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Abstract

The energy and industrial sectors are responsible for more than 75% of global carbon dioxide emissions,
which are primary contributors to climate change. Decarbonization strategies to reduce overall carbon
dioxide emissions are urgently needed. Among the numerous decarbonization strategies that are being
defined and implemented, a particular strategy of interest for the present work is “the Re-X or zero
waste” strategy, which involves recycling, reuse, repurposing, and remanufacturing of industrial
emissions, by-products, and waste in general. A circular value chain or Circular Economy is embedded
within this strategy. In a circular carbon economy, efficient reuse of emitted carbon dioxide is considered.
However, the stability of carbon dioxide implies the requirement of significant amounts of energy for its
transformation into value-added chemicals or products, which must be supplied by low carbon emitting
energy sources. Nuclear power plants are low carbon energy sources that, additionally to electricity,
could also supply heat and radiation for chemical transformations. This work identifies the opportunities
and challenges for the development of integrated energy systems to upgrade and transform carbon
dioxide, involving chemical and nuclear energy. The analysis encompasses possible use of the different
forms of energy that can be obtain from nuclear reactors (i.e., radiation, electricity, and heat), by
reviewing the published literature on potential routes for its conversion. Our review indicates that an
universal technology of the one-fits-all solution-type is an utopic dream. Instead, a suite of
(contaminants tolerant) technologies for processing various concentrations CO, and producing a variety
of products is currently needed.

Keywords
CO,, CO, utilization, integrated energy systems, energy-to-molecules, catalysis, electrocatalysis,
radiolysis, heat integration, electricity integration, radiation integration.
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e Energy and industrial sectors emitting more than 75% of global carbon dioxide emissions need to
implement decarbonizing strategies

e Any decarbonizing strategy should involve carbon dioxide valorization

e Stability of carbon dioxide translates into high energy consumption for its transformation into
value-added products

e Nuclear Power Plants could provide an unique energy mix, i.e. radiation, electricity and heat

e There are numerous opportunities (and challenges) for integrating chemical processes to nuclear
energy systems

Graphic Abstract (Figure 7)




Identification of opportunities for integrating chemical processes for

carbon (dioxide) utilization to nuclear power plants

M.M. Ramirez-Corredores, Luis Diaz-Aldana, Anne M. Gaffney, and Christopher A. Zarzana
Idaho National Laboratory, Idaho Falls, ID 83401

Introduction

The impact of greenhouse gas emissions on climate change constitutes a main driver towards the
implementation of a circular carbon economy, in which molecules containing a single carbon atom (C1
molecules), and in particular carbon dioxide (CO>), are converted into products for reuse rather than
emitted into the atmosphere. Carbon dioxide constitutes the largest proportion of emitted greenhouse
gases (GHG), with nearly 37,000 Mton emitted globally in 2018 [1]. Methane emissions constitute the
second largest portion, with more than 560 Mton/y of emissions (of which, 50-70% are anthropogenic)
[2]. While these emissions are considerably smaller than CO, emissions, methane is more efficient at
trapping radiation than CO3; thus, its global warming potential (estimated to be equivalent to about 32
tons of CO, per ton of methane over a 100-year time period) [3] is still significant. The energy and
industrial sectors are responsible for more than 75% of these global CO, emissions. For industrial
processes, especially cement, steel, ethylene, and ammonia plants, 90% of their GHG emissions are CO,,
which account for over 23% of the total global emissions [4, 5]. Thus, efforts to reduce the emission of
GHG from these industries could result in significant progress in mitigating the impact on global climate.

