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The 1992 United Nations Rio de Janeiro declaration (United Nations, [1992) states that ”Human beings are
at the centre of concerns for sustainable development. They are entitled to a healthy and productive life in
harmony with nature.” This brief affirmation highlights the implications from the impact of growing human
population on the environment (Cartledgel |1995)), manifested in the notion of climate emergency (Ripple
et al., |2020). Nuclear power offers progressive options to mitigate global warming and other effects of
climate change, with the International Energy Agency (IEA) suggesting that the nuclear energy generation
currently eliminates between 1.3 to 2.6 giga-tonnes of COy emissions from the power sector each year,
depending on whether it is assumed that it replaces gas- or coal-fired power plants.

The IEA’s 2015 Technology Roadmap (IEA, 2015) report noted that to meet the Paris Agreement target
of global temperature not rising by more than 2°C, the world nuclear power generation capacity needs to
increase to 930 GW in 2050. For comparison, the Smart Energy Europe analysis projected the European
nuclear power generation capacity in 2050 to the level of 105 GW (Connolly et al., [2016), against the
current levels of 61.3 GW in France, 9 GW in the UK, raising to 24 GW by 2050 (UK Government, 2022),
and 4.3 GW in Germany, down from the 2021 level of 7.4 GW. Comparing these figures and similar
data for the US, China, Russia, and Japan, with the projected world total nuclear generation capacity, we
observe that many new power plants are expected to be constructed in the countries where nuclear power
generation technology and engineering have so far been largely unknown. This expected expansion will
involve a broad range of engineering and technological challenges spanning the manufacturing of reactor
components, the fabrication and extraction of fuel, the development of efficient coolant and heat transfer
technology, the reactor assembly schedules, the establishment of supporting hot cell and waste processing
facilities, and the technology for scheduled and unscheduled remote maintenance and operation, enabling
the reactor systems to reliably function over long periods of time.

All the presently operating commercial nuclear reactors use fissile nuclear fuel, containing isotopes
of uranium and other actinide elements. On the other hand, fusion power generation, an area of active
development and innovation worldwide, aims to use light fusable chemical elements, for example the
deuterium and tritium isotopes of hydrogen (Pearson and Takeda), 2020; Prager and Najmabadi, 2020).
Fusion technology presents a range of scientific and engineering challenges that need to be addressed
to enable the construction of a fusion power plant (Chapman and Walkden, 2020). These include the
development of a reliable and safe tritium and deuterium extraction and handling technology, the integration
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of structural and functional materials in a power plant design, and the extensive use of remote handling
and robotics in the maintenance of a power plant. But first and foremost, it is the development of robust
means for controlling the high temperature plasma (Hender et al., [2007; | Kodama et al., 2001), either in
a magnetic confinement device or in a pulsed, for example a laser-driven, fusion system that presents an
outstanding challenge to the fusion power plant engineering.

The fundamental considerations involved in the assessment of nuclear power are its economic
competitiveness against the power sources using coal and gas, or the renewable sources like solar and
wind power (Alonso et al.,[2016)), and its environmental impact (Pigford, 1974} Khan et al.,|2021]). The
economic factors have until recently been driving a gradual decline of the global share of nuclear electricity
generation from 17.5% in 1996 to 10% in 2019 (Ramana, |2021). However, the increasing cost of fossil
fuels and the global warming resulting from the present unsustainable level of CO2 emissions, and the
intermittent nature of solar and wind power generation as opposed to the firm energy delivered by the
nuclear or hydroelectric power plants at a high level of stability of supply, appear to be shifting the balance,
making nuclear power generation increasingly more attractive.

Among the environmental effects of nuclear power generation, the management, storage, and eventual
disposal of nuclear waste - a significant part of which can be referred to as not fully used nuclear fuel - is
guided by the internationally accepted standards (Kim et al., 2011). Annually, a 1 GW nuclear power plant
typically generates several cubic metres of high-level radioactive waste requiring active cooling, and 500 to
1000 cubic metres of low-level waste, and this waste must be disposed of in such a way that it imposes
minimal burden of care on later generations. As a part of the disposal process, a proof beyond reasonable
doubt is required that the increase in radiation due to the deposited material is a small fraction of the natural
background level (Roberts| |1990). Fusion power plants are also expected to produce radioactive materials,
requiring reprocessing or disposal, with a notable difference that fusion power, unlike fission, does not
involve the use of actinides. A suitable choice of structural materials can further reduce the waste burden.
Inventory calculations, included in the fusion power plant design process, can predict the evolution of
chemical composition, activation, the decay heat of materials exposed to fusion neutrons, as well as the
gamma-dose and neutron shielding requirements, maintenance schedules, aiding the recycling and disposal
prospects (Gilbert et al., 2017).

Large light water reactors (LWRs) have been selected by the utility companies around the world as
their primary choice of nuclear power plants because of their reliability, the economy of scale, and the
fact that the construction of an LWR involves commonly available materials such as water, concrete, and
stainless steel, offering the advantage of extensive know-how and enabling the rapid adaptation of existing
technologies to the manufacturing of reactor components (Murakami, 2021)).

The less well established nuclear power generating options presently attracting interest are the Small
Modular Reactors (SMR) (Locatelli et al., 2014} Schaffrath et al., 2021), Fast Reactors (FRs) (Merk et al.,
20135), especially the sodium-cooled FRs that have been developed and operated since the 1970s, and the
high-temperature gas-cooled reactors that could drive hydrogen production (Jaszczur et al., 2016) or water
desalination (Al-Othman et al., 2019). SMRs can replace the coal-fired power plants and be integrated with
renewable sources into an electricity grid, ensuring the stability of supply and balancing the fluctuating
wind and solar power generation (Liu et al.,|2022)). A sodium-cooled fast reactor system, a front-runner
among the Generation IV reactors (Ramana, [2021)), involves a fast-neutron-spectrum reactor and closed
fuel recycling technology, enabling the improved use of nuclear fuel, management of high-level nuclear
waste and, in particular, the utilization of plutonium and other actinides (Aoto et al., 2014). As recent
practical steps, in February 2021 the BN-800 sodium-cooled fast reactor unit at the Beloyarsk nuclear
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power plant was connected to the grid, operating solely with uranium-plutonium fuel (BN-800, [2021]) and,
in December 2021, the world’s first high-temperature pebble-bed Generation IV reactor was launched at
the Shidaowan nuclear power plant (CNNC, 2021)).

What are the key scientific, technological and engineering challenges associated with the current state
of development of nuclear power? The generic new features of advanced nuclear fission reactors were
identified in a recent review by the Office of Nuclear Energy of the US Department of Energy. They include
the requirement of no or minimal operator intervention in the event of an accident, the reduction of the
amount of spent fuel requiring disposal, and the development of reactor technologies that can re-use the
spent nuclear fuel. Also, new reactors are expected to utilize the heat directly for industrial processes,
including hydrogen production and water desalination, and to enable load following, to integrate them
into the electricity grid to support the intermittent power sources like solar and wind. Finally, if the aim of
capital cost reduction resulting from the economy of scale can be achieved, this should enable the broader
deployment of reactors in a modular form. Fusion power plants are expected to satisfy similar requirements
(Federici et al., 2021)), with the added engineering challenge associated with designing, constructing and
operating the largest ever superconducting magnets (Sgobba et al., [2022). A number of major fusion
engineering challenges have been already addressed in connection with the design and construction of
ITER (Merola et al., 2014)), and the increasing focus on building demonstration fusion power plants of
different design, supported by private and public investment worldwide, is expected to help identify and
address the challenges that are still outstanding.

Frontiers in Nuclear Engineering is a multi-disciplinary, open-access scientific journal providing the
platform dedicated to the publication of ideas, reports, methods, techniques and data that can help advance
the broad field of nuclear engineering, and enable addressing the above challenges. The aim of the journal
is to encourage information exchange and collaboration between scientists, stakeholders, and civil society
to support the environmentally sustainable and safe use of nuclear power.

Whereas above we emphasized the use of nuclear energy as a carbon-free power generation option, this by
no means defines the entire range of applications of nuclear engineering. Nuclear reactors and accelerator-
driven systems produce specialized isotopes for medical applications. X-ray, magnetic resonance imaging
(MRI) and positron emission tomography (PET) scanners have revolutionised modern medicine by
providing the means for in situ high-resolution imaging of organs in a human body. The development of
advanced medical applications is a timely noble challenge to nuclear engineering. An application on a very
different length scale, the small radioisotope general-purpose heat sources powered the Voyager probes that
have now reached beyond the boundaries of the Solar system, and enabled other space missions including
the martian Curiosity rover. One can speculate if nuclear or fusion-powered spaceships can one day enable
the interstellar travel.

The development of nuclear engineering is expected to stimulate advances and discoveries in the related
scientific disciplines, including the remote handling and robotics essential for the maintenance and operation
of nuclear reactors, the use of new specialized materials, and the development of new mathematical methods
and algorithms for computer modelling, to improve the understanding of operating conditions and safety
of nuclear reactors. The concept of a virtual reactor REVE (REacteur Virtuel d’Etudes) proposed at the
turn of the century (Jumel et al.,2000) has now evolved into the notion of a digital twin, a virtual replica
of a reactor integrating the sensors, data, computers, and mathematical models that is expected to enable

operating a reactor at an unprecedented level of monitoring, control, training, supervision and security
(Yadav et al., 2021).
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An even greater challenge is associated with the effort to design an advanced fission or a fusion power
plant, where the predictive assessment of operating conditions and reliability of reactor components
necessarily requires the development and application of multiscale multi-physics computer simulations
(Eyre and Matthews, |1993; Gaston et al., 2009, 2015), including models for the effects of neutron irradiation
on materials (Cui et al., 2018; Mason et al., 2021; Reali et al.,|2022)). The coupling of models for neutron
transport and thermo-hydraulics, and the verification, validation and uncertainty quantification in the
context of LWR design and safety analysis were extensively reviewed in (Ivanov and Avramova, 2007}
Avramova and Ivanov,, 2010; [Avramova et al., 2021).

Nuclear engineering involves the invention and development of means for exploiting and controlling the
energy confined in the atomic nuclei by one of the most fundamental natural phenomena, the strong force
(Salam and Taylor, |1990). It is hardly a surprise that the subject proves challenging, since the sub-atomic
origin of nuclear energy makes the problem inherently complex and multi-scale.

The starting point for nuclear engineering is the understanding of nuclear reactions, the transport of
neutrons, other sub-atomic particles and electromagnetic radiation, and their interaction with materials
and effect on engineering components. This raises the question of quantitative observation, linked with
modelling and simulation of operating conditions in a nuclear engineering system. Given the statistical and
stochastic nature of nuclear interactions, the probabilistic aspects of structural integrity of nuclear reactors
emerge as one of the important areas in reliability and safety analysis (Chavoshi et al., 2021]).

The efficient use of nuclear fuel is not only an economic consideration but also an environmental challenge
since it is the partially burnt fuel that produces the high level waste. The efficient use of fuel involves
not only the optimal choice of its chemical composition and microstructure (Tonks et al., 2017) but also
the selection of high-performance cladding materials and operating conditions. The development and
qualification of cladding (Preuss, |2021]) and advanced structural nuclear materials (Cabet et al., [2019;
Zinkle et al.,|2019; Rieth et al.| 2021)) is an area of research where Frontiers in Nuclear Engineering will
help stimulate the interdisciplinary collaboration between materials scientists and engineers.

Finally, we would like to highlight an overarching challenge that has a bearing on all current and
future endeavours in the field of nuclear engineering. The challenge is in its relation to society, through
understanding, communication and education. Nuclear science and engineering is an advanced field, where
applications are based on the detailed knowledge and appreciation of complex nuclear phenomena, often
occurring in extreme conditions. The detailed rational explanation and communication of the concepts and
data, the critical assessment of risks and benefits, and the advanced means for the visual and interactive
communication of fundamental nuclear ideas and notions, bridging science and art, are among the essential
topics that Frontiers in Nuclear Engineering aims to promote and inspire.

CONFLICT OF INTEREST STATEMENT

The author declares that the research was conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of interest.

FUNDING

This work received funding from the RCUK Energy Programme Grant No. EP/W006839/1 and MIDAS
EPSRC Grant No. EP/S01702X/1, and was partially carried out within the framework of the EUROfusion
Consortium, funded by the European Union via the Euratom Research and Training Programme (Grant

Frontiers 4



160
161
162

163
164

165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198

S L Dudarev Challenges in Nuclear Engineering

Agreement No 101052200 — EUROfusion). Views and opinions expressed are however those of the author
only and do not necessarily reflect those of the European Union or the European Commission. Neither the
European Union nor the European Commission can be held responsible for them.

ACKNOWLEDGMENTS

The author is grateful to G. Aiello, R. Akers, M.R. Gilbert, J. R. Matthews, M. O’Brien and M. Preuss for
stimulating discussions.

REFERENCES

Al-Othman, A., Darwish, N. N., Qasim, M., Tawalbeh, M., Darwish, N. A., and Hilal, N. (2019). Nuclear
desalination: A state-of-the-art review. Desalination 457, 39 — 61. doi:10.1016/j.desal.2019.01.002

Alonso, G., Bilbao, S., and del Valle, E. (2016). Economic competitiveness of small modular reactors
versus coal and combined cycle plants. Energy 116, 867-879. doi:10.1016/j.energy.2016.10.030

Aoto, K., Dufour, P, Hongy, Y., Glatz, J.-P., Kim, Y., Ashurko, Y., et al. (2014). A summary of sodium-
cooled fast reactor development. Progress in Nuclear Energy 77, 247-265. doi:10.1016/j.pnucene.2014.
05.008

Avramova, M., Abarca, A., Hou, J., and Ivanov, K. (2021). Innovations in multi-physics methods
development, validation, and uncertainty quantification. Journal of Nuclear Engineering 2, 44-56.
doi:10.3390/jne2010005

Avramova, M. N. and Ivanov, K. N. (2010). Verification, validation and uncertainty quantification in
multi-physics modeling for nuclear reactor design and safety analysis. Progress in Nuclear Energy 52,
601-614. doi:10.1016/j.pnucene.2010.03.009

BN-800 (2021). BN-800 fast reactor has first full refuelling with MOX fuel (World Nuclear News).
https://world—nuclear—news.org/Articles/BN—-800—fast—reactor—fully—loaded—with—-MOX—fuel

Cabet, C., Dalle, F., Gaganidze, E., Henry, J., and Tanigawa, H. (2019). Ferritic-martensitic steels for
fission and fusion applications. Journal of Nuclear Materials 523, 510 — 537. do0i:10.1016/j.jnucmat.
2019.05.058

Cartledge, B. (ed.) (1995). Population and the Environment: The Linacre Lectures 1993-4 (Oxford,
England: Oxford University Press)

Chapman, I. T. and Walkden, N. R. (2020). An overview of shared technical challenges for magnetic
and inertial fusion power plant development. Philosophical Transactions of the Royal Society A 379,
20200019. doi:10.1098/rsta.2020.0019

Chavoshi, S. Z., Booker, J., Bradford, R., and Martin, M. (2021). A review of probabilistic structural
integrity assessment in the nuclear sector and possible future directions. Fatigue and Fracture of
Engineering Materials and Structures 44, 3227-3257. doi:10.1111/ffe.13572

CNNC (2021). World’s first HTR-PM nuclear power plant connected to grid (China National Nuclear
Corporation). https://en.cnnc.com.cn/2021-12/20/c_692103.htm

Connolly, D., Lund, H., and Mathiesen, B. V. (2016). Smart Energy Europe: The technical and economic
impact of one potential 100 % renewable energy scenario for the European Union. Renewable and
Sustainable Energy Reviews 60, 1634—1653. doi:10.1016/j.rser.2016.02.025

Cui, Y., Po, G., and Ghoniem, N. M. (2018). A coupled dislocation dynamics-continuum barrier field
model with application to irradiated materials. International Journal of Plasticity 104, 54—67. doi:10.
1016/.ijplas.2018.01.015

Frontiers 5



199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243

S L Dudarev Challenges in Nuclear Engineering

Eyre, B. L. and Matthews, J. R. (1993). Technological impact of microstructural evolution during irradiation.
Journal of Nuclear Materials 205, 1-15. doi:10.1016/0022-3115(93)90066-8

Federici, G., Baylard, C., Beaumont, A., and Holden, J. (2021). The plan forward for EU DEMO. Fusion
Engineering and Design 173, 112960. doi:10.1016/j.fusengdes.2021.112960

Gaston, D., Newman, C., Hansen, G., and Lebrun-Grandié, D. (2009). MOOSE: A parallel computational
framework for coupled systems of nonlinear equations. Nuclear Engineering and Design 239, 1768-1778.
doi:10.1016/j.nucengdes.2009.05.021

Gaston, D. R., Permann, C. J., Peterson, J. W., Slaughter, A. E., Andrs, D., Wang, Y., et al. (2015).
Physics-based multiscale coupling for full core nuclear reactor simulation. Annals of Nuclear Energy 84,
45-54. doi:10.1016/j.anucene.2014.09.060

Gilbert, M. R., Eade, T., Bachmann, C., Fischer, U., and Taylor, N. P. (2017). Activation, decay
heat, and waste classification studies of the European DEMO concept. Nuclear Fusion 57, 046015.
doi:10.1088/1741-4326/aaSbd7

Hender, T. C., Wesley, J. C., Bialek, J., Bondeson, A., Boozer, A. H., Buttery, R. J., et al. (2007). MHD
stability, operational limits and disruptions. Nuclear Fusion 47, S128-S202. doi:10.1088/0029-5515/47/
6/S03

IEA (2015). Technology Roadmap - Nuclear Energy 2015 (International Energy Agency - IEA, Paris)

Ivanov, K. and Avramova, M. (2007). Challenges in coupled thermal-hydraulics and neutronics simulations
for LWR safety analysis. Annals of Nuclear Energy 34, 501-513. doi:10.1016/j.anucene.2007.02.016

Jaszczur, M., Rosen, M. A., gliwa, T., Dudek, M., and Piefikowski, L. (2016). Hydrogen production using
high temperature nuclear reactors: Efficiency analysis of a combined cycle. International Journal of
Hydrogen Energy 41, 7861 — 7871. doi:10.1016/j.ijhydene.2015.11.190

Jumel, S., Domain, C., Ruste, J., Van Duysen, J. C., Becquart, C., Legris, A., et al. (2000). Simulation of
the irradiation effects in reactor materials: The REVE project. J. Phys. IV France 10, Pr6-191 — Pr6-196.
doi:10.1051/;p4:2000633

Khan, D., Ulucak, R., and Erdogan, S. (2021). The effect of nuclear energy on the environment in the
context of globalization: Consumption vs production-based CO2 emissions. Nuclear Engineering and
Technology 54, 1312—-1320. doi:10.1016/j.net.2021.10.030

Kim, J.-S., Kwon, S.-K., Sanchez, M., and Cho, G.-C. (2011). Geological storage of high level nuclear
waste. KSCE Journal of Civil Engineering 15, 721-737. doi:10.1007/s12205-011-0012-8

Kodama, R., Norreys, P. A., Mima, K., Dangor, A. E., Evans, R. G., Fujita, H., et al. (2001). Fast
heating of ultrahigh-density plasma as a step towards laser fusion ignition. Nature 412, 798-802.
doi:10.1038/35090525

Liu, Y., Huang, G., Chen, J., Zhang, X., Zheng, X., and Zhai, M. (2022). Development of an optimization-
aided small modular reactor siting model — A case study of Saskatchewan, Canada. Applied Energy 305,
117867. doi:10.1016/j.apenergy.2021.11786

Locatelli, G., Bingham, C., and Mancini, M. (2014). Small modular reactors: A comprehensive overview
of their economics and strategic aspects. Progress in Nuclear Energy 73, 75-85. doi:10.1016/j.pnucene.
2014.01.010

Mason, D. R., Granberg, F., Boleininger, M., Schwarz-Selinger, T., Nordlund, K., and Dudarev, S. L.
(2021). Parameter-free quantitative simulation of high-dose microstructure and hydrogen retention in
ion-irradiated tungsten. Physical Review Materials 5, 095403. doi:10.1103/PhysRevMaterials.5.095403

Merk, B., Stanculescu, A., Chellapandi, P., and Hill, R. (2015). Progress in reliability of fast reactor
operation and new trends to increased inherent safety. Applied Energy 147, 104—116. doi:10.1016/j.
apenergy.2015.02.023

Frontiers 6



244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288

S L Dudarev Challenges in Nuclear Engineering

Merola, M., Escourbiac, F., Raffray, R., Chappuis, P., Hirai, T., and Martin, A. (2014). Overview and status
of ITER internal components. Fusion Engineering and Design 89, 890-895. doi:10.1016/j.fusengdes.
2014.01.055. Proceedings of the 11th International Symposium on Fusion Nuclear Technology-11
(ISFNT-11) Barcelona, Spain, 15-20 September, 2013

Murakami, T. (2021). A historical review and analysis on the selection of nuclear reactor types and
implications to development programs for advanced reactors: A Japanese study. Energy Reports 7,
3428-3436. doi:10.1016/j.egyr.2021.05.049

Pearson, R. J. and Takeda, S. (2020). Review of approaches to fusion energy. In Commercialising Fusion
Energy, eds. W. J. Nuttall, S. Konishi, S. Takeda, and D. Webbe-Wood (Bristol: Institute of Physics).
2.1-2.29. doi:10.1088/978-0-7503-2719-0ch2

Pigford, T. H. (1974). Environmental aspects of nuclear energy production. Annual Review of Nuclear
Science 24, 515-560. doi:10.1146/annurev.ns.24.120174.002503

Prager, S. C. and Najmabadi, F. (2020). Fusion reactor (Encyclopedia Britannica).
https://www.britannica.com/technology/fusion-reactor

Preuss, M. (2021). A review of early findings within the collaborative research programme
MUZIC—Mechanistic Understanding of Zirconium Corrosion. In Zirconium in the Nuclear Industry -
19th International Symposium, STP1622, eds. A. T. Motta and S. K. Yagnik (West Conshohocken, USA:
ASTM International). 44—65. doi:10.1520/STP162220190105

Ramana, M. V. (2021). Small modular and advanced nuclear reactors: a reality check. IEEE Access 9,
42090. doi:10.1109/ACCESS.2021.3064948

Reali, L., Boleininger, M., Gilbert, M. R., and Dudarev, S. L. (2022). Macroscopic elastic stress and strain
produced by irradiation. Nuclear Fusion 62, 016002. doi:10.1088/1741-4326/ac35d4

Rieth, M., Simondon, E., Pintsuk, G., Aiello, G., Henry, J., Terentyev, D., et al. (2021). Technological
aspects in blanket design: Effects of micro-alloying and thermo-mechanical treatments of EUROFER97
type steels after neutron irradiation. Fusion Engineering and Design 168, 112645. doi:10.1016/j.
fusengdes.2021.112645

Ripple, W. J., Wolf, C., Newsome, T. M., Barnard, P., and Moomaw, W. R. (2020). World scientists’
warning of a climate emergency. BioScience 70, 8—12. doi:10.1093/biosci/biz088

Roberts, L. E. J. (1990). Radioactive waste management. Annual Review of Nuclear and Particle Science
40, 79-112. doi:10.1146/annurev.ns.40.120190.000455

Salam, A. and Taylor, J. C. (1990). Unification of Fundamental Forces: The First 1988 Dirac Memorial
Lecture (Cambridge University Press). doi:10.1017/CB0O9780511622854

Schaffrath, A., Wielenberg, A., Kilger, R., and Seubert, A. (2021). SMRs - overview, international
developments, safety features and the GRS simulation chain. Frontiers in Energy 14, 793-809. doi:10.
1007/s11708-021-0751-2

Sgobba, S., Santillana, 1. A., Lourenco, S. S., Guinchard, M., De Frutos, O. S., Jong, C., et al. (2022).
Mechanical properties of the ITER central solenoid module coils. IEEE Transactions on Applied
Superconductivity 32, 4200605. doi:10.1109/TASC.2022.3147732

Tonks, M. R., Andersson, D., Phillpot, S. R., Zhang, Y., Williamson, R., Stanek, C. R., et al. (2017).
Mechanistic materials modeling for nuclear fuel performance. Annals of Nuclear Energy 105, 11 — 24.
doi:10.1016/j.anucene.2017.03.005

UK Government (2022). Major acceleration of homegrown power in Britain’s plan for greater energy
independence (Department of Business, Energy and Industrial Strategy, 6 April 2022)

United Nations (1992). Report of the United Nations Conference on Environment and Development, Rio de
Janeiro, 13-14 June, 1992 (United Nations General Assembly report A/CONF.151/26 (Vol. I))

Frontiers 7



289
290
291
292
293
294

S L Dudarev Challenges in Nuclear Engineering

Yadav, V., Agarwal, V., Gribok, A. V., Hays, R. D., Pluth, A. J., Ritter, C. S., et al. (2021). Technical
Challenges and Gaps in Digital-Twin-Enabling Technologies for Nuclear Reactor Applications (Idaho
National Laboratory report INL/EXT-21-65316; TLR/RES-DE-REB-2021-17)

Zinkle, S. J., Tanigawa, H., and Wirth, B. D. (2019). Degradation effects in reactor structural alloys. In
Structural Alloys for Nuclear Energy Applications, eds. G. R. Odette and S. J. Zinkle (Elsevier). 163-210.
doi:10.1016/B978-0-12-397046-6.00005-8

Frontiers 8



