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Abstract: 14 

Hybrid energy systems for multi-purpose applications are an evolving technology concept 15 

which is garnering increased interest in the international nuclear energy community, energy 16 

system designers and planners and national decision makers in the context of deep 17 

decarbonization and net zero targets for climate change mitigation. They are expected to reduce 18 

costs and increase flexibility in operation of nuclear reactors when coupled with intermittent 19 

renewable energy sources, while also producing various commodities such as hydrogen or 20 

potable water. A considerable amount of R&D is still needed, and adaptive solutions must be 21 

considered for each geographical area and based on the involved components, available 22 

infrastructure, and policy in place. This paper provides an in-depth look at the strengths, 23 

weaknesses, opportunities, and threats of such systems, while addressing some of the aspects 24 

related to the creation of the business case for such systems, such as decentralization and 25 

digitalization of future energy systems. The regulatory aspects are the ones that impose 26 

challenges on the emerging hybrid energy systems and this paper highlights some of the 27 

considerations that are needed for the couplings involved, in terms of licensing procedures and 28 

safety analysis. The potential contribution of such integrated energy systems towards achieving 29 

the United Nations Sustainable Development Goals (UN SDGs) as developed by the United 30 

Nations Development Programme are also discussed. Concerning the stakeholders, special 31 

attention should be paid to building social acceptance and trust as this lays the foundation for 32 

successful implementation of such projects. By focusing on areas such as research and 33 

development, integration of technologies, policy support, market development, grid 34 

integration, energy storage, efficiency improvement, system modelling and simulations, 35 

significant advances in hybrid energy systems deployment can be achieved.  36 
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1. Introduction 40 

Climate change is possibly the greatest threat which mankind is facing today. The Paris 41 

Agreement was signed at the COP 21 meeting in 2015 and it set the goals to achieve net-zero 42 

emissions of greenhouse gases (GHGs) by 2050, with the target of restricting global 43 

temperature rise under 2°C above pre-industrial levels [1]. In this context, the 44 

Intergovernmental Panel on Climate Change (IPCC) published a special report [2] that 45 

emphasized the rapid and deep decarbonization requirements in all sectors of the economy 46 

along with carbon dioxide removal (CDR) from the atmosphere. All pathways that restrict the 47 

warming to 1.5°C require CDR alongside economy wide and drastic reduction in the use of 48 

fossil fuels. Additionally, in the context of climate change conferences such as COP27, 49 

supranational organizations such as the International Atomic Energy Agency (IAEA) have 50 

highlighted the contributions nuclear energy and additional nuclear power applications can 51 

make to tackle climate change and adapt to the consequences that are already being felt 52 

worldwide [3]. Along with the emissions reduction efforts, several negative emission 53 

technologies (NETs) are also likely to be required, including both engineered (e.g., carbon 54 

dioxide capture, mineralization, etc) and natural solutions (reforestation, regenerative 55 

agriculture, etc). 56 

After the Paris Agreement, there has been growing global interest in finding viable, 57 

economical, and integrated solutions to achieve low carbon, affordable, resilient energy 58 

generation to decarbonize various sectors such as electric power, process heat supply for 59 

industrial purposes, transportation fuels and industries using fossil fuels as feedstock or raw 60 

materials. Nuclear and renewable energy are the two leading low-carbon energy supply options 61 

and achieving net zero energy systems will require harnessing both forms of energy in suitable 62 

proportions and their application  in  producing new low-carbon energy vectors such as clean 63 

hydrogen for the heavy emitting and hard to abate sectors such as chemicals synthesis, 64 

metallurgy, etc. In fact, econometric data analysed by different researchers for different nuclear 65 

equipped country clusters (e.g., Brazil, Russia, India, China, and South Africa (BRICS) and 66 

Organisation for Economic Co-operation and Development (OECD)) indicate that the 67 

deployment of nuclear and renewables in the national energy mix has clearly contributed to the 68 



decrease in CO2 emissions intensity of their economic activity [4, 5]. This therefore provides 69 

insights into designing future energy mixes centred on nuclear-renewable combinations, 70 

considering regional or national demand and supply situations. 71 

Nuclear-renewable integrated energy systems are hybrid facilities consisting of renewable 72 

energy generation systems, nuclear reactors, energy storage and co-located or coupled 73 

industrial processes making use of heat, electricity and other material feedstocks generated by 74 

this configuration. These arrangements can address the requirement for grid flexibility and 75 

reliable supply, integration of higher shares of renewables, optimal utilization of investment 76 

capital, minimization of power modulation and curtailment of generation and GHG emissions 77 

reduction.  Nuclear power carries substantial potential to play a vital role in GHG emissions 78 

reduction and nuclear power has already contributed to avoiding a substantial quantity of CO2 79 

emissions over the decades. Numerous countries have such energy sources available in their 80 

countrywide energy mix and are in principle, already operating a nationally integrated nuclear-81 

renewable energy system. However, a few have also observed or considered the conceivable 82 

synergies between them, particularly when it comes to stand-alone configurations of such 83 

systems meeting a more localized energy demand (e.g., within a limited region or an industrial 84 

complex). A system integrating both nuclear and renewables can drastically reduce GHG 85 

emissions compared to continued dependence on conventional fossil fuels without abatement. 86 

Such integration can also support cogeneration for multigeneration purposes such as hydrogen 87 

production, seawater desalination, district heating and cooling, synthetic fuel production and 88 

other industrial applications. Further R&D in the individual technologies, their integration 89 

along with the suitable policies and market incentives are imperative to be considered as the 90 

next steps towards deployment of these systems. Synergies in the nuclear and renewable 91 

integration have been discussed on international platforms such as the IAEA meetings as the 92 

possible options to decarbonize the energy production and multigeneration [4]. While 93 

historically nuclear reactors have operated in base load mode, with new age reactors, nuclear 94 

power too offers flexible operation depending on the energy demand, whereas renewables for 95 

instance solar and wind are naturally intermittent. Through such flexible operation, carrying 96 

out balancing act that is also identified as load following, nuclear power integration with 97 

renewable energy can improve the renewable energy efficiency and overall energy system 98 

resilience, reliability, and affordability.  99 

The current study is motivated by the need to address various technical, commercial, and 100 

regulatory issues in order to truly harness the potential of nuclear-renewable hybrid 101 



multipurpose integrated energy systems on the transition to  a deeply decarbonized world. 102 

These issues are critical in achieving policy support for system deployment and managing 103 

multiple levels of stakeholder expectations. 104 

This paper provides an in-depth look at the strengths, weaknesses, opportunities, and threats of 105 

nuclear-renewable integrated energy systems (NR IES) or hybrid energy systems (NR HES), 106 

while addressing some of the aspects related to the creation of the business case, such as 107 

decarbonization, decentralization and digitalization. Regulatory aspects, the need of social 108 

acceptance and building trust in stakeholders, as well as some national attitudes towards 109 

deployment of hybrid energy systems are highlighted in the following sections.  110 

2. Integrated Nuclear-Renewable Multipurpose Energy Systems: Previous studies 111 

The benefits and challenges in developing, deploying, and managing integrated energy systems 112 

have been studied by several agencies. The Joint Institute for Strategic Energy Analysis 113 

(JISEA) has been working closely on the nuclear-renewable hybrid energy systems (HES) and 114 

their economic potential in the United States of America. In August 2016, a report on the 115 

economic potential of two nuclear-renewable hybrid energy systems was published [5]. It 116 

presents cost-benefit assessments of a system of nuclear-fossil-renewable (solar PV or wind) 117 

generators coupled with industrial processes such as synthetic gasoline production and sea 118 

water desalination. It is determined that the net present value-to-cost ratios for the 119 

configurations is greater than one for the range of conditions considered in the study, thus 120 

proving its profitability. Another report on the economic potential of three nuclear-renewable 121 

hybrid energy systems producing thermal energy for industrial users was published in 122 