Numerous decarbonization strategies are being defined and implemented in many regions and by many
industrial sectors, including reforestation and a reduction in deforestation, more energy efficient
appliances and vehicles, greater use of low-carbon emitting energy sources and resources (e.g.,
renewable energy, biofuels, nuclear power), and the development and implementation of carbon
capturing and utilization (CCU) technologies. However, eliminating all CO, emissions is currently
unfeasible as there are numerous chemical processes without obvious zero-carbon replacements. A
particular strategy of interest for the present work is “the Re-X or zero waste” strategy, which involves
recycling, reuse, repurposing, and remanufacturing of industrial emissions, by-products, and waste in
general. This strategy, when focused on carbon, targets a carbon neutral cycle, embedded in a circular
value chain [6] or Circular Economy (Figure 1).
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Figure 1. Value Chain of the Circular Economy.



Direct industrial use of CO, currently consumes about 2,000 Mton/y [7], which represents the
consumption of less than 5% of global emissions. Thus, the chemical transformation of CO, into
molecules with higher (energy or chemical) value is of remarkable importance and represents one of the
highest interests of humankind. For example, a massive use of carbon-bearing molecules comes from
the plastics industry, with polyethylene being the largest portion of the market. The global demand for
ethylene (including polyethylene manufacturing) is about 150 Mton/y [8]. If a technology were
implemented to produce ethylene from CO,, as shown in R. 1 reaction, it would consume about 500
Mton/y of CO,, satisfying the market needs and accounting for only 1.3% of current global emissions.
Therefore, the massive quantities of emitted CO, suggest that development of a suite of efficient
conversion technologies would have high technological appeal.

R.1 CO; + 3H, = %C5H4 + 2H,0

In this regard, synthesis gas or syngas (a mixture of carbon monoxide and hydrogen) is a more versatile
intermediate, since it could be the precursor of a broad range of products (see Figure 2), including
methanol, which is also a building block for many other molecules. However, regardless of the
potentiality and versatility of syngas, more than one process technology is needed in order to satisfy
market fluctuations and requirements. In fact, the global consumption of carbon from fossil resources
(natural gas—141.45 exal, crude 0il—193.03 exal, and coal—157.86 exal) totaled 492.34 exal! (75.6
billion barrels of oil equivalent, boe) for 2019 [9]. This massive consumption of fossil resources could be
mitigated by the development and implementation of CCU technologies, within a Re-X strategy as part
of the Circular Economy.

Figure 2. Potential pathways and products from CO2, via syngas or methanol.

CO, is one of the most stable molecules on the planet, and accordingly, its conversion requires
significant amounts of energy. This is typically accomplished using high temperature processes.
Unfortunately, the required heat and temperatures are often provided by fossil energy (e.g., coal and
natural gas) and results not only in the release of a significant quantity of GHGs, but also the energy

L exaloule (exal) = 108 J. 1 boe =6.119 * 10°J



intensity jeopardizes economic feasibility. More energy-efficient and cost-effective processes that
massively consume CO, using low carbon-emission energy sources are needed.

The energy-related CO; emissions accounts for 60% of total global emissions [10]. Nuclear power has
contributed to the avoidance of 63 Gton of CO, emissions from 1971 to 2018 by providing 40% (76,000
TWh) of all low-carbon generation, which also includes hydropower, solar, wind and biomass. Thus,
nuclear energy represents the largest low-carbon source of electricity, generating about 10% of the
global electricity supply. The global power generation capacity of about 400 GW is provided by 452
nuclear reactors installed in 31 countries. Locally, nuclear power represents 50% of electricity
generation in France (66 GW) and about 20% in the USA (105 GW) [11]. Nuclear energy has long been
championed as the carbon-neutral alternative to fossil energy for baseload electrical energy demand.
However, as nuclear technologies have advanced, their economic competitiveness has become
compromised, thereby diminishing investment and expansion. A potential solution to this economic
challenge is the comprehensive utilization of all energy forms produced by the nuclear reactor beyond
electrical-energy. These additional forms of energy include inherent, multicomponent radiation fields
(e.g., neutrons, fast electrons, and gamma/X-rays) and excess thermal loads. Thus, nuclear energy, a
low-carbon emission energy source might provide an ideal energy mix (i.e., heat, electrons, and
radiation) to satisfy the requirements for CO; activation and/or conversion, especially when it is
anticipated that very high temperature heat (e.g., 550-850°C outlet temperature) could be available
from Generation IV nuclear reactors [12]. Such capabilities attempt to harness the excess thermal load
(i.e., temperature), off-peak current (i.e., electricity), and inherent multicomponent radiation field of a
reactor. Efforts to develop nuclear reactors that operate with outlet temperatures in the range of
1,000°C, such as the very high temperature reactor (VHTR) or in the range of 1,300°C, as in the ultra-high
temperature reactor (UHTR), [13] have been pursued through international collaboration in the
Generation IV International Forum (GIF) since 1945 [14], having reached high technology readiness
levels today. Non-electric applications of VHTR power (e.g., process steam production, as a moderate
temperature application, and thermochemical hydrogen production, as a high temperature application)
have been considered in GIF. The integration of VHTR to chemical processes tries to take advantage of
its inherent safety characteristics. However, in general, any strategy pursuing competitiveness
improvements through integration has to attempt an efficient and effective use of energy. Clearly, a
broad range of opportunities for research and development are open to the development of more
energy efficient chemical processes and for the means of integration to nuclear power plants (NPPs).

The idea of integrating chemical processes and NPPs is not new. In fact, during the 1970s, an integrated
energy system was conceptualized in Germany, called the chemical heat pipe (see Figure 3), for storing
nuclear energy in the form of chemical energy and transporting it to a remote location where it could be
converted back to energy or to chemical products [15].
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Figure 3. The chemical heat pipe concept.

A process, named the ADAM-EVA process [16], falls well within the chemical heat pipe concept. It uses
the heat from a high temperature gas-cooled reactor to drive the steam-reforming of methane (SMR)
reaction to produce syngas (endothermic catalytic reaction (R. 2 reaction) through the EVA half-cycle of
the process. The syngas produced is then converted into methane through an exothermic catalytic
methanation reaction (known as the ADAM half-cycle, R. 3 reaction) in a different location, thereby
producing additional heat that can be used for electricity generation or direct heating. The methane
produced is recycled into the SMR unit, as shown in Figure 4. In summary, this example illustrates the
potential integration of nuclear energy to drive catalytic processes, in which an NPP extends its product
beyond electricity to chemical products, and the chemical industry benefits by drastically lowering its
carbon footprint.

R. 2 CH4 + H,0 = CO + 3H;
R. 3 CO + 3H, = CH4+ H,0
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Figure 4. ADAM—-EVA process.

Other efforts have taken place in Japan [17] and, more recently, in Europe, under power-to-gas
programs, which were conceived as a long-term solution for renewable electricity storage through
methane production. A process chain first proposed in Japan in the 1980-1990s [18] (illustrated in



Figure 5) included a CO; recycling pilot plant and used sea water as co-reactant [19]. A testing unit for
this process was built in 2003.
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Figure 5. Exemplary process chain.

The Europe program grew into broader research and development (R&D) approaches [20-24], targeting
methane production (the Power-to-Gas Program). The focus on methane fits a dual purpose, the use of
existing technologies and addressing major GHG emissions. However, the isolated consideration of
methane would keep the CO; problem intact and contribute to the problem itself in continuous growth.
Additionally, the power-to-gas programs envisioned large hydrogen requirements, which were soon
complemented worldwide by the so-called Nuclear Hydrogen Program, in which NPPs were considered
for delivering the required energy to the chemical plant producing hydrogen [25-34].

Unfortunately, none of the technologies discussed above have resulted in wide-spread integration of
NPPs with chemical processes as none were able to provide significant economic advantage over non-
integrated processes. However, all of the aforementioned integration strategies only used some of the
outputs of the nuclear power plant, reducing overall efficiency. This work tries to summarize the
opportunities for integration that NPPs might offer to CO, utilization, based on the use of all of the
energy available from NNPs in the form of radiation, electrons, and heat by reviewing the work and
advances that each area of research has achieved. Thus, the discussion and analysis of the published
literature, presented in the following paragraphs are organized so as to identify the opportunities and
challenges, for each type of energy available from NPPs, i.e. chemical reactions that can be driven or
induced by radiation, electricity (electrochemical reactions) and/or heat (thermochemical and thermo-
catalytic reactions).



Opportunities and challenges

As mentioned above, a suite of process technologies is needed to deal with the huge amount of globally
emitted CO,, which creates many new opportunities for R&D. Nevertheless, the realization of these
opportunities by taking advantage of the potential synergies with nuclear energy brings about severe
scientific and technical challenges. This work will examine some of the reactions that could be
considered for this endeavor in terms of the main energy source that a NPP might provide, i.e.,
radiation, electrons and heat. The associated process technologies are at different levels of
development and bring on different needs and challenges for the researchers.

Radiation driven opportunities

Carbon dioxide radiolysis

Early enthusiasm for utilizing nuclear reactors for chemical transformations was tempered by scientific
and technical problems that did not result in clear economic benefits over other processes. Many
modern chemical transformation processes require very high temperatures that are currently produced
using fossil fuels. In light of the environmental impact of these fossil fuel energy sources, there is
renewed interest in low-carbon energy alternatives, including nuclear. In addition to heat and electrons,
nuclear reactors produce ionizing radiation that can be utilized for chemical transformations. The
ionizing radiation can be divided into three main categories: neutrons, fission fragments, and gamma
rays. In the early days of nuclear power, researchers investigated the possibility of harnessing the energy
from fission fragments for nitrogen fixation by passing reactant gases through porous fuel, but as this
requires special fuel and introduces radioactive contamination into the product stream, this line of
research was soon abandoned [35]. For chemical transformation of carbon dioxide, the neutrons are a
poor source of energy, as the reaction cross section for thermal neutrons with CO; is small, and there is
a low flux of fast neutrons in a typical Light-Water Reactor. Gamma radiation, however, is an attractive
choice, as its large penetration depth allows it to be harnessed at some distance from the radiation
source, simplifying the coupling of chemical reactors to the nuclear reactor and eliminating the
introduction of radioactive contaminants into product streams.

The radiolysis of carbon dioxide has been studied since the early 1900s [36], but due to the sensitivity of
the reactions on experimental conditions, a clear picture of the underlying chemistry did not emerge
until the 1970s. Early studies indicated that CO, was exceptionally stable in the presence of ionizing
radiation [37-39], but isotope exchange experiments revealed that this was because of a back reaction
where the products of radiolysis recombined to produce carbon dioxide [40, 41].

Overall, CO, decomposes in the presence of radiation following R. 4 reaction, shown below.

R. 4 co, - CO+0°
However, the simplicity of this net reaction equation belies the complexity of CO; radiolysis. The
majority of carbon monoxide formed from the radiolysis of CO; is believed to arise from two
mechanisms: direct fragmentation of excited-state neutral carbon dioxide (CO,") and through
neutralization reactions involving ionized carbon dioxide ( CO,"). The contributions of each set of
reactions to the overall production of CO is complex, and the influence of changes in radiolysis
conditions on each set of reactions is not currently fully understood. In addition to reactions that result



in the conversion of carbon dioxide to carbon monoxide, there are a set of back reactions that convert
radiolysis products back into carbon dioxide, reducing net CO production. While these back reactions
have received extensive study, their exact nature remains elusive. The simplest recombination reaction,
that of CO and O°, is unlikely to occur with any great frequency, as this reaction has been shown to
proceed slowly under conditions where radiolysis has yielded insignificant amounts of net CO
production [42]. It is also likely that, under at least some conditions, trace contamination of the CO; by
water drives the back reactions, as purposeful addition of water has been shown to dramatically reduce
the production of CO [43].

In irradiated systems, the dose is the amount of energy absorbed by the system, and it is measured in
units of Grays (Gy) (1 Gy is equal to 1 joule per kilogram) or megarads (MR or Mrad, which is equal to
1,000,000 ergs per gram). While the total absorbed dose does impact the amount of CO produced (vide
infra), the dose rate for carbon dioxide systems exerts the most influence on the production of carbon
monoxide. The rate of formation or destruction of molecules due to absorbed radiation can be
characterized using a rate constant referred to as a G value, with units of molecules created (or
destroyed) per 100 eV of absorbed radiation. In the context of CO; radiolysis, G(CO) is thus the number
of CO molecules formed per 100 eV of absorbed dose. In the high-dose rate regime (above about 2x10°
Gy s* typically achieved using pulsed electron accelerators), the best estimate for the formation of CO is
a G(CO) of about 7.8 + 0.3, resulting from a combination of fragmentation of excited-state CO, and
reactions of ionized CO; [44, 45]. In the moderate-dose regime (from about 2x10° to 2x10° Gy s!), most
of the contribution to G(CO) from ionic process is suppressed, resulting in a low G(CO) of about 4.5 £ 0.5
[44]. In the low-dose regime (below about 2x10% Gy s!), the instantaneous formation of carbon
monoxide is believed to be the same as the mid-dose range (about 4.5 + 0.5), but back reactions rapidly
convert almost all of the formed CO back into CO,, resulting in an overall G(CO) of approximately zero
[44]. The dose rates achievable by nuclear reactors, either in the core or utilizing spent fuel, is well
below the dose rate range where the back reactions are suppressed in carbon dioxide gas at standard
temperature and pressure (STP). Thus, if radiolysis is to contribute to net CO production, the irradiation
conditions must be modified. The current understanding of CO, radiolysis suggests two strategies for
producing CO from CO; using gamma radiation: enhancement of the forward rate of CO production to
overcome the rates of the back reactions or suppression of the back reactions.

Enhancement of the net rate of carbon monoxide production from radiolysis of carbon dioxide using
gamma radiation has been achieved by increasing the density of CO,. Studies by Yoshimura et. al.
revealed that G(CO) for pure CO, exposed to gamma radiation begins to rapidly increase as the density
of CO, increases, going from a G(CO) of about 2.5 at a density of 0.5 g mI™ to a G(CO) of about 3.5 at a
density of 0.6 g ml™* at 50 oC [46]. Additionally, Baulch et. al. measured an initial G(CO) of about 5 for
liquid CO,, which would have a density of slightly over 1 g mI [47]. In both cases, it is believed that the
higher density allows the electron removed from a CO, molecule upon ionization by the radiation to
rapidly reattach, resulting in an excited-state carbon dioxide molecule that can readily decompose into
carbon monoxide and atomic oxygen. The lower density of CO, gas at STP or lower pressure conditions
allows time for these electrons to be captured by other species, enabling other reactions that ultimately
lead to neutralization of CO,* without fragmentation. The presence of metal additives in the radiolysis



vessel can also lead to the enhancement of CO production using gamma radiation [48, 49]. The higher
gamma absorption cross section of metal elements compared to carbon dioxide is believed to enhance
the transfer of energy from the gamma radiation field to the CO,, resulting in more efficient conversion
to CO. Experiments with different metals showed increasing CO yields as the atomic number Z of the
metal (which is correlated to an increased gamma absorption cross section) was increased, supporting
this hypothesis [48]. Finally, addition of zeolite materials has also been shown to have an improving
effect on CO formation using gamma radiation, although not by as much as other approaches previously
mentioned [50]. It is possible that other catalytic materials could result in higher yields.

Suppression of the back reactions have been achieved through the addition of small quantities (typically
a few % or less) of other gases, such as nitrogen dioxide (NO,) [37], sulfur dioxide (SO,) [51], and
propane (CsHs) [46, 52, 53], including for experiments conducted in nuclear reactors [37, 54]. Addition of
these gases is believed to inhibit back reactions by reacting with atomic oxygen, which, while unlikely to
react directly with CO, is believed to be a precursor to the actual reactive species in back reactions. The
production of carbon monoxide from gamma irradiation has also been enhanced by performing the
irradiation in vessels packed with small glass spheres [55]. The amount of CO produced increased as the
size of the glass spheres was reduced, which increases the surface area of the packing material. It was
believed that the increase in the surface area allowed adsorption of species responsible for re-oxidizing
CO to CO,, reducing the efficiency of the back reactions.

One observation that has been consistent across dose rate ranges, radiation types, and experimental
conditions is that under conditions where back reactions are suppressed enough to result in net
production of CO while the total amount of CO produced increases, the rate of carbon monoxide
production, G(CO) decreases, and the total absorbed dose increases [46, 47, 55, 56]. Thus, for CO
production using ionizing radiation, increased irradiation time provides a diminishing return on the
amount of CO produced. While it seems likely that this is due to back reactions, there is currently no
good mechanistic explanation for this behavior. For total conversion of CO; using a nuclear reactor, it
will be important to develop processes to continuously separate produced CO from the unreacted CO,,
which should be returned to the reactor for further conversion.

The overall message of the carbon dioxide irradiation literature suggests that CO; activation is indeed
achievable, though scientific barriers need to be surmounted to make it viable. The most significant
challenge is the lack of understanding of the back reactions that convert CO back into CO,, lowering the
efficiency of the process. If these deficiencies in scientific understanding were filled, the opportunities
for the development of new chemical processes and/or catalysts for the radiation-induced reactions of
CO, will bridge the transition towards implementation of a circular carbon economy.

Radiation-induced production of fuels and chemicals

Radiolysis of CO, in the presence of other molecules can also result in the production of other species
besides CO. The variety of species created by the many radiolytic pathways can be harnessed to direct
chemical reactions that lead to the production of fuels and chemicals. The combination of radiolytic
reactions with methane and/or water may be considered as new approaches for intensifying processes
such as dry reforming and water gas shift for the production of syngas. The importance of syngas lies on
its building block potentiality, which opens myriad opportunities for the production of hydrocarbons and



oxygenates (Figure 2). The reaction with methane (and larger hydrocarbons) under irradiation yields
different products, depending on the employed conditions. For instance, the radiolysis of CO; in the
presence of methane resulted in the deposition of reactive carbon, at interfaces of steel and graphite
[57]. A white, wax-like solid, assumed to be a polymer of formaldehyde was observed from the radiolysis
of methane/carbon dioxide mixtures [58]. The major products were hydrogen and ethane, while higher
alkanes, ethene, and ethyne (acetylene) were obtained in a minor proportion as well as a polymeric
liquid with a formula of C,H2n [58, 59]. In the case of reaction with water, conflicting results have been
reported, showing both decreases [43] as well as increases [48] in G(CO). The highest G(CO) was
obtained with the system dry ice—inert gas—water, in which irradiation at 8-10 K aided the formation of
CO and reduced the back reactions by promoting the evolution of weakly bound H,0::-CO, complexes.
These complexes give rise to HOCO intermediates that decompose into CO [60].

Direct incorporation of CO, with amine molecules through carboxylation reactions yields carboxylic acid,
amino acids [61], and/or short chain proteins [62]. Promising results have also been obtained in the
synthesis of oxalic acid [63-65], salicylic acid [65-67], and malonic acid [67-70] through reactions
integrated with CO; radiolysis. These reactions can be particularly useful for the functionalization of
polymeric materials to provide special properties as is the case of rubber [71] and of the grafting with
maleic anhydride in biodegradable polylactic acid polymers [72].

Electron-driven reactions: Electrochemical conversion of CO;

Electrolysis reactions for CO; reduction employ catalysts to reduce the energy required for CO;
activation and to use electrical power to overcome this energy barrier [73]. Therefore, energy
integration in NPPs would benefit an electrochemical plant with options of heat and electrical power.
Emerging CO, electrochemical conversion technologies and scale-up attempts were recently compared
[74, 75]; however, the concepts demonstrated in laboratories typically exhibit scalability issues that add
additional costs, and creates barriers in their path to commercial implementation. High over-potential,
low faradaic efficiency? (FE), and low current densities are the main problems to overcome [76]. Design
of new electrocatalysts is only one of the approaches that can contribute in all three aforementioned
challenges; therefore, extensive research has focused on catalyst development and the understanding
of the catalytic process [77-79]. The number of patents and patent applications for electrochemical and
electrocatalytic reduction of CO; [80-87] is rapidly increasing as is the number of emerging startup
companies based on the corresponding intellectual property.

Overall, electrochemical CO, reduction processes can be divided in two broad categories: low
temperature electrolysis (LTE) (T <100 °C) and high temperature electrolysis (HTE) (T < 600 °C)
processes [88]. Operation at intermediate temperature ranges will be limited to the development of ion

2 The faradaic efficiency (FE) of the CO, electrochemical reduction is the ratio of the measured amount of
produced main reduction product (e.g. CO) and its theoretical amount evaluated using Faraday’s Law. Thus, it can
be calculated as FE(%) = Fnixin/I; where n;is the number of the electrons involved in the considered CO;
reduction, F is the Faraday constant, y; is the volume fraction of the considered product, | is the electrical current
and n is the molar CO, gas flow rate.



conductive materials, either conductive polymers that can stand higher temperatures or conductive
ceramics that feature adequate conductivity at lower temperatures.

Potential scale-up deployment of LTE has been fostered by the development of gas diffusion electrodes
(GDE), which favor the mass transport of CO, gas to the catalyst site controlling the flux of water,
thereby inhibiting side reactions such as hydrogen evolution [89]. Relevant current densities over 200
mA/cm? with high faradaic efficiencies have been demonstrated for the two electron transfer products
CO and formate [89]. However, the requirement of high CO, concentrations to avoid GDE flooding
(deactivation) results in low conversion [90, 91]. Electrocatalytic hydrogenation to higher-reduced
products has also been considered as patentable subject matter, [92-96] though most of these reported
R&D studies were carried out at bench-top scale (e.g., the electrocatalytic synthesis of methanol). Low
yields and poor selectivity have been a common problem because the required over-potential, low
faradaic efficiency and current densities are one to two order of magnitude lower than those observed
in the reduction to carbon monoxide. Many catalysts, such as metals, metal alloys, metal
oxides/chalcogenides, carbon nanotubes, and enzymes have been investigated as well [97]. For
example, a bio-electrocatalytic reduction of CO, catalyzed by immobilized enzymes featured a faradaic
efficiency below 10% for methanol formation [75, 98]. For high throughput processes, bio-
electrocatalytic technologies are highly impaired due to the low solubility of CO, in agueous media.
However, other niche applications, such as waste water treatment, could be of interest [75].

The advance of CO; LTE to CO, formate, methanol, or any other higher-reduced product has to
overcome issues with high over-potential, which are associated with a high activation energy (slow
kinetics) but also to other sources of energy losses and inefficiencies. Operation at HTE has significant
advantages in the reduction of the equilibrium potential as this is proportional to the Gibbs free energy
of reaction. Moreover, higher temperatures also improve reaction kinetics. Nevertheless, LTE could be
the only option for cases where there is not access to external heat sources or whether avoiding fossil
sourced heat cannot be fulfilled within the decarbonizing goal.

Both heat and electricity from NPPs can be combined to power HTE. Moreover, combination of
electrochemical process with radiