystem is likely to have a different operational lifetime; therefore, it is necessary to assess when a specific component may need to be replaced over the lifetime of the nuclear–renewable HES to ensure that the capital costs are properly accrued over the full nuclear–renewable HES lifetime. For example, a nuclear plant has a typical lifetime of 60 years (40 years for the initial licence plus 20 years for licence renewal); however, a coupled industrial plant might only be expected to operate for 30 years. Hence, the evaluation includes the cost for building a second coupled plant 30 years into the project to ensure use of the overall capital investment to the greatest extent possible. 

			(iii)	System designers incorporate the desired system performance goals associated with selected economic parameters (e.g. profitability index, levelized cost of electricity (LCOE), internal rate of return) in parallel with assessment of environmental impact measures and adherence to the reliability requirements for each of the coupled systems.

			Once the analyst has selected options to include in the optimization and has applied the appropriate financial data for each of these options, the selected dynamic analysis toolset may then be applied to determine optimal component and subsystem sizes based on a selected goal function (e.g. maximum profit, minimum LCOE). This analysis should determine whether or how to include externalities (e.g. environmental goals, assurance of grid reliability) in the optimization, particularly if those externalities are captured via economic incentives or disincentives (e.g. renewable or clean energy credits or a carbon tax).

			6.1.2.	Technology readiness to implement 

			Each technology selected for a nuclear–renewable HES may have a different technology readiness that will impact on the overall deployment timeline and risk associated with project completion. Standard definition of the TRL was introduced in Subsection 4.3. Even if all subsystems are commercially available when the project is being considered, if the specific nuclear–renewable HES configuration desired is not currently deployed then the readiness of the integrated configuration may not be fully commercial. Considerations pertinent to the readiness of each technology are summarized as follows: 

			(a)	Subsystems:

			(i)	Are any of the selected subsystems currently deployed commercially, either at the intended location (i.e. an existing plant or facility will be repurposed for hybrid operation) or at another location?

			(ii)	If not, what is the relative TRL and timeline associated with achieving commercial availability? What investment of both time and funding is necessary to raise the TRL to support deployment? If selected, what is the associated build time for the facility?

			—	A large scale LWR is commercially available, but the time to build such a facility is significant due to the magnitude of the facility and the need for significant site preparation, limited supply chain for large scale components, and on-site build and assembly. An advanced reactor, on the other hand, may be in the conceptual design stage or undergoing design certification. This lower TRL concept may take a number of years to achieve commercial availability, but it may also have a shorter anticipated build time because of new manufacturing and assembly approaches, reduced physical size and/or reduced site preparation requirements. Hence, it may not be immediately apparent which technology selection might result in the shortest time to completion. These trades impact on the type and extent of project risk that would be associated with the technology selection and should be taken into consideration before deciding on a path forward.

			(b)	Interconnections, sensors and control systems:

			(i)	Are there commercial off the shelf solutions for interconnections (e.g. heat exchangers, valves), sensors and control systems, or will new technologies be needed?

			—	If possible, early stage implementations may consider the use of high TRL technologies to avoid long development time horizons while R&D, technology development and demonstration, and/or regulatory review are conducted for more innovative solutions. Advanced sensor technologies or semiautonomous control systems may fall into the latter category. 

			—	Example: behind the grid electrical integration of a current fleet LWR with a hydrogen plant (see Subsection 5.2) or RO desalination (see Subsection 5.3) may not achieve the highest efficiency possible for such systems, but these demonstrations can provide a foundation for later thermally integrated technologies or advanced reactor implementations by improving public perception, providing a much needed commodity and demonstrating safe operation of operating nuclear, renewable and chemical plants in close vicinity, if these plants are co-located and connected behind the grid interconnect.

			When evaluating new technologies to be incorporated in the nuclear–renewable HES that are not yet commercially deployed, the considerations summarized below should be evaluated systematically, with project risk taken into consideration at each step:

			—	If there is not a commercially available solution to meet a specific need, what new technologies are required, and what is the associated TRL of those technologies? 

			—	Is the work necessary to enhance the TRL currently being conducted by national laboratories, academia, or industry? 

			—	What data are missing to fully deploy the technology (e.g. performance, reliability, lifetime)? Does the technology exist at a laboratory or bench scale but require scale up for implementation? 

			—	What further steps are necessary to move this technology forward?

			—	Can technologies be demonstrated in a non-nuclear environment, or is a nuclear environment required? 

			6.2.	Regulatory review

			Implementing any new energy project requires engagement with multiple regulators. Such engagement should be initiated early in the project to increase awareness of pending requests for review and to identify any potential roadblocks early in the design and feasibility stages. For a nuclear–renewable HES, such engagement will necessarily include the relevant nuclear regulator for the intended deployment location, environmental review boards, industrial review boards, the electricity regulator and the electricity market operator. Key considerations and steps for each of these regulatory bodies are summarized below. Each step in the review process can add significant time to the schedule for project implementation. The steps and timeline for each of these reviews may differ, depending on the intended deployment location and the relevant regulatory bodies; hence, estimated timelines for each step are not included in the summary.

			(a)	Nuclear regulator:

			(i)	The typical timeline for review by the nuclear regulator may differ for each nuclear–renewable HES under consideration, as some options may include modification of existing facilities or may incorporate newly designed systems. Different review types may include:

			—	License amendment for existing plant (electrical integration);

			—	License amendment for existing plant (thermal integration);

			—	New reactor plant;

			—	Design certification;

			—	Construction licence (assuming use of a certified design);

			—	Operating licence (assuming use of a certified design and facility has been constructed); and

			—	Combined construction and operating licence (optional regulatory review path in some countries).

			(ii)	Significant data and analyses are supplied to the nuclear regulator for each review and approval stage. Such requirements may be quite different for the proposed hybrid operation versus production of electricity. Engaging the regulator early in the nuclear–renewable HES design and evaluation process will support in outlining the remaining R&D efforts that will precede design certification or licence amendment submission.

			(b)	Environmental impact assessment:

			(i)	Determine the types of analyses and characterization studies required for the nuclear plant, and the associated timeline for completing these studies;

			(ii)	Determine the types of analyses and characterization studies needed for the renewable plant, and the associated timeline for completing these studies;

			(iii)	Determine the types of analyses and characterization studies needed for the coupled energy use facility (e.g. chemical plant), and the associated timeline for completion;

			(iv)	Determine whether there is any overlap in the environmental review requirements (e.g. characterization of the seismicity of the intended deployment location) and ability to conduct the necessary assessments in parallel;

			(v)	Engage with the appropriate environmental review groups to determine whether the planned nuclear–renewable HES will trigger the need for environmental reviews that differ from those for standalone systems.

			(c)	Electricity regulator:

			(i)	In some electricity markets, electricity generators are not permitted to vary when they supply electricity to the grid based on economic considerations from the plant owner perspective. For example, a plant owner/operator may be permitted to reduce power sent to the grid to avoid selling electricity at a loss (negative electricity prices), but they may not be permitted to divert energy to the production of alternative products simply to increase revenue from the sale of that product versus electricity. Such operation could be considered market manipulation. These guidelines will likely vary by location and country and should be evaluated for each case.

			(ii)	Coupling of energy users electrically (versus thermally) may be fairly straightforward, but it may not be readily apparent how such coupling will be treated by the electricity regulator from an economic perspective. If coupled behind the grid interconnect for the energy system, the coupled energy user may be considered house load. Alternatively, some regulators may require that standard retail rates be applied regardless of whether the coupling is via the grid or behind the grid interconnect. The latter scenario would suggest that locating the coupled plant anywhere on the grid (within the same balancing area) would be equivalent to colocation within a HES.

			(d)	Electricity market operator:

			(i)	Determine the electricity market structure for the intended deployment locations under review. Operating the system in regulated versus deregulated markets could have a significant impact on the economic viability of the proposed system.

			(ii)	Determine the bidding times for electricity generators operating within the intended market (e.g. bids in a day ahead differ from real time markets and each impacts on flexibility requirements).

			(iii)	Determine whether the nuclear–renewable HES will operate in a capacity market in which it may be compensated for the ability to ensure adequate power supplies for the grid. 

			6.3.	Stakeholder engagement

			The stakeholders include all those who are involved; key organizations (government, operator, regulator), as well as any individual or group with an interest or who feels that they may be affected by the project. Engaging stakeholders early in the selection, design and development of energy systems, including both nuclear and renewable technologies, can be critical to the success of the project [153]. From a technical perspective, such engagement would include designers, owners and operators of the types of subsystems in the intended nuclear–renewable HES to ensure that systems are technically compatible and to ensure that the stakeholders for each subsystem are comfortable with the proposed integration. Host community stakeholders are expected to be engaged before decisions are taken or significant investment is made to allow the community to be part of the process. This approach is being applied in many countries for the siting of nuclear related facilities and is often referred to as ‘consent based siting’ [154]. Key considerations that may arise in identifying appropriate stakeholders for engagement are summarized below. Engagement needs may vary in each country or region due to cultural or legal differences. 

			If there is an existing nuclear facility, the public sentiment associated with that facility should be evaluated and understood. If no facilities are currently deployed in the region, one should ascertain if anything with regard to public sentiment specifically prevented previous deployment of nuclear energy facilities. Based on community outreach activities and the overall public sentiment, decision makers should assess the potential for the technology (i.e. the selected nuclear–renewable HES and its subsystems) to be accepted by the host community. If the host community is not expected to be receptive, a public outreach and information campaign may be required prior to moving forward with the nuclear–renewable HES. It is necessary to determine which groups of stakeholders in the impacted host community are statutory in the decision making process. Bringing those decision makers or decision influencers into active discussion early in the process of designing the nuclear–renewable HES will help reduce the overall risk associated with host community acceptance of the project. Deploying a new energy system, such as a nuclear–renewable HES, may have a significant beneficial impact on jobs in the region. Identifying this benefit and sharing it with the affected host community could have a substantial impact on willingness to accept a new type of energy system. Finally, the incorporation of non-emitting energy technologies could have a significant impact on public health. In fact, the province of Ontario, Canada, where 90% of electricity is provided by non-emitting sources (58% nuclear, 22% hydro, 8% wind, 2% solar in 2017), estimates annual savings in health costs of CAD $4.4 billion relative to scenarios in which fossil based technologies were to provide the equivalent amount of electricity [155]. 

			6.4.	Policy and governmental considerations

			Policies established by local or national governments can have a significant impact on the selection and deployment of energy systems. As of May 2019, 194 States and the European Union, representing almost 97% of global GHG emissions at that time, signed the Paris Agreement, agreeing to reduce environmental emissions in order to limit the increase in global temperatures. While some countries lack an overall national energy policy, these goals are often reflected at the state, province, or city level. Many utilities are also moving to similar goals for clean energy production and use [156]. The Intergovernmental Panel on Climate Change projects a 2.7°C increase in global temperatures by 2040 if global GHG emissions continue at the 2017 rate. As a result, many new goals and standards have been established to deploy clean energy technologies. While some of these declarations focus solely on renewable generation technologies, others specifically include nuclear energy in recognition of nuclear energy’s role in the reliable generation of both thermal energy and electricity without emission of CO2 or other greenhouse gases. These policies can be implemented in a number of ways.

			Some countries or regional governing bodies have chosen to provide compensation to non-emitting generators or to apply penalties to emitting technologies. These incentives may come in the form of feed-in tariffs to incentivize deployment of clean energy generators, or they could be applied as a tax on carbon emissions that is applied to emitting technologies (generators or industrial applications). Other incentives may come in the form of preferential selection of clean energy products by end users. For example, a company using hydrogen in its process may preferentially purchase hydrogen made via non-emitting processes versus the more standard steam methane reforming, even if it comes at a higher cost. Declarations have also been made by large electricity users, such as data centres, to purchase non-emitting electricity. With large companies such as Google making such declarations, it is anticipated that more large scale energy users will follow suit in the coming years. 

			Other policies that could impact on capacity expansion choices may include regional energy (or commodity) trade policies (e.g. across state/province/national borders) or policies that limit industrial operations to use of a domestic supply chain or limit the export of the resultant product. Macroeconomic factors such as economic output, unemployment, inflation, savings and investments should also be considered, as they impact on economic performance and are closely monitored by governments, businesses and consumers.

			6.5.	Owner perspectives

			As discussed in Subsection 6.1, plant owners, on both the generation and use sides, will have a unique perspective on how a selected nuclear–renewable HES might be designed and deployed. In some countries, the energy plants are owned by governmental entities, whereas plants are privately owned in other countries. Nuclear–renewable HESs present a unique challenge in that owners of coupled energy use facilities may have requirements and considerations that are inconsistent with the coupled generation systems. For example, many industrial processes require constant or near constant heat to operate efficiently and economically. If the nuclear–renewable HES is responding to variable grid demand, the heat sent to the coupled thermal energy user could be at risk of dropping below the desired level. Hence, additional generation technologies may be needed to ensure constant supply of heat, such as a synthetic fuel fired unit. Although such an addition would introduce additional capital investment and environmental emissions, it might be justified to ensure that the coupled process is maintained at the desired operating level. Mismatch in construction times for coupled supply and use facilities could also introduce unwanted risk for the individual plant owners. This ownership model can have a significant impact on the owner’s willingness to take on the technical risk of operating the system in a hybrid, multiproduct mode versus production of electricity alone or the economic risk associated with investing in a large scale project and the expected time before a return on that investment is achieved. Owners should also consider the intended plant lifetime, which for any nuclear system would be expected to be on the order of 60 years or more. The market for industrial products could change dramatically within that time period and, as noted previously, the expected lifetime for a coupled industrial facility may be significantly different from the nuclear plant operating period. Hence, the ability to incorporate a new energy user into the nuclear–renewable HES at some point may be of significant interest, such that flexible interconnection and licensing may be desirable. Finally, the business model for owners of a nuclear–renewable HES may be significantly different than for a generator that produces electricity alone. In some cases a nuclear plant may have multiple owners, with one serving as the ‘operating’ owner, or there may be multiple owners associated with the individual subsystems for the overall energy system because of the significant differences in the expertise necessary to operate and manage a nuclear, renewable, or industrial facility. 

			Insurance associated with the overall coupled facility is to be considered by the plant owner(s). Insurance became the downfall of one planned cogeneration system in the USA in 2005. In this case, a process steam user, Cargill, Inc., approached the Omaha Public Power District about purchasing process steam to support the processing of food products. The US Nuclear Regulatory Commission found no licensing, security, or safety issues, but the nuclear insurance company was unable to resolve issues associated with a very small probability of tritium migration from the nuclear plant to the ultimate food products. If an additional intermediary loop or heat storage had been incorporated into the proposed system design, it could have mitigated this risk. Such actual or perceived risks are eliminated from nuclear–renewable HESs by design to ensure that plant owners do not fail in their projects because they are unable to secure insurance.

			6.6.	Vendor perspectives

			Many vendors will be involved in the development and implementation of a nuclear–renewable HES. Nuclear vendors have traditionally only considered the application of their technologies to the production of electricity. Application of the reactor plant for alternative applications may be perceived to have an impact on warranties associated with plant components, such as the reactor fuel, control rod drives, or steam generators, to name a few. New applications of nuclear technology may also impact on the supply chain, such that new designs appropriate to the HES application are developed to nuclear quality standards. If the market for such designs is not perceived to be significant, vendors may not be willing to make an effort to develop these components. Vendors should be engaged in the system design phase to avoid such challenges in deploying the planned hybrid system. 

			7. GAPS

			At the time of writing, there was no tightly coupled nuclear–renewable HES in the world. In order to achieve a fully operational tightly coupled nuclear–renewable HES, researchers and scientists, as well as technology providers, need to work together with industry and governments to study and resolve obstacles to ensure the smooth deployment of nuclear–renewable HESs. This section describes both the technical and non-technical gaps and challenges, and possible ways to address them with practical planning to ensure the smooth and successful implementation of coupled nuclear–renewable HESs at different scales.

			7.1.	Overarching needs 

			7.1.1.	Human capital

			The required level of safety for nuclear–renewable HESs should be at least comparable to that for current standalone NPPs. For loosely coupled systems, the safety and operation of the NPP will be minimally affected by the hybridization unless the renewable electricity share is significant. Operator training would be the same as that for a standard NPP. Meanwhile, to guarantee safe and reliable design, operation and maintenance of a tightly coupled nuclear–renewable HES, adequate education and training of operators is extremely important. If the renewable electricity share is significant or beyond some level in a grid, the NPP operator should also take into account the variability of the coupled dynamic renewable generation source. 

			The required operator training will be dependent on the manner of hybridization. For thermal storage based hybridization, the associated technologies will be quite conventional extension of well known technologies. However, a hydrogen based nuclear–renewable HES should be combined with new and additional subsystems and the system operation and control will be much different than for a standalone NPP. Therefore, it is extremely important to establish nuclear–renewable HES specific training and education course for operators and maintenance staff. For operator training, a new expanded simulator system would be necessary. Relevant training courses should also be developed for the coupled system. 

			In the training of operators and maintenance staff for the nuclear–renewable HES, the effects of interconnected systems are expected to be considered. A transient or malfunction in a subsystem may propagate to the other system through the connecting subsystems. It will be important to limit the intersystem impacts to support system safety.

			7.1.2.	Markets and grid regulation

			An important motivation for nuclear–renewable HESs is to enable renewable systems to overcome their inherent variability and provide reliable and dispatchable electricity through system integration. At the same time, the integrated system can support improved flexibility of the NPP to load variations in order to maintain resilience while maximizing plant revenue. Both nuclear and renewable energies can be utilized optimally through nuclear–renewable HESs. Storage of surplus energy via electrical, thermal or chemical means, or redirection of surplus energy to coupled industrial processes, further improves technical and economic system efficiency. Such configurations will affect the interaction of nuclear–renewable HESs with the electricity market, and grid regulation may be managed very differently than current markets. Therefore, it is important to ensure that nuclear–renewable HESs are capable of both active load following and frequency control operations to be competitive in future energy markets, and designing such flexibility into the system from the start will offer better performance than later modifications made to system design.

			Due to the variable nature and increasing deployment of renewable generators, nuclear–renewable HESs will be required to actively load follow and provide frequency control for the grid system. In conventional NPPs, load following operations have traditionally been limited, and most of these NPPs are not designed for large window power manoeuvring, such as daily 100−50−100 operations [180]. In addition, the required power ramp-up rate due to the expanded renewables is actually significantly higher than current NPP capability. On top of that, active frequency control in conventional NPPs is not easy. Therefore, it is very important to make sure that hybrid nuclear systems are able to do both active load following and frequency control operations for competitiveness in the future electricity market.

			If the hybrid system is to produce chemical products in addition to electricity, the system should be able to respond to the associated market environments, and the operation of the NPPs should be flexible, depending on the market needs and conditions for the associated chemical products.

			System maintenance will be also be important for nuclear–renewable HESs to maximize system utilization. Conventional NPPs undergo a periodic shutdown for refuelling and maintenance, approximately every 12–24 months depending on the specific reactor design. Consequently, the coupled system may be called on to run solely on the renewable generator while the nuclear subsystem is under maintenance. In this regard, it may be necessary to consider multiple small modular nuclear systems that can be utilized optimally to minimize the planned shutdown time in a harmonious way with the coupled renewable system. It may also be desirable to synchronize planned maintenance of the coupled systems (e.g. hydrogen production facility) with the nuclear refuelling outage. 

			7.1.3.	System integration 

			Existing nuclear and renewable energy systems adhere to significantly different design standards and requirements, leading to challenges in deploying integrated nuclear–renewable HESs. The same may be true for coupled industrial processes. In particular, nuclear systems are required to adhere to more stringent safety requirements than renewables. However, in order to integrate two different subsystems optimally, it is necessary to standardize the design principles and safety requirements such that the hybrid system meets the necessary safety and performance requirements. The interface design will be crucial for the safe and economical operation of nuclear–renewable HESs. Such interfaces should also allow coupled subsystems (e.g. renewable generator, industrial process) to operate under conventional regulations while nuclear standards are applied to the reactor and associated interfaces. This approach minimizes overconservative designs that only serve to increase cost but maintains rigorous safety requirements.

			In a tightly coupled nuclear–renewable HES, system integration can be accomplished through a common medium or component (e.g. heat exchanger or thermal manifold) shared by the coupled systems. In some cases, a tertiary coupling loop may be necessary to ensure isolation of radiation under postulated accident scenarios. The safety of the coupled system will be strongly dependent on the coupling scheme, and it is important to conduct an overall safety evaluation that considers all potential accident scenarios. Such scenarios would include those that are standard for electricity generating NPPs (e.g. loss of coolant accident) and any additional scenarios that could be initiated by coupled systems (e.g. failure or shutdown of a coupled industrial process, leading to sudden loss of load).

			If the coupling method employs standard heat exchanger designs or common thermal energy storage media (e.g. solar salts), the associated technologies may be fairly mature (high TRL). However, it is important to note that the integration of technologies or subsystems with high TRLs as independent systems does not guarantee a high TRL for the coupled system. Analysis of the coupled system should consider material compatibility, operational compatibility, pressure and temperature limitations, ramping limitations and potential for radiation to cross boundaries between the systems (e.g. in the event of a steam generator tube rupture). Nuclear–renewable HESs that are only coupled via electrical interconnection avoid many of these concerns, although colocation of subsystems may still impact on the overall nuclear–renewable HES operation due to the introduction of new accident scenarios (e.g. the impact of an industrial plant explosion on nearby nuclear and renewable subsystems). Thermally coupled systems may require the introduction of a tertiary loop that isolates the nuclear system, preventing any potential contamination of coupled subsystems under off-nominal conditions in the nuclear system. Although such configuration could reduce operating efficiency, the reduction in risk far outweighs any efficiency losses. 

			To ensure safe and reliable operation, the nuclear–renewable HES control system should be autonomous or semiautonomous. The complexity of nuclear–renewable HESs, which make real time decisions to produce electricity or products from the coupled industrial process based on significant amounts of data on renewable generation, electricity demand and predicted future variations in these data sets, mean that it is crucial to employ a ‘smart’ control system with fewer humans in the loop to ensure safe, competitive commercial operation.

			7.1.4.	Safety implications

			7.1.4.1.	Mutual safety impacts 

			The safety of integrated subsystems can be affected by the interface design. Any potential for one subsystem to impact on another coupled system presents additional safety considerations in a hybrid system. When coupling a steam based nuclear system with other generators or non-electric energy users, for example, measures may be necessary to ensure that the steam used to drive coupled processes is free of any radioactive materials, and that no radiation can be released to the environment. For example, it is possible that radioactive tritium or other fission products could migrate from the nuclear reactor to the steam based secondary system (this could occur under a scenario in which there is a steam generator tube rupture in parallel with a fuel failure). It is prudent to eliminate the potential for migration of radioactive materials via specific design choices, possibly through the introduction of a tertiary loop, as discussed previously.

			It is also to be noted that operational thermal margins are likely to be different in the two coupled subsystems. In particular, it is likely that the thermal margin will be smaller in the nuclear subsystem than in the renewable subsystem. In the middle of a transient, none of the subsystems are to hamper the functions and operational thermal margin of the other subsystems.

			7.1.4.2.	Site preparation

			In the case of thermally coupled systems, the coupled systems should be physically located as close to each other as possible to minimize energy losses and maximize system efficiency. However, in the case of hydrogen or chemical production plants, the nuclear system should be clearly separated from the hydrogen or chemical system to ensure that any postulated accidents in the coupled industrial plant (e.g. hydrogen explosion) cannot result in an adverse impact on the safety of the NPP. This consideration establishes a design constraint that may hamper system efficiency; for example, greater separation between two thermally connected subsystems implies larger heat loss.

			In general, nuclear systems are located far from large cities and customers due to safety concerns, and nuclear sites should undergo rigorous evaluation to assess potential seismic conditions, ground water impacts and potential impact on native flora and fauna, among many other considerations. Meanwhile, it is common for large renewable systems to be sited close to end use consumers and cities. In order to simplify and reduce the cost of delivery of nuclear–renewable HES products, the coupled system should be sited as close as possible to the end use. Therefore, SMRs or future advanced designs may be preferred for nuclear–renewable HESs because their small physical size, potential to have smaller exclusion zones and passive safety systems allow them to be sited much closer to consumers.

			7.1.4.3.	Bounding accident scenarios

			In a thermally coupled nuclear–renewable HES, both nuclear and renewable subsystems may provide thermal energy to a common energy storage system. Stored thermal energy may be converted to electricity or other product forms. In this case, malfunction of the common thermal storage may be a new source of accident scenarios.

			If the nuclear–renewable HES is coupled through H2 production or other chemical products, postulated new accidents would include hydrogen explosion or possible chemical reactions in the hybrid system. If the hybrid system produces chemicals such as synfuels or biofuels, the release of such chemicals may also present new possible accident scenarios.

			Electrically coupled nuclear–renewable HESs are loosely coupled systems. In this case, new accident scenarios are unlikely. Nevertheless, new accident situations could arise if the coupled subsystem produces chemical products. In this case, chemical reactions by the products in the colocated subsystem are to be considered as possible accident initiators.

			7.2.	Specific technical needs

			7.2.1.	Retrofit of existing nuclear power plants

			NPPs have traditionally been used as baseload power in many countries, with the exception of countries such as France and Germany, which have extensive experience in flexible operation of NPPs due to large fractions of their grid electricity being supported by nuclear or other baseload generators. More recently, the electricity market has been forcing rigid baseload NPPs to follow load or conduct part load operations as the variable renewable electricity share increases in countries such as the USA. It is expected that future energy systems will need load following capability to be competitive in the electricity market. Existing NPPs are loosely coupled with renewable resources via the electricity grid, and they are requested to compete with other resources while contributing to the grid stability. Reference [157] describes a dynamic net electricity demand that results from high renewable penetration, with a specific focus on solar PV generation. In the State of California’s grid in the USA, this impact is often referred to as the duck curve, in which net demand and electricity prices are significantly depressed at midday due to high solar generation, followed by a rapid increase in demand in the evening hours as the sun goes down and grid demand increases at the end of the working day. Introduced by an increasing fraction of grid electricity being met by variable renewable energy when it is available, this dynamic net demand behaviour adds stress to other generators on the grid that are to accommodate these changes.

			For existing NPPs to be more competitive and more harmonious with renewable resources, many plants are to operate with flexible power output, while others are considering the production of non-electric products to increase flexibility without reducing revenues. In some cases, the NPP balance of plant may require modifications to support load follow operations. Advanced reactivity control technologies may also be necessary, including constant average coolant temperature [158–161]. Where allowed by the governing regulatory body, NPPs can also be upgraded to support active frequency control, optimizing the reactor core and fuel designs. 

			In conventional NPP load following operation, the maximum power ramp rate is ~5%/min, which is lower than the required ramp rate to accommodate high renewable shares. For safe and reliable load following and frequency control operation, the operational thermal margin of the current fuel designs needs to be enhanced by adopting advanced cladding and/or fuels such as accident tolerant fuel technologies to maximize the power ramp rate [162]. More proactive NPP power manoeuvring will enhance nuclear–renewable synergies in the future. Recent studies show that ideal load following operation can be achieved if the soluble boron can be completely removed in PWRs [163, 164]. In so called passively autonomous power manoeuvring, both load following and frequency control operation can be accomplished without active manoeuvring of the control rods. New burnable absorbers could also be developed to eliminate the need for soluble boron in PWRs.

			Another way for existing NPPs to respond to the increasing penetration of variable renewable electricity is to utilize surplus electrical or thermal energy to produce other valuable products, as described in this publication. In these alternative approaches, the required system retrofit or refurbishment is dependent on how the additional products are produced [83, 151, 161]. 

			As discussed in Section 5, non-electric energy users may be coupled electrically, thermally (via heat exchanger), or via offtake of main steam from the NPP secondary side. The latter option would require a steam extraction system to be added to the main steam line, designed to respond automatically to the variability of the renewable electricity. In this kind of system retrofit or refurbishment, it is critically important to make sure that the safety and performance of the plant are not affected in any way. Table 8 summarizes the potential retrofit options.
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			7.2.2.	Greenfield implementations

			As discussed previously, SMRs or other future advanced reactors may be appropriate for future tightly coupled nuclear–renewable HESs, particularly for microgrid applications. If SMRs or other future advanced reactors are coupled with renewables for the hybrid system, siting near large cities may be possible due to their exceptionally high level of passive safety and regulatory approval for reduced exclusion zones. Many SMR designs are under development in several countries, and it is anticipated that some of them will be deployed in the near future. The advent of SMRs or other future advanced reactors offers new opportunities for the flexible operation of a nuclear plant relative to a single large reactor. A multimodule facility offers the opportunity to dedicate some modules to electricity alone and others to support coupled processes, with some perhaps indicated as ‘swing’ modules to respond to variable demand as needed. Additionally, a 50% reduction in power output could be accomplished by wholly turning off half of the modules, rather than reducing a single large module to half of its rated capacity. This module based operation also overcomes the challenges associated with power reductions near the end of the reactor fuel cycle, as experienced by large scale reactors; in a multimodular plant, each unit is at a different stage within its fuel cycle and, hence, different modules can be called on to respond to the need for flexible output as a function of their operating history.

			SMRs or other future advanced reactors can be equipped with thermal storage to support more flexible and economical operation [165]. Thermal storage can also be utilized for coupling with renewable resources, such as concentrated solar power. In this case, it is important to design a high performance thermal storage system in view of the intended use of the stored energy and necessary storage duration.

			Building a nuclear–renewable HES requires the development of design and analysis methods in order to ensure that the integrated system meets required safety and performance requirements. The relevant licensing authority is also expected to establish extended evaluation processes and capability for a nuclear–renewable HES. To minimize the costs of the hybrid system, standardization and modularization of the components and subsystems will be highly valued. In particular, the construction period for the nuclear–renewable HES should be shortened via modularization and factory fabrication and the system cost can be reduced substantially.

			Reliable control technologies are to be designed and demonstrated for overall control of tightly coupled systems, taking into account all state variables of the subsystems and components. In addition, the variability of the renewable resource can be assessed using advanced modelling and simulation techniques to facilitate system utilization and reliability.

			In a tightly coupled nuclear–renewable HES, the nuclear system may operate over a long period of time, and planned outages for refuelling and maintenance should be minimized. In this regard, a long life fast reactor concept has a unique advantage due to its long refuelling cycle of 10 or more years, although the plant would still require routine shutdown for maintenance, potentially for a shorter time period than that required for refuelling. Fast reactors are also advantageous in that thermal efficiency can be higher as a result of the higher operating temperature of the coolant [166]. Advanced large scale LWRs can also be coupled effectively with renewable resources in a closer, synergistic way. Innovative technologies currently under development for LWRs, such as advanced technology fuels (also referred to as accident tolerant fuels), may be introduced to further improve safety and the operational margins for these new applications. Table 9 summarizes the contents of this subsection.
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			If NPPs perform routine daily load following operations, the amount of energy production during a fixed period will decrease, and the capacity factor will be reduced, relative to current baseload operation. Recent studies show that the electricity production cost tends to increase while revenue decreases for NPPs performing load following operations [160, 161, 167]. Meanwhile, the electricity price is highly time dependent and the electricity price of the more resilient NPPs can be made higher by actively contributing to the load variations and stabilization of the electricity grid [168]. Consequently, it is expected that the competitiveness of NPPs may be maintained by optimally combining cogeneration, load following operations and energy storage.

			7.2.3.	Coupled system technology readiness level

			The technology readiness level of a nuclear–renewable HES is strongly dependent on the TRL of each subsystem and the coupling and operational schemes, and it can be affected by many other attributes of the hybrid system, including the maturity of the design methods. In the case of loose coupling through electricity, the TRL is largely dependent on each subsystem, and the TRL should be relatively high.

			Given that operating tightly coupled nuclear–renewable HESs do not exist, it is difficult to determine the TRL of this technology in a systematic way. Nevertheless, the suggested TRLs for various nuclear–renewable HESs are described in Section 4. Table 10 shows the three TRL categories: 1−3, proof of concept; 4−6, prototype; and 7−9, demonstration in operation. The nuclear–hydro hybrid system is considered to be mature, since pumped hydro energy storage (PHES) technology is already in operation in many countries [169]. Regarding the nuclear–wind and nuclear–solar concepts, it is well known that NPPs are actively involved in stabilization of the dynamic electricity grid via load following and frequency control operations in France, Germany and other countries via loose coupling of technologies within a grid balancing area.

			7.3.	Non-technical gaps and challenges

			In addition to the already mentioned various gaps, there is an essential non-technical gap for nuclear–renewable HES development. Various kinds of nuclear–renewable HESs are being proposed by research organizations, reactor developers and utilities that own and operate NPPs. Additionally, there is growing interest among renewable energy experts in some countries, such as the USA, in a viable means to introduce a larger fraction of clean generation technologies across all energy use sectors (i.e. electricity, industry, transportation). In other countries, the nuclear–renewable HES idea does not resonate with renewable experts and a large hurdle will need to be overcome to demonstrate nuclear–renewable HESs. This difference in perception regarding nuclear–renewable HESs should be minimized to support synergistic development of these concepts. In order to persuade renewable experts and others to accept and support nuclear–renewable HESs, it is critical to show that they are mutually beneficial to both nuclear and renewable generators in the long run. Both the research community and technology developers should increase their efforts to engage with and inform the general public about the potential for coordinated use of nuclear and renewable resources to provide clean energy to all energy use sectors. Support from the public for nuclear–renewable HES concepts will be a cornerstone for clean energy, facilitating their implementation.

			8. CONCLUSION

			Two principal options for low carbon energy include renewable and nuclear technologies. To date, these generation options have been considered primarily as independent contributors to the electricity grid. Potential synergies between these energy options, and the advantages of their coordinated use to support energy needs across the electricity, industry and transportation sectors, have not been fully explored to date. Nuclear–renewable HESs, whether they are tightly coupled via thermal interconnections among generators and energy users, or loosely coupled solely via electricity, are designed to leverage the benefits of each of these sources to reliably meet energy demands at an affordable cost to consumers. This publication explores many potential energy use options that could further amplify the benefits of both nuclear and renewable energy, including desalination, hydrogen production, district heating or cooling, coal to liquids conversion and process heat applications in the chemical industry, among others. While the true value of these multi-input, multioutput energy systems remains to be demonstrated, research to date suggests that nuclear–renewable HESs may play a key role in meeting future energy demands in a flexible and resilient manner, while supporting established sustainable development goals.

			

			
				
					1	The tonne of oil equivalent (toe) is a unit of energy defined as the amount of energy released by burning one tonne of crude oil; it is approximately 42 gigajoules (GJ) or 11.63 megawatt-hours (MWh).

				

				
					2	In many markets, there are also mandatory national targets for the introduction and use of renewable energies in the energy mix.

				

				
					3	Based on the OECD/NEA, Nuclear Energy and Renewables: System Effects in Low-carbon Electricity Systems, Technical Report NEA No. 7056, Paris (2012): system costs are defined as the total costs above plant level costs to supply electricity at a given load and given level of security of supply.
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			Annex I  

LEGEND OF GRAPHICS

			This annex contains the legend of graphics for the figures in the publication (see Fig. A–1).

			
				
					[image: ]
				

			

		

		
		

	
		
			ABBREVIATIONS

			
				
					
					
				
				
					
							
							ABWR

						
							
							advanced boiling water reactor

						
					

					
							
							APS

						
							
							Arizona Public Service

						
					

					
							
							CHP

						
							
							combined heat and power

						
					

					
							
							CCGT

						
							
							combined cycle gas turbine

						
					

					
							
							CSP

						
							
							concentrated solar power

						
					

					
							
							DERs

						
							
							distributed energy resources

						
					

					
							
							EJ

						
							
							exajoule

						
					

					
							
							FCEV

						
							
							fuel cell electric vehicle

						
					

					
							
							GHG

						
							
							greenhouse gas

						
					

					
							
							GTHTR

						
							
							gas turbine high temperature reactor

						
					

					
							
							GW(e)

						
							
							gigawatt electrical

						
					

					
							
							HES

						
							
							hybrid energy system

						
					

					
							
							HPS

						
							
							high pressure steam

						
					

					
							
							HTE

						
							
							high temperature electrolysis

						
					

					
							
							HTGR

						
							
							high temperature gas reactor

						
					

					
							
							HTF

						
							
							heat transfer fluid

						
					

					
							
							HTSE

						
							
							high temperature steam electrolysis

						
					

					
							
							ICL

						
							
							intermediate coupling loop

						
					

					
							
							IEA

						
							
							International Energy Agency

						
					

					
							
							IPS

						
							
							intermediate pressure steam

						
					

					
							
							KPIs

						
							
							key performance indicators
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							lower heating value    
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							low pressure steam
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							low temperature electrolysis
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							multieffect distillation
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							microhybrid energy system
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							megatonnes
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							multistage flash
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							Megawatt
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							Nuclear Energy Series
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							ammonia
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							nuclear power plant
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							ocean thermal energy conversion
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							polymer electrolyte membrane
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							Palo Verde Generating Station
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							research and development
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							renewable energy source
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							reverse osmosis

						
					

					
							
							SOEC

						
							
							solid oxide electrolysis cell

						
					

					
							
							SMR

						
							
							small modular reactor

						
					

					
							
							TEA

						
							
							technoeconomic assessment
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							technology readiness level
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							vapour compression
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FIG. 15. Simplified energy flow diagram of a nuclear-renewable HES option for coal based chemical industry.
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TABLE 10. TRL OF TIGHTLY COUPLED NUCLEAR-RENEWABLE HESs

Energy sources

Coupling method

Possible outputs

TRL

Nuclear—wind

Nuclear—solar

Nuclear—solar—wind
Nuclear—geothermal
Nuclear-hydro

Nuclear—biomass

Nuclear-wind—natural gas

Nuclear—other

Electrical

Thermal or electrical

Electrical

Thermal

Electrical

Thermal

Electric or thermal

Electrical or thermal

Electricity, hydrogen, heat

Electricity, heat

Electricity, heat
Electricity, heat
Electricity
Electricity, biofuels

Electricity, chemicals,
synfuel

Electricity, hydrogen, heat

Proof of concept or
prototype

Proof of concept or
prototype

Proof of concept
Proof of concept
Demonstration [169]
Proof of concept

Proof of concept

Proof of concept
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TABLE 2. TECHNOLOGY READINESS LEVELS FOR NUCLEAR-RENEWABLE HESs

TRL Status Definition Description
1 Basic research Observation and reporting Nuclear—renewable HES concept defined
and vetted
2—4 Applied research Formulation, proof and Design, modelling, simulation, and small/
validation in laboratory experimental scale verification and
environment validation of the nuclear—renewable HES
concept
5-6 Process and engineering Laboratory scale validation Simulation of nuclear reactor heat input
development and prototype demonstration in ~ with electrically heated and non-nuclear
relevant environment electrically heated components.
Integration of renewable components
through power converter. Pilot scale
demonstration nuclear—renewable HES
7-9 Large scale testing and FOAK commercial technology ~ Operation of full nuclear—-renewable HES

evaluation

demonstration and commercial
deployment

prototype and commercial design and
operation of the systems in accordance
with the licensing body
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FIG. 3. A multiple product, tightly coupled nuclear-renewable HES.
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TABLE 3. EFFICIENCY AND TEMPERATURE OF HIGH PRIORITY THERMOCHEMICAL
WATER SPLITTING OPTIONS (adapted from Ref. [64])

Thermochemical cycle Potential efficiency (%) Temperature (°C)
Hybrid copper—chlorine 49 550
Hybrid sulphur 43? 750-900
Sulphur—iodine 45P 800—900
Cadmium sulphate 55 1200
Barium sulphate 47 1200
Manganese sulphate 42 1200
Cadmium oxide 59 1450
Hybrid cadmium 53 1600
Nickel manganese ferrite 52 1800
Zinc manganese ferrite 52 1800
Zinc oxide 53 2200
[ron oxide 50 2200

" Ref. [65] reports potential efficiencies of up to 48%.
b Ref. [66] reports potential efficiencies of up to 52%.
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FIG. 17. HES with CSP, reproduced from Ref. [144].
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TABLE 4. RELEVANT WATER DESALINATION OR PURIFICATION TECHNOLOGIES
CURRENTLY IN COMMERCIAL OPERATION

Technology Energy need or coupling option Temperature (°C)
Brackish water reverse osmosis (BWRO) Electrical nat
Seawater reverse osmosis (SWRO) Electrical n.a.
Multistage flash Thermal + electrical 90-120
Multieffect distillation Thermal + electrical <70
Vapor compression Thermal + electrical <65

"n.a.: not applicable.
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FIG. 1. Generic representation of a nuclear—renewable HES.
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FIG. 16. Simplified energy flow diagram for a nuclear—renewable HES option for ammonia derived chemical industry.
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TABLE 5.

STATUS OF NUCLEAR DESALINATION AROUND THE WORLD [48, 93]

Country NPP type Desalination Water capacity (m®/ Status
technology day)
India PHWR (Kalpakkam 1,2) Hybrid MSF-RO 6 300 Operational
Japan PWR (Ohi 1,2) MED (2 x 1 300) Operational
MSF (1 x 1300)
PWR (Ohi 3.,4) RO (2 x 1 300) Operational
PWR (Ikata 1,2) MSF (2 x 1.000) Operational
PWR (Ikata 3,4) RO (2 x 1.000) Operational
PWR (Genkai 3,4) MED (1 x 1.000) Operational
RO (1 x 1 000)
PWR (Takahama 3,4) MED-VC (2 x 1.000) Operational
BWR (Kashiwazaki) MSF (1 x 1 000) Not used
Kazakhstan LMEFR (BN-350) MED, MSF 80 000 Out of service
Pakistan PHWR (KANUPP) MED 600 Operational
USA PWR (Diablo Canyon 1,2) 2 stage RO 2200 Operational
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FIG. 7. Block diagram of a nuclear—renewable HES producing hydrogen using low temperature electrolysis.
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FIG. 8. Block diagram of a nuclear-renewable HES producing hydrogen using high temperature steam electrolysis.
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TABLE 6. INTEGRATION AND TRL/AVAILABILITY OF NUCLEAR-RENEWABLE HES BASED
CHEMICAL PROCESSES

Technology Primary coupling Intermediate TRL/availability
coupling

Syngas based chemicals Electrical/thermal Hydrogen Pilot plant
Pulp, paper and food processing Thermal/electrical n.a? Commercial
Oil refinery and pharmaceuticals Thermal/electrical Hydrogen Conceptual
Biofuel refinery Thermal/electrical Hydrogen Pilot plant
Coal gasification Thermal/electrical Hydrogen Conceptual
Drying and crystallization Thermal na. Commercial
Distillation Thermal n.a. Commercial
Ammonia and derivatives Thermal/electrical Hydrogen Conceptual

"n.a.: not applicable.
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FIG. 9. Conceptual nuclear-renewable HES showing electrical coupling to an RO desalination plant.
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FIG. 19. Microgrid case study schematic.
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FIG. 18. HES with OTEC [144].
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FIG. 6. Nuclear—solar hybrid energy system for district heating and agriculture sectors [47-52].
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TABLE 7. REQUIREMENTS FOR KEY CHEMICAL INDUSTRY APPLICATIONS

Chemical process

Operating temperature (0C)

Other requirements

Pulp, paper and food processing

Thermal cracking (oil refineries, pharmaceutical plants,
etc.)

[norganic mineral production (soda ash, fertilizers,
phosphate, sodium hydroxide, chlorine, etc.)

Biofuel refinery (distillation, torrefaction, pyrolysis,
gasification, etc.)

Organic chemicals (methanol, 1,4 butanediol ethylene/
propylene, acetic acid, formaldehyde, resins,
hexamethylene diamine, etc.)

Coal gasification (syngas, chemical synthesis)

30-300

300—-650

350-500

150-1,000

150-600

1000—-1300

IPS

HPS and hydrogen

HPS, hot gas and molten
salt

LPS, IPS, HPS, hot gas,
hydrogen and molten salt

LPS, IPS, HPS, hot gas,
hydrogen and molten salt

Hydrogen and oxygen
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FIG. 10. Conceptual nuclear—renewable HES showing thermal and electrical coupling to a distillation plant (MED or MSF).
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TABLE 1. NUCLEAR REACTOR CLASSIFICATIONS (refer to the list of acronyms)

Fuel Moderator Coolant Reactor type
<5% LEU Light water Light water PWR/VVER
or MOX (oxide) BWR
SCWR
Heavy water PHWR
Graphite RBMK
Heavy water PHWR
Natural U Graphite Heavy water GCR (Magnox)
(oxide)
Graphite CO, HTGR
GFR
<20% LEU Graphite Helium MSR
or MOX
None Salt GFR
None Helium SFR
None Sodium LFR

Lead/LBE
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TABLE 8. RETROFIT TECHNOLOGIES FOR EXISTING NPPs

Technology Rationale

Improved balance of plant Better load following operation
Advanced reactivity control Better load following operation
Accident tolerant fuel Higher thermal margin and flexibility
Soluble boron free or reduced boron PWR Higher safety and flexibility

Hydrogen production and desalination Cogeneration
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FIG. 12. Typical process flow diagram for a MED type nuclear desalination facility.





OEBPS/image/6.jpg
=

f't“

I
I
>
I
1
L -
I
:
I
I, .:
L.
I
I
'»?---------”
~ :
' |
' |
y |
—»[::zz:za:]—»[ J—-»:
I
I
I
I
-— e = I
I
I
Lo
I
I
—=="
I
|
=
I
I
_—--H
I
I
.
I
I
I

= = = = =P Electricity
> Thermal
e~ Hydrogen

FIG. 5. A tightly coupled nuclear-renewable HES.
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IAEA NUCLEAR ENERGY SERIES PUBLICATIONS

STRUCTURE OF THE IAEANUCLEAR ENERGY SERIES

Under the terms of Articles III.LA.3 and VIII.C of its Statute, the IAEA is
authorized to “foster the exchange of scientific and technical information on the
peaceful uses of atomic energy”. The publications in the IAEA Nuclear Energy
Series present good practices and advances in technology, as well as practical
examples and experience in the areas of nuclear reactors, the nuclear fuel cycle,
radioactive waste management and decommissioning, and on general issues relevant
to nuclear energy. The IAEA Nuclear Energy Series is structured into four levels:

(1) The Nuclear Energy Basic Principles publication describes the rationale
and vision for the peaceful uses of nuclear energy.

(2) Nuclear Energy Series Objectives publications describe what needs to
be considered and the specific goals to be achieved in the subject areas at
different stages of implementation.

(3) Nuclear Energy Series Guides and Methodologies provide high level
guidance or methods on how to achieve the objectives related to the various
topics and areas involving the peaceful uses of nuclear energy.

(4) Nuclear Energy Series Technical Reports provide additional, more
detailed information on activities relating to topics explored in the
IAEA Nuclear Energy Series.

Each publication undergoes internal peer review and is made available to
Member States for comment prior to publication.

The TAEA Nuclear Energy Series publications are coded as follows:
NG — nuclear energy general; NR — nuclear reactors (formerly NP— nuclear power);
NF - nuclear fuel cycle; NW-— radioactive waste management and
decommissioning. In addition, the publications are available in English on the
IAEA web site:

www.iaea.org/publications

For further information, please contact the IAEA at Vienna International Centre,
PO Box 100, 1400 Vienna, Austria.

All users of the TAEA Nuclear Energy Series publications are invited to
inform the IAEA of their experience for the purpose of ensuring that they continue
to meet user needs. Information may be provided via the IAEA web site, by post, or
by email to Official. Mail@iaea.org.
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TABLE 9. TECHNOLOGY REQUIREMENTS FOR COMPETITIVE NUCLEAR-RENEWABLE

HESs

Technology

Rationale

SMR and future advanced designs
Heat storage

Standardization and modularization
Big data and artificial intelligence
Small fast reactors

Heat pipe cooling

SCO, power conversion

Advanced large LWRs

Near consumers due to passive safety, reduced exclusion zone
Simple; improves efficiency
Reduced cost and construction time
Optimal utilization of renewable resources
Long life operation and enhanced safety
Simple, compact core design
Compact size demonstrating high efficiency

Enhanced safety, operational resilience, operational flexibility