December 2016 [6]. Such configurations allow for sale of low value electricity as heat when 123 

demand for power is low and also permit direct supply of nuclear heat and even thermal energy 124 

storage. It was determined that nuclear heat supply would be more profitable that supplying it 125 

via natural gas combustion, particularly when avoided CO2 emissions and a suitable social cost 126 

of carbon are considered in the analysis.  An additional report was published on the economic 127 

potential of nuclear-renewable hybrid energy systems producing hydrogen as an industrial 128 

commodity in April 2017 [7]. Hydrogen production using either low temperature water 129 

electrolysis or high temperature steam electrolysis was found to be profitable only under certain 130 

conditions, depending on relative market values of electricity and hydrogen, particularly under 131 

high volatility of electricity prices due to supply or transmission side constraints. Idaho 132 

National Laboratory recently published a paper on the reimagining of future energy systems: a 133 



detailed summary of the US driver for energy utilization maximization through integrated 134 

nuclear-renewable energy systems, describing the motivation for developing integrated energy 135 

systems to meet electrical demand and other industrial services (heat/hydrogen/water), the 136 

software tools to simulate and evaluate the integrated system performance and prototype or 137 

demonstration cases studied so far [8]. MIT Energy Institute (MITEI) published a detailed 138 

report [9] on how nuclear flexible operation can assist in adding more solar and wind to the 139 

grid. The assessments were done through power systems modelling and showed the need for 140 

flexible reactor operations to reduce dependence on fossil fuel plants for grid balancing services 141 

and for reduction of power curtailment, in the face of rising share of grid integrated variable 142 

renewables. Similar research was also conducted at Argonne National Laboratory (ANL)  [10] 143 

describing the advantages provided by nuclear flexibility in energy system operations and 144 

integration with renewable energy. The actual realized advantages of these systems have been 145 

seen to depend on regional factors such as geographical and meteorological conditions and 146 

electricity market design. There are also numerous studies in the literature focusing on nuclear 147 

cogeneration [11, 12], describing hydrogen production [13-16], and sea water or brackish water 148 

desalination [17, 18] using nuclear heat and/or electricity, tackling the technical and economic 149 

aspects of such projects when based on a range of technological options [19-22]. In nuclear-150 

renewables integrated energy systems, these processes can make use of input energy from any 151 

of the supply options. Figure 1 exhibits a generic illustration of nuclear-renewable HES being 152 

proposed for multigeneration purpose including electricity, hydrogen, chemical, heating and 153 

cooling to serve grid interconnection, industrial processes, and residential applications. 154 

A detailed review on nuclear-renewable hybrid integrated systems was published recently 155 

focusing on the current status, configuration, operation, benefits, prospects and feasibility of 156 

the hybrid integrated systems [23]. Numerous probable integration techniques together with 157 

their operation were discussed, considering six interconnection aspects of electrical, chemical, 158 

thermal, mechanical, information and hydrogen along with current approaches to modelling 159 

system performance and licensing these systems for deployment. Renewable energy and 160 

nuclear power integration in North Africa was analysed with focus on regional energy 161 

requirements and energy imports and exports to meet the massive growth in demand [24]. For 162 

the specific case of Algeria, the authors conclude that renewables are the more feasible option 163 

for energy system design An economic case study about a coupled nuclear-renewable system 164 

comprising of a gas cooled high temperature small modular reactor and solar PV and wind 165 

generators and a steam electrolyser based hydrogen plant was published as well to establish the 166 



financial feasibility considerations associated with system deployment [25]. Costs and 167 

environmental concerns related to fossil fuels are encouraging researchers and organizations to 168 

seek alternative energy sources to help satisfy the globally intensifying energy demand in a 169 

sustainable and environment-friendly manner. The collaboration among the three applied 170 

energy laboratories of the U.S. Department of Energy, namely Idaho National Laboratory, 171 

National Renewable Energy Laboratory (NREL) and National Energy Technology Laboratory, 172 

led to a recent study on the novel multi-input and -output hybrid energy systems that 173 

synergistically integrate diverse sources of energy, including nuclear, renewable and fossil with 174 

carbon capture, to offer sustainable, reliable and cost-effective power, mobility, heat and other 175 

commodities [26].  176 

 177 

Fig. 1: Illustration of nuclear-renewable hybrid multipurpose integrated energy system 178 

The International Atomic Energy Agency recently published, a series of country specific case 179 

studies to describe relevant market conditions and trends, and considerations for 180 

implementation, as well as gaps that require additional technology and regulatory 181 

developments [27]. The Idaho National Laboratory produced numerous reports to support the 182 

Integrated Energy Systems (IES) Program under the Department of Energy, that investigate 183 

various configurations for system integration and nuclear power plant integration [27], as well 184 

as flexible plant operation and generation [28]. A study on tightly coupled novel hybrid energy 185 

systems, including renewable, nuclear, and fossil with carbon capture, presents a framework 186 

for modelling and optimization of energy generation, transmission, services, processes and 187 

products, and market interactions [29]. A recently published research article conducted the 188 

N
u

cl
ea

r-
 r

en
ew

ab
le

 H
ES

Multigeneration 



analysis of nuclear and renewable energy integrated systems for marine ships [30]. In this 189 

article, four dissimilar hybrid energy systems with different stand-alone and integrated 190 

configurations of renewables and nuclear energy systems were analysed and compared. The 191 

renewable-nuclear hybrid system was found to be the best for integration with the marine 192 

industry, not only to improve economic performance but also to reduce GHG emissions. 193 

Another research study investigated different coupling methods for nuclear and renewable 194 

integrated energy systems [31]. In this study, three different coupling methods of single and 195 

multiple resources and multiple products-based coupling and direct coupling were examined 196 

for the optimal planning of nuclear and renewable integrated energy systems. Dynamic analysis 197 

of the nuclear and renewable integrated energy system coupled with high-temperature steam 198 

electrolysis (HTSE) system was conducted by Idaho National Laboratory [32]. It proposed an 199 

HTSE plant to be operated as a flexible load resource for the integrated energy system. The 200 

designed system was found to be proficient in dynamically distributing thermal and electrical 201 

energy on an industrial scale, to meet both HTSE plant energy requirements and grid demand 202 

without generating GHG emissions. A comprehensive review article was published recently on 203 

nuclear-renewable hybrid energy systems, summarizing various aspects related to system 204 

design, development and deployment [33]. To overcome the intermittency and geographical 205 

location dependence of renewable energy sources as well as government policies and public 206 

apprehensions of nuclear energy, this study proposed the integration of renewable and nuclear 207 

generation and addressed the apprehensions concerning grid flexibility, energy security, 208 

climate change, optimal return on investment and settling public concerns.  209 

A report was published by International Energy Agency focusing on the renewed interest in 210 

the role of nuclear power generation in clean energy systems, both in developed and developing 211 

nations [34]. The report emphasises that nuclear and hydropower are the pillars of low-carbon 212 

generation of electricity and together, they deliver three-quarters of total low-carbon 213 

generation; it recommends continuing the existing fleet in the light of dispatchability 214 

requirements of future energy systems which have to phase down fossil-based generation. It 215 

clearly states that sole dependence on renewables will make for a much more expensive energy 216 

transition, thereby suggesting the need for integrated energy systems. Some efforts were made 217 

by a paper published recently [35], focused on the nuclear-renewable hybrid energy system, 218 

grid-connection and feasibility analysis using HOMER as the software tool. It finds that out of 219 

only nuclear, only renewables and nuclear-renewable hybrid option of power supply to meet a 220 

specified demand, the hybrid system is established to be the most economically feasible 221 



alternative. Another research study [36] reviewed the nuclear-renewable hybrid energy system’ 222 

potential for sustainable power production in the specific case of Malaysia. It suggests that a 223 

hybrid system consisting of a small, modular reactor integrated with renewables is likely to be 224 

the most suitable approach towards decarbonization and energy supply security, in its approach 225 

to reducing the carbon emissions intensity of its economy. A report was published by the Idaho 226 

National Laboratory on the nuclear-renewable hybrid multigeneration systems targeting the 227 

market potential with the industrial energy users such as chemical synthesis plants, who need 228 

electricity and additional services such as clean feedstocks  [37]. In the near term, sectors like 229 

industrial gases, polymers, elastomers, machinery and metallurgy were found to be the biggest 230 

potential beneficiaries of hybrid energy systems in achieving decarbonization in an economical 231 

manner. 232 

Clean energy availability and affordability have a very strong correlation with the state of 233 

welfare of a nation and are crucial components of achieving the 17 interlinked global goals 234 

described as the Sustainable Development Goals (SDGs). Theses SDGs and their underlying 235 

targets were adopted in 2015 by the UN General Assembly and are proposed to be 236 

accomplished by 2030. Nuclear-renewables integration for multigeneration can help achieve 237 

the SDGs, more specifically SDG 7 (affordable and clean energy), SDG 11 (sustainable cities 238 

and communities) and SDG 13 (climate change mitigation).  239 

3. SWOT analysis of integrated energy systems 240 

The deployment of integrated energy systems requires careful consideration of multiple 241 

conflicting factors, right from the initial planning phase. This section highlights many of these 242 

factors crucial for deliberations by energy planners.  243 

3.1. Strengths 244 

The major strength of hybrid nuclear and renewable in multi-purpose integrated energy systems 245 

lies in the contribution of such projects towards the reduction of greenhouse gas emissions and 246 

mitigation of climate change, consistent with national climate change commitments and targets. 247 

These energy systems leverage i) the high-capacity factor and long-experienced supply of 248 

reliable base-load and relatively cheap electricity, provided by the nuclear power industry for 249 

several decades and ii) successful and reliable operation of renewable energy systems in several 250 

countries. With respect to supply security, there are reasonable reserves of uranium ore 251 

worldwide, as well as more equitably distributed solar and wind energy harvesting capability 252 



across nations. The issue of  intermittency can also be overcome in the integrated systems 253 

discussed here. The following are some other elements of strengths of such projects: 254 

- The available knowledge base created through the significantly long design, operating and 255 

maintenance experience with the current fleet nuclear reactors 256 

- Experience in multipurpose use of nuclear energy –for example, in desalination, via 257 

different technologies, and for district heating along with electricity production, with no 258 

major technical problems; 259 

- The low life cycle carbon footprint of nuclear power plants, which reduces further when 260 

waste heat of the plant is recovered, potentially upgraded, and utilized for low temperature 261 

applications; 262 

- The high availability and capacity factor and reliability associated with price stability (due 263 

to much lower influence of fuel prices on nuclear heat/electricity prices), in nuclear projects 264 

for electric power production, brings strength to the concept of demonstrating nuclear in 265 

hybridization with renewables and for multi-purpose applications; 266 

- The nuclear heat economics, providing also security of supply; 267 

- The excellent research and mature manufacturing capabilities and capacities in industry of 268 

solar (especially PV technologies) and wind turbine technologies along with steep price 269 

reduction due to technology learning curve effects; 270 

- More effective utilization of the renewable energy resources available to a nation while 271 

ensuring domestic energy security not affected by geopolitical issues; 272 

- The contribution to cover the increasing energy and water demands; 273 

- The long-term price certainty of products and services from integrated systems which are 274 

favorable conditions for industrial users;  275 

- The reliance, to a great extent, on the use of standardized, off-the-shelf technologies 276 

(especially in projects for desalination, conventional electrolysis for hydrogen production, 277 

and district heating) with no requirement for a lengthy research and development phase; 278 

- The high overall operating efficiency of multi-purpose plants compared to single purpose 279 

power plants; 280 

- The potential to cater to high-temperature applications markets in specific industries such 281 

as metallurgy, targeted by concentrated solar thermal and High Temperature Reactors 282 

(HTR) designs: the use of their heat and/or recovered heat for low temperature applications 283 

can provide additional versatility and bring better public acceptance compared to other 284 

technologies; 285 



3.2. Weaknesses 286 

The inherently variable characteristics of renewable energy systems is one of the main concerns 287 

in the deployment of these systems However, in N-R IESs, this concern is largely eliminated 288 

with integration of baseload energy sources (i.e., nuclear and renewables), along with 289 

availability of energy storage and other forms of flexible loads/demand centers. Additional 290 

concerns come from the geographical concentration of nuclear fuel materials. The fact that over 291 

70% of the world’s uranium comes from three countries (Kazakhstan, Canada, and Australia), 292 

although politically stable, still possess suppliers risk issues to the scene. In addition, even 293 

though disposal in deep geological repositories is currently under consideration is several 294 

countries, the high-level waste disposal when once-through nuclear fuel cycle is used can still 295 

be perceived as another issue. The following points are some of the other weaknesses related 296 

to N-R IES projects: 297 

- Knowledge and experience in implementing such projects bases may not be considered 298 

enough by stakeholders and decision makers, to pursue a demonstration plants; 299 

- Issues associated with thermal coupling of nuclear island with industrial applications 300 

require more investigation to establish necessary regulations to facilitate the licensing of 301 

the plant; 302 

- Competition with the well-established technologies of conventional combined heat and 303 

power, and the cheaper and more flexible industrial steam production plants; 304 

- Limited recognition and understanding of sustainability aspects of nuclear energy; 305 

- Private sector favoring short-term investment rather than taking the risk of investing in 306 

large industrial and energy projects that require long lead time with delayed return on 307 

investment; 308 

- Inadequate awareness of the benefits of nuclear cogeneration projects among stakeholders 309 

and decision makers, leading to concerns about their public acceptance (e.g., desalinated 310 

water from a nuclear facility may be considered unacceptable for consumption); 311 

- Possible long periods of low prices of fossil fuel, as well as non-fully liberalized energy 312 

market; 313 

- Excluding hydropower, renewable energy still has a low contribution (~12%) in the global 314 

electricity generation compared to fossil-produced electricity at over 60%; 315 

- Lack of investment policies to enable and facilitate investors to take long term risk by 316 

involvement in such projects; 317 



- Greater need for critical minerals for the renewable segment of the NR HES, which are 318 

geographically concentrated in few regions and can possibly create new or additional 319 

supply chain issues and energy security concerns. 320 

 321 

3.3. Opportunities 322 

Opportunities of integrated energy system projects involving nuclear and renewable sources 323 

are growing rapidly now with the rising interest in Small Modular Reactors (SMRs), which 324 

adopt advanced and inherent safety features in their designs with integrated passive cooling 325 

systems. The smaller Emergency Planning Zones (EPZ) for SMR designs can allow for siting 326 

SMR based cogeneration plants closer to the customers of the plant’s products. In addition, 327 

incorporating alternative nuclear fuel cycles (e.g., the use of closed fuel cycle), partial fuel 328 

recycling (e.g., use of mixed-oxide (MOX) fuels), and thorium fuel cycles would enhance the 329 

nuclear opportunities on both short and long terms. Additional opportunities are as follows: 330 

- Partnerships opportunities between public and private sectors in large industrial nuclear 331 

cogeneration projects; 332 

- Potential for such systems to replace the retiring large industrial plants within the coming 333 

30 years; 334 

- Serving the expanding heat market and plug-in market, industrial, and agriculture sectors, 335 

as well as serving markets overseas through exports of energy products; 336 

- New generations of nuclear plants are being designed for load following and variation in 337 

power output, which can be enhanced with the integration of energy storage systems 338 

(including lower cost thermal energy storage, redox flow batteries etc.) and flexible loads 339 

such as water electrolysers; 340 

- Potential for innovation in the economy of the country increasing the attractiveness for 341 

investors; 342 

- Creation of new diversified job market and benefits from the economic multiplier effects 343 

of developing clean energy systems; 344 

- The growing concerns associated with the climate crisis, driving the move towards 345 

renewable and nuclear energy systems; 346 

- Possibility to take advantage of strong public and governmental support to utilization of 347 

solar and wind energy systems, in order to launch national and international projects for 348 

R&D and deployment of hybrid systems demonstration; 349 



- The fast development of solar energy technologies and the continuous progress in 350 

increasing PV lifetime and operational efficiency; 351 

- Development of new advanced nuclear fuels that can enable flexible operation of traditional 352 

nuclear reactors which have historically operated in base load manner. Experience from the 353 

flexible operation of the French nuclear fleet can also provide useful lessons and best 354 

practices for the current fleet of reactors that have not yet operated with regular power 355 

modulation.  356 

 357 

3.4. Threats 358 

Threats to the deployment of integrated systems are mainly centered on the potential nuclear 359 

accidents and the concerns surrounding long-term nuclear waste storage, together with the 360 

associated health, environmental, societal and physiological perceptions on ionizing radiation 361 

along with national nuclear policy changes. Other elements of externalities which act as threats 362 

mainly for nuclear cogeneration projects include:   363 

- Occurrence of national economic crisis, or worldwide financial crisis leading to a similar 364 

recession of 2008 that might lead nations to abandon nuclear power projects midway or not 365 

consider them at all. Political instability, including wars, national and international 366 

conflicts, and natural disasters may also create similar adverse conditions for project 367 

deployment Weak regulations to abate CO2 generated from fossil fired power plants and 368 

continued support to fossil fuel exploration and fossil-based energy programs; 369 

- Risk of carbon leakage, with industries escaping to less restricted markets aiming to avoid 370 

the associated high cost of CO2 tax instead of investing in low carbon technologies at the 371 

domestic level; 372 

- Bureaucracy and the burden of high regulatory aspects of nuclear power and cogeneration 373 

plants; 374 

-  375 

- Lack of sufficiently qualified human resources for specialized energy systems 376 

management; 377 

- Occurrence of a nuclear incident or accident in another country that may affect public and 378 

political acceptance for delving further in the nuclear program; 379 

- Delay in the permitting and construction process and the associated cost increase; 380 

- Lack of governments’ financial and political support to renewable and/or nuclear energies; 381 



- Instability of national policy, regulations and procedures towards renewable energy 382 

systems; 383 

- Development of clean coal technologies and carbon capture, sequestration, utilization, 384 

and/or storage especially in coal-rich countries which leads to continuation of fossil energy 385 

programs; 386 

4. Improved drilling technologies can bring shale gas at competing prices in some parts of the 387 

world, thus perpetuating natural gas based heating and power generation in those 388 

regions.Technical Challenges  389 

The recent years have brought rapid technological developments of individual elements of 390 

hybrid energy systems enabling significant cost reductions, and this takes into account the 391 

increased need for specialized equipment, system complexity, and multi-dimensional risk. For 392 

such precommercial or emerging systems, a key challenge lies in the balance between the three 393 

dimensions - cost, complexity, and risk, meaning the benefits of hybridization needs to prove 394 

a significant return on investment over the added risk in order for investors to support such 395 

projects. Hybridization itself brings additional challenges as the power generating utilities 396 

needs a change in paradigm, from operation of single technology type to ensure flexibility and 397 

operation while minimizing costs and maintaining reliability in operation with integration of a 398 

variety of energy sources available. This comes with challenges in terms of regulations for 399 

electricity markets, for utilities providers and for energy policy implementation.    400 

Ensuring a full market participation by developing of advanced design and control of 401 

generation that enable the transition from centrally operated systems to hierarchical, distributed 402 

controls will require additional effort in the upcoming years in order to ensure optimal 403 

operations. Coupling with non-electric applications involving the use of heat and production 404 

of commodities, such as hydrogen or potable water, would require further developments and 405 

adaptation for existing technologies, which relies on considerable testing and validation, 406 

modelling and simulation and establishing of appropriate codes and standards.  Another 407 

challenge associated with the complexity of such systems comes from the wide variety of 408 

subcomponents and interconnections needed to be managed in real time, and in an efficient 409 

manner, as well as deep understanding of the system architecture that will have case specific 410 

features and characteristics. Moreover, the hybrid energy systems are going to use more 411 

communications, controls, data and information (e.g., smart grids) that can pose 412 

interoperability and cybersecurity issues. They will include also distributive technologies like 413 

EVs, bi-directional energy storage and dispatch, grid-efficient buildings, distributed storage 414 



and the interdependencies between all of these components linked together through the 415 

electricity grid makes the system complex to operate, in order to balance generation and 416 

demand.  417 

Future systems trend more and more towards a significant share of renewables, and systems 418 

need to be able to inherently deal with period of generation scarcity due to weather-driven 419 

events, such as stormy weather, or calm weather when the renewable energy fluctuates, and 420 

also to exhibit the resilience to weather extremes. Technologies needs to work together to 421 

ensure the stability of the grid in high renewables penetration scenarios.  422 

Although there is considerable dedicated R&D and pilot activities for the emerging hybrid 423 

energy systems, there is a need to address the risks associated with first-of-a-kind systems at 424 

the commercial scale. Moreover, some of the technologies with high potential to be integrated 425 

in such systems, like small modular reactors with the ability to meet energy needs for a variety 426 

of users and suitable for non-electric applications, such as heating, hydrogen production or 427 

water desalination, are still not commercially deployed. The existent analysis tools and 428 

computational capabilities to assess the profitability of hybrid energy systems, as well as 429 

additional hardware developments – such as sensors, metering equipment, various controls, 430 

communication equipment – are needed to ensure optimized performance and forecasting 431 

capabilities. 432 

5. Decarbonization, decentralization and digitalization-based business models 433 

The commercial feasibility of nuclear-renewables integrated energy systems based on mature 434 

technologies can be ensured by development of innovative business models for them, centred 435 

on the 3D objectives of energy system planning - decarbonization, decentralization and 436 

digitalization (as shown in Fig. 2). 437 

 438 



Fig. 2: 3Ds-based business model for N-R HES 439 

5.1. Decarbonization  440 

McDonough [38] placed working carbon (i.e. carbon put to human use) in three different 441 

categories: durable carbon, fugitive, and living carbon. In addition, he discussed three different 442 

management strategies on carbon, these are: carbon negative (i.e., actions causing pollution), 443 

carbon positive (i.e., actions that converts or recycle carbon into soil nutrition or durable form), 444 

and carbon neutral (i.e., actions that maintain or transform carbon). Integrated energy systems 445 

are designed and deployed with the aim of decarbonizing as many sectors as possible and not 446 

only the electricity supply system in a region. Thus, one of their important objectives is to 447 

reduce and finally eliminate emissions of carbon dioxide and methane, as part of the overall 448 

transition to a sustainable energy system and environment. In this way they can provide 449 

decarbonization solutions to help several users/consumers with their energy transition and 450 

climate action plans via creation of energy and utility communities. Heat (at several 451 

temperature levels)/electricity/water/cooling services/hydrogen/oxygen can all be supplied 452 

more economically and reliably as a service from the integrated energy system to nearby 453 

commercial consumers or industrial hubs or clusters, who do not have to own and maintain 454 

their own standalone utility system assets for these products or services. As part of future 455 

development, pilot projects which demonstrate technical feasibility of these systems can also 456 

be used to develop and test new business models and replicate the successful outcomes in future 457 

projects. 458 

5.2.  Digitalization  459 

Digital transformation and its role in the decarbonized economy is increasingly being endorsed 460 

by stakeholders and decision makers in energy sector, who are embracing advanced 461 

technologies involving hybrid cloud, Internet of Things (IoT), and Artificial Intelligence (AI). 462 

AI was introduced to the nuclear power sector more 30 years ago by several organizations 463 

including the electric utility, equipment vendors, and involved universities and research 464 

institutes [39]. Increased digitalization of the energy systems is foreseen with the continuous 465 

improvement and cost reduction of computing power and data storage capacities. However, 466 

introducing such innovative technologies in systems with a nuclear component requires 467 

corresponding changes in regulations of safety, control, operation and security of the plant 468 

against new or emerging threats. 469 



Incorporating IoT in energy systems allows for real time data collection and creation of data 470 

flows via connected smart meters and sensors to track multiple energy vectors in the system, 471 

as shown in Fig. 3 where uni- or bi-directional flow of energy, materials and information are 472 

all possible in the integrated systems. The use of machine learning (ML) capabilities of AI 473 

allows for analyzing the collected data, deriving decision-useful insights from them and 474 

facilitating continuous adaptation and improvement of energy system operation. This results in 475 

better understanding and optimizing the system performance, reliable monitoring and control 476 

of the system.  477 

In nuclear-renewable hybrid energy systems, the use of digital innovative technologies such as 478 

AI and ML allows for flexible remote communication and analysis of collected data for process 479 

control [40], predictive and preventive maintenance as well as fault detection and diagnosis 480 

and warnings for abnormal conditions, accidents and potential failures arising in the grid, 481 

nuclear or renewable plant, and storage and distribution systems [41]. This helps in optimizing 482 

decision making process in operation, maintenance, refurbishment, and decommissioning and 483 

can avoid costly downtime and the resultant economic losses due to avoidable errors. But 484 

enhanced digitalization also brings increased cyber security concerns and the need to be 485 

equipped with robust and credible techniques and security control frameworks to monitor and 486 

deal with threats and risks to protect information, assets and data privacy of the energy systems. 487 

The impact of such concerns is amplified when dealing with energy systems involving a 488 

nuclear component. Further assessment of the digital technologies considering safety, security, 489 

reliability and technology readiness levels are necessary to facilitate smooth and safe digital 490 

transition. 491 



 492 

Fig. 3: Nuclear-renewables hybrid energy system for polygeneration integrated with 493 

advanced digital technology for data management 494 

Application of digital tools and technologies such as Virtual Reality (VR) and Augmented 495 

Reality (AR) platforms for training and human resource development in process and energy 496 

industries is also gaining importance. Software for realistic plant-wide 3-D visualization and 497 

simulation of and employee walk-through with haptic control functionality in an industrial 498 

facility are common examples of cost and time effective training tools [42]. While industry has 499 

always depended on computer console-based simulation platforms for operator training, the 500 

capabilities of these systems have increased enormously with advances in digital technologies. 501 

More realistic immersive experience during training has been found to be more effective for 502 

employees engaged in industrial system operation and maintenance [43].  503 

Since the last decade, the nuclear industry has also made use of these technologies for personnel 504 

training, as discussed by Johnsen and Mark [44] through various examples. As part of system 505 

deployment, personnel working in complex integrated energy systems for flexible 506 

polygeneration applications will also benefit from similar training mechanisms with reduced 507 

duration, costs and risks, as in conventional or stand-alone power generation industry today 508 

[45]. Such training for more complex systems can be expected to take longer than that in other 509 



industries, hence even before the system is physically set up, operators can begin to develop a 510 

sense of the facility through virtual reality. 511 

Information batteries function very much like any other type of energy storage device, which 512 

can facilitate baseload operation of energy generation assets like nuclear reactors. When a 513 

system generates more energy than it needs, the extra energy is employed to tackle resource-514 

intensive computational issues like brute-force algorithm decryption. The information received 515 

as a consequence of this issue can then be sold since the energy required to collect it has already 516 

been expended when there is no longer any spare energy. Cryptocurrencies are the most well-517 

known and prevalent examples of information batteries. In [46], in order to quickly respond to 518 

the load-following requirements, the research conducted examines the possibility of coupling 519 

nuclear power reactors with a crypto-asset mining facility to execute the demand regulating 520 

role. When the electrical grid is fully supplied with renewable energy, the nuclear plant, when 521 

running at full capacity, will divert some of its energy to the mining operation. An integral 522 

economic assessment of the coupled system is performed by the authors. This is an example of 523 

a rapidly evolving and energy intensive industry both benefiting from a new energy paradigm 524 

and itself contributing to its optimal and economic operation. 525 

5.3. Decentralization  526 

Blockchain technology refers to a very secure, reliable, decentralized, sharable electronic 527 

database consisting of records of digital transactions which can be viewed by any member of 528 

the network but which cannot be edited or modified [47]. It is often referred to as a digital 529 

ledger. This technology has found many applications in stand-alone distributed energy 530 

networks (both on the supply and the demand sides) such as mini or micro-grids based on 531 

renewables and energy storage and smart metering mechanisms [48] and is expected to become 532 

even more important as the world adopts more such energy forms instead of large centralized 533 

fossil fuel plants. The possible applications include peer-to-peer energy transactions, trading 534 

and billing, storing and managing data collected by IoT sensor devices, carbon/emissions 535 

trading and so on [49, 50].  536 

In case of nuclear-renewable hybrid energy systems, the nuclear segment and many of its 537 

components represent the most safety critical parts in the overall scheme. Any early detection 538 

and mitigation of any off-normal conditions originating here is crucial to overall safety and 539 

system operability and integrity. Diaz et al. [51] describe integration of blockchain technology 540 

with in-service inspection records of critical components such as the nuclear steam generator. 541 



Chang [52] describes development of secure integrated nuclear power plant management 542 

systems based on real time operational (and abnormal events) data collection and storage 543 

through blockchain. Advanced security systems for the entire nuclear fuel cycle (including 544 

materials, nuclear or radiological facilities, transportation systems) against various threats 545 

(physical, electronic) can be implemented via applications of blockchain technology, as 546 

recently described by Umayam and Vestergaard [53]. The safe, reliable and resilient operation 547 

of nuclear integrated systems in remote areas (especially when not connected to a central grid 548 

system managed by qualified personnel deployed full time at the site) can benefit greatly from 549 

application of this technology, since under normal operation, they can possibly be run through 550 

minimal human intervention. Block chain technologies are also expected to help in applications 551 

such as real time tracking of the output from a mix of generators and hence help in 552 

determination of the carbon emissions intensity of the overall system. This can help the energy 553 

consumer provide an accurate record of the emissions associated with the products and show 554 

compliance with low carbon certification schemes.  555 

6. Regulatory aspects  556 

Adoption of nuclear-renewable integrated energy systems for polygeneration applications also 557 

requires the development of economic, regulatory and commercial frameworks specific to 558 

these systems and the markets and users they can potentially cater to. The integration of 559 

disparate primary and secondary energy sources and users in hybrid systems represents a 560 

departure from the current energy systems with separate energy value chains for different 561 

applications. Given that there are still no such commercial scale systems deployed anywhere 562 

(even though individually these are mature technology options), there is naturally a great deal 563 

of uncertainty surrounding their characteristics, performances and potential failures (both 564 

technological and financial). Additionally, many kinds of configurations are possible for these 565 

systems (starting with the type of reactor and the nature of its secondary cycle, the type of 566 

renewables, the kinds of polygeneration applications to be coupled to them, the nature of 567 

coupling and so on), thus there would be unique regulatory concerns for each kind of system. 568 

These make the development of a uniform regulatory process for these systems quite 569 

challenging.    570 

Regulation in the integrated systems refers to two major aspects – financial and technical. The 571 

first form of regulation is related to the market(s) for the products of such systems and the 572 

associated economic and financial aspects (e.g. business models and markets, product dispatch 573 



mechanisms, pricing of the different products/services of polygeneration, the need for 574 

renewables forecasting and pricing to account for their variability as against the stable 575 

heat/electricity prices from nuclear reactors, different levels of taxation policies for different 576 

energy forms) and whether it will be decided by the system owner(s), the government or the 577 

market itself or a combination of them [54]. The stakeholders involved are the power plant 578 

owners, the energy consumers and the distribution agencies and service providers connecting 579 

the two [55]. The need for a separate regulated or a liberalized market for integrated energy 580 

systems (along with methods to unbundle the different services originating from the hybrid 581 

system) can be dealt with by the current legal framework of the country governing existing 582 

generation systems [56] and new business models developed for these systems. The legal 583 

framework generally covers distinct public utilities including the existing electricity market, 584 

heat market, water distribution infrastructure, fuel markets and so on, including setting the 585 

tariffs for energy, trading mechanisms of energy etc, with some potential amendments and 586 

additional clauses. Most countries have national electricity laws, many of which have been or 587 

are being modified to accommodate the rising share of distributed energy sources and energy 588 

storage systems feeding into regional or national grids, such as renewables in a predominantly 589 

base load, fossil fueled energy mix [57]. . These can be extended to cover nuclear-renewable 590 

energy systems as well.  591 

The second regulatory aspect is technical and is related to the safety, security and stability of 592 

these energy systems. This is ensured based on the codes, standards, licensing and permits 593 

systems and the best practices guiding their operational characteristics [58]. This section 594 

analyses some of these issues. 595 

6.1. Technical considerations in integrated energy system regulation 596 

I. Variety of designs and coupling schemes:  597 

In integrated energy systems, some features create more challenges in arriving at a harmonized 598 

regulatory regime for integrated systems, when comparing with single energy source and 599 

output form (e.g. only nuclear with electric power exported to grid) [33]. Among the most 600 

critical challenges: i) the presence of multiple energy forms and their individual generation 601 

patterns (some base load and dispatchable, some diurnally and seasonally variable, short and 602 

long duration energy storage), ii) the presence of different end users 603 

(heat/electricity/water/hydrogen), iii) the possibility of varying demands of the various 604 

products and services, iv) diverse interconnections and interactions among the sub-systems 605 



(e.g. thermal, electrical, chemical or any combinations of these linkages) and v) the specific 606 

natures of additional safety considerations in the coupled systems. In principle, integrated 607 

energy systems aim to achieve flexibility in energy production and utilization. However, the 608 

inherent natures of the generation and consumption systems and their inter-connectedness may 609 

not always allow to advantageously use the degrees of freedom theoretically present in them.  610 

II. Relative sizes of the components:  611 

The overall scale of the integrated system (particularly with reference to the national or regional 612 

grid capacity) and the relative capacities and outputs of the sub-systems (e.g. comparatively 613 

large nuclear share and smaller contribution from renewables or vice versa, major output in the 614 

form of heat or electricity of product of co/poly-generation, degree of flexibility of operation 615 

of the nuclear reactor, etc) will govern the nature and extent of interactions between them [59] 616 

and will have an impact on the regulatory process.  617 

III. State of grid connection:  618 

The possible configurations of the integrated system will have a role in shaping the regulation 619 

framework for these systems. Among the different possibilities: i) whether all power generators 620 

are grid connected or only nuclear reactor is grid interactive, whereas the renewables are 621 

present as off-grid systems and supporting specific poly-generation activities alongside nuclear 622 

heat and electricity; ii) whether cogeneration/poly-generation will be carried out only with 623 

renewables or it will be switched over to nuclear cogeneration partly or entirely, when 624 

renewable generation is low due to normal or extreme weather events or seasonal factors; iii) 625 

the physical location of the systems and components relative to one another, e.g. in the nuclear 626 

island or conventional island or even beyond the nuclear exclusion zone.  627 

There is improved understanding of the challenges of integrating base load and variable 628 

renewable energy systems into the same power transmission grid. A lot of attention has been 629 

devoted to developing control strategies for these systems to ensure reliable grid operation [60]. 630 

Many nuclear equipped nations who are simultaneously growing their share of renewable 631 

energy and energy storage infrastructure have already begun to address these issues, based on 632 

the technical and financial assessments performed till now and are in the process of upgrading 633 

and modernizing their national grid infrastructure [61]. Nuclear-renewable hybrid energy 634 

systems may face lesser problems in being deployed in such regions, owing to the experience 635 

already gathered and the level of preparedness attained. The exact control philosophy would 636 



depend on the relative generation capacities of the nuclear and renewables sections and the 637 

nature and extent of the energy consumers or loads present in the integrated system.  638 

IV. National outlook:  639 

The complexity of regulation of integrated systems would also depend on the specific situation 640 

and state of preparedness of the nation considering these systems, as indicated by the scenarios 641 

in Table 1. Even though many nuclear equipped nations are also possibly using renewable 642 

electricity as part of their national energy systems, the converse is not necessarily true 643 

everywhere. Developing integrated energy systems based on new designs of nuclear reactors 644 

such as SMRs, micro reactors or fission batteries present novel technology risk which finally 645 

translates into financial and regulatory risks as well [62].  646 

Table 1: National energy scenario and impact on regulation of integrated systems 647 

National situation Implications on regulation 

1 

Retrofitting other 

energy forms and 

end users with 

existing nuclear 

power plants  

– 

Operating nuclear 

power reactor is 

available and 

adding renewables 

and poly-

generation systems 

coupled to it is 

being considered 

for the first time 

- Regulatory framework for nuclear reactor licensing is already present along 

with framework for electricity (and other products/services) production, 

transmission and distribution, so the regulatory risk for the nuclear segment of 

the process can be. 

- Insights may be drawn from the already existing distinct or system specific 

mechanisms for nuclear and renewables licensing to design a regulatory process 

for integrated systems, so multiple agencies may ultimately be involved in the 

regulation of these systems. 

- Additional assessments related to safety and stability of these systems and the 

potential feedback loops and interactions between them would be needed as part 

of regulatory licensing. 

- Standalone micro grids/smart energy system experience or expertise will help 

evaluate the additional effects likely to arise in or out of the integrated energy 

systems. 

- Product standards (e.g., for freshwater, hydrogen, synthetic fuels, batteries for 

energy storage, hydrogen storage) will have to be defined in compliance with 

existing industry standards (national or international). 

2 

Considering 

nuclear new build 

– 

Nuclear power 

reactor and poly-

generation are 

being considered 

for the first time 

alongside other 

energy forms 

including 

renewables already 

in use 

- Developing the regulatory framework for nuclear reactor might tend to 

dominate the licensing process for the integrated system as it would be more 

complex, time consuming and resource intensive activity than the licensing or 

permits for renewables (which will already be in place). 

- Additional complications in licensing can arise if the first nuclear reactor is 

being imported or developed with assistance of a foreign supplier, where a 

different regulatory regime might exist. 

- The nation may consider whether to operate the integrated system after 

connecting it to the national grid or in an island mode, with interconnections 

only to the users of the energy and poly-generation services (as is envisaged for 

nuclear micro-reactors or fission batteries to be deployed as independent power 

packs in remote, off-grid areas). 

 648 



6.2.  Impact of coupling schemes and interconnections 649 

Depending on the specific coupling configurations present in the nuclear-renewables integrated 650 

energy system, certain conditions can arise which might present additional safety and reliability 651 

implications of regulatory concern. These must therefore be considered for further analysis as 652 

part of regulatory licensing procedures, as described in recent literature [63]. While it is 653 

commonly believed that the nuclear segment will present the greatest safety issues and 654 

implications, even with or without renewables and poly-generation systems integrated with it, 655 

there is greater diversity of systems and components in integrated energy and poly-generation 656 

systems, leading to far more diverse and unique kinds of hazards to deal with, qualitatively and 657 

quantitatively. A single metric such as the numerical value of core damage frequency cannot 658 

quantify the safety implications arising out of the integrated energy systems for poly-659 

generation, as is common practice in the probabilistic safety analysis of standalone nuclear 660 

power reactors. These additional design basis events or accident scenarios can include, for 661 

example,  662 

- the potential pathways of radioactivity carry over in some products of cogeneration (e.g., 663 

contamination of product freshwater or hydrogen with radio-isotopes in case of a thermal 664 

desalination unit or a high temperature hydrogen production plant respectively) which may 665 

be prevented through suitable engineered barriers (e.g., intermediate heat transport loops) 666 

and material selection (e.g., special coatings on materials of construction used for the 667 

process equipment), 668 

- fire, explosion hazards from coupled hydrogen plants with potential impact on integrity of 669 

the nuclear system, 670 

- leakage and dispersion of toxic/flammable chemicals from cogeneration units (e.g. water 671 

treatment chemicals in desalination, chemical species in water splitting processes, 672 

- failure or rupture of pipelines, engineered barriers or other mechanical components 673 

connecting the sub-systems via material streams and/or thermal energy streams, 674 

- potential for a damaged wind turbine blade in an extreme weather event such as hurricane 675 

to externally impact the nuclear structures and containment as a low trajectory turbine 676 

missile [64], 677 

- situations leading to sudden loss of electrical or thermal loads in the integrated systems (for 678 

short or extended durations). 679 



Many other events can be identified for analysis of design basis accidents in these systems, 680 

depending on the specific nature of the overall facility.  681 

Apart from safety and reliability considerations of these systems, there is also increasing 682 

emphasis on the assessment of the vulnerability and resilience of these integrated systems. 683 

Vulnerability indicates how susceptible the system and its integrity and functioning are to 684 

external factors and resilience indicates how swiftly the system can be restored to its last 685 

operational or functional state after it is affected by an external event or disruption. These 686 

features are affected by the nature of the individual components and the type of integration and 687 

interaction among the systems. This is an important assessment for any energy infrastructure, 688 

particularly when it includes long lifetime assets such as nuclear power systems. Lin and Bie 689 

[65] describe several external events such as extreme weather, earthquakes and sabotage that 690 

can severely strain integrated energy systems, though in their study they do not explicitly 691 

address nuclear-renewables integrated plants. They also describe methods to quantify system 692 

resilience and strategies to ensure that resilience is built into the system right from the design 693 

stage. Sharifi and Yamagata [66] address resilience issues in urban energy networks and define 694 

elements of a resilience assessment toolkit, elements of which are well applicable to nuclear-695 

renewables-poly-generation systems also. 696 

7. Social Acceptance and Trust in Stakeholders 697 

The public is part of the stakeholder group in national energy projects. They can be defined as 698 

the external stakeholders being affected by the outcomes of the deciding stakeholders. The 699 

main two elements of concern in hybrid energy systems involving nuclear and renewable 700 

energy sources for multigeneration are i) the nuclear element and ii) its relation to the 701 

commodities produced from the system. The involvement of the general public in the process 702 

when adopting projects involving nuclear energy is essential to achieving the desired objectives 703 

of the project. This applies to any nuclear power projects in general, yet, it is more crucial when 704 

considering nuclear for co- or multi-generation. The public would demand more honest and 705 

open information through dialogues of communication with the proponents of the nuclear and 706 

renewables and other stakeholders beyond electricity production.  707 

In hybridization of nuclear-renewable projects for poly-generation integrated energy systems, 708 

the issues related to the coupled application would be added to the concerns of the public. This 709 

includes public concerns with regards to environmental impact, radioactive contamination, and 710 

health-risk of using the co-generated commodity. Stakeholders should get involved in 711 



increasing public awareness on the misconceptions related to these issues. The role of deciding 712 

stakeholders is to maintain socio-political involvement when starting the consideration of 713 

nuclear program (i.e., starting from readiness to make a knowledge commitment to a nuclear 714 

program, through bidding process for a nuclear plant, and to commissioning and operation). 715 

This can be achieved by pursuit of communication with the public on the governmental interest 716 

in, and societal and economic benefits of implementing the proposed nuclear program. It is 717 

also their role to sustain honest responsive approach to raised concerns and enquires from the 718 

public.  719 

The influence of the general public on future of energy policies and towards deciding on 720 

nuclear energy adoption can be very crucial. For instance, Germany and Switzerland phasing 721 

out nuclear and conversely, USA and UK deciding on building new plants are cases where the 722 

public directly affected the national energy policy. In Sweden, a referendum brought the 723 

government to opt out nuclear power in 1980, and 30 years later, the parliament voted to revoke 724 

this decision. In some other cases, energy policies are developed based on economic and 725 

political aspects only which may result in social conflicts with the public. Several studies in 726 

the literature have discussed the question of applying referendums and political deliberation 727 

towards understanding the potential of integrating nuclear in national-level energy policy [67-728 

69]. 729 

Transparent communication between concerned stakeholders and with the general public 730 

manner is essential when pursuing a nuclear program to ensure that all concerned citizens 731 

participate in the dialogue. Public figures, distinguished climatologists and environmentalists, 732 

and societal opinion leaders have influential role in shedding more light on the role of nuclear 733 

energy in climate change mitigation. Such public support brings wider and effective awareness 734 

among the public. IAEA publication No. NG-G-3.1. “Milestones in the Development of a 735 

National Infrastructure for Nuclear Power” [70] highlights stakeholders’ involvement and role 736 

to ensure effective communication towards enhancing public acceptance when a country is 737 

pursuing a nuclear program. IAEA publication No. NG-G-5.1 “Stakeholder Engagement in 738 

Nuclear Programmes” [71] provides theoretical and practical guidance on the development and 739 

implementation of stakeholder engagement programmes and activities. In addition, 740 

information on the public acceptance issues in nuclear-driven desalination projects can be 741 

found at IAEA TECDOC 1642 “Environmental Impact Assessment of Nuclear Energy” [72]. 742 

In [73], Idaho National Laboratory examines the stakeholder interactions for the nuclear-743 

renewable hybrid energy systems program, highlighting both past and present interactions. The 744 



program brings together industry users of nuclear energy and nuclear technology developers to 745 

create a new paradigm for the production and use of nuclear energy for industrial applications. 746 

8. National attitudes towards deployment of hybrid energy systems 747 

The decision towards deployment of stand-alone or centralized hybrid energy systems for poly-748 

generation with nuclear and renewable electricity generators will necessarily be taken in the 749 

context of the broader goals of deep decarbonization, long term sustainability and energy 750 

security of an individual nation. With the demand for electrification rising as many fossil fuel 751 

dependent sectors such as transport shift towards electrification, the need to re-shape the entire 752 

electricity system exists naturally for most nations. Alongside electrification, there is also the 753 

need for low carbon energy vectors and feed stocks as commodities towards industrial 754 

decarbonization (such as hydrogen and its derivatives), the production of many of which 755 

depends on clean electricity and heat availability.  756 

Over the next one to two decades, the growth in electricity demand is expected to be much 757 

larger in the developing economies and emerging markets, compared to the developed and 758 

industrialized nations. This is because of the well-established correlation between per capita 759 

energy consumption and the state of welfare and quality of life of the citizens [68]. Thus, 760 

leveraging all kinds of low carbon generators in a hybrid configuration to meet such demand 761 

may be expected to be a priority area in the developing world. In fact, some of the highest rates 762 

of deployment of renewable energy resources and construction of new nuclear reactors are 763 

observed in the developing nations such as China. Interest in adopting nuclear power is also on 764 

the rise in several African nations, who are looking to have their first operating nuclear power 765 

plants by mid 2030s. As many of these nations have substantially lower per capita energy 766 

consumption, their energy infrastructure is not as extensive as that in the developed nations. 767 

Consequently, the developing nations that are not yet locked into fossil fuel dependent growth 768 

trajectories appear to be the best candidates to adopt nuclear and renewable generation in 769 

optimal configurations to support their growth.  770 

For nations such as India which are still heavily dependent on coal based thermal generation, 771 

the need to phase out coal gradually to meet the declared net zero carbon emissions targets 772 

exists with the requirement to supplement the electricity system with reliable, base-load low or 773 

zero carbon electricity generators, which includes nuclear power. While current efforts are 774 

directed towards accelerated deployment of renewables in many of these countries, stable and 775 

least cost supply of power would require a mix of variable renewables and baseload power 776 



plants such as nuclear reactors on the supply side and energy storage and demand management 777 

technologies on the consumption side [69]. It is in this context that the deployment of advanced 778 

nuclear reactor technologies such as small modular reactors at existing sites of coal fired power 779 

plants is being actively considered [70]. These arrangements are the defining traits of a hybrid 780 

energy system, and nations considering such projects may be said to be adopting hybrid energy 781 

systems into their future energy mixes. However, for most of these nations, indigenous efforts 782 

and use of domestic resources would need to be supplemented by technological co-operation 783 

and financial support from developed nations (e.g., through technology licensing, imports of 784 

materials and components, training, and human resource development, etc.). Yet another 785 

example could be that of a land area constrained nation which cannot deploy adequate 786 

renewable energy systems to meet its electricity demand, and therefore adopts energy dense 787 

and resource efficient options such as nuclear power (including developing advanced nuclear 788 

technologies and small modular reactors) to meet its electricity needs. This highlights the 789 

complementary roles of nuclear and hydrogen, rather than a competitive approach which 790 

prioritizes one at the expense of the other. 791 

The situation may be contrasted to that in several developed nations, particularly in the 792 

European Union, which have been pursuing a nuclear phase out policy for their electric power 793 

sector due to safety and security considerations. Under the current geo-political scenario and 794 

energy resource diversity and adequacy considerations however, many of them are 795 

reconsidering and even reversing these decisions in the wake of energy security considerations 796 

as well. The European Union’s acceptance of advanced nuclear technologies into their 797 

sustainable finance taxonomy may be cited as an example of treating nuclear technologies at 798 

par with the more recognized and accepted renewable energy generators for meeting 799 

environmental objectives and energy needs on a long-term sustainable basis [71]. Thus, this 800 

attitudinal shift is another way in which nuclear-renewable hybrid energy systems are gaining 801 

political support in advanced economies. 802 

9.  Conclusions and Policy Implication 803 

The hybrid or integrated energy systems, considering integration of nuclear reactors and 804 

renewable energy sources, are a viable solution to power generation and production of 805 

additional commodities (such as hydrogen and potable water) while also ensuring storage of 806 

heat, electricity and other energy vectors and using it in a more effective and opportune way. 807 

They can bring a substantial contribution to minimisation of GHG emissions and ensuring 808 



flexibility in operation of electricity generation systems. Advances in research and recent 809 

technology development bring with them the potential for optimal and cost effective integrated 810 

system operation. Such nuclear-renewable integrated energy system can not only help in 811 

decarbonization, decentralization and digitalization owing to the challenges but can also offer 812 

significant contribution towards achieving SDGs especially SDG 7 (affordable and clean 813 

energy), SDG 11 (sustainable cities and communities) and SDG 13 (climate change). Overall, 814 

hybrid energy systems offer the potential to substantially transform electricity markets by 815 

optimizing energy generation, storage and consumption, while simultaneously addressing the 816 

challenges of intermittency, grid stability, and sustainability. National energy policy in nations 817 

considering the deployment and operation of integrated systems involving nuclear and 818 

renewable energy systems requires defining medium and long-term roadmaps with identified 819 

goals with regards to the potential share of the different energy systems in their energy mix to 820 

meet the future demand. The commitments of these countries towards a net zero energy future 821 

and decarbonization of the electricity and energy sectors requires policies and pathways to 822 

enable the integration of such systems into the country energy mix. This should also include 823 

pathways for the issues related to establishing energy market regulations to facilitate the 824 

deployment of such systems.  825 

There are still challenges associated with technical aspects, economics, licensability as well as 826 

stakeholders’ engagement but the system level strengths and opportunities presented by the 827 

hybrid energy systems (discussed in detail in this paper) make them a very promising 828 

technology that is expected to play a significant role in fundamentally transforming the energy 829 

and electricity markets of the future. 830 

 831 

Continuous research and development are needed to improve the efficiency, durability and 832 

cost-effectiveness of different energy systems, as well as the integration of different 833 

technologies. This can involve the development of advanced control systems and software that 834 

can optimize the use of different energy source based on availability, demand, and cost. 835 

Government policies can play a critical role in promoting the development and adoption of 836 

hybrid energy systems. This can include policies to provide financial incentives for the 837 

development and installation of these systems, to de-risk investments in them by positioning 838 

them as fit-for-future and low carbon energy infrastructure as well as regulations to ensure that 839 

they are used in a sustainable manner. Energy storage is a crucial component of many hybrid 840 

energy systems, especially those that involve intermittent renewables. Advancements in energy 841 



storage technologies can greatly enhance the effectiveness of hybrid systems. By focusing on 842 

these areas, significant progress can be achieved in advancing hybrid energy systems and 843 

making them more prevalent in the energy mix. It is also evident that most of the current 844 

research and development efforts in integrated energy systems have primarily been led by 845 

advanced and developed economies in North America and Europe, focusing on their specific 846 

energy transition plans. Developing economies are expected to be greater beneficiaries of such 847 

programs, particularly nations which have just begun to consider the nuclear option as part of 848 

their low carbon energy mix. As these nations still have to build the necessary infrastructure 849 

for sustaining higher level of human development and sustainable growth, it is imperative for 850 

them to focus on long term factors and choose low carbon and the most cost-effective pathways 851 

to an inclusive and sustainable future. Thus, country specific research focusing on identifying 852 

the best use cases for hybrid energy systems should be a major priority for future work in this 853 

domain.   854 

 855 

 856 

 857 
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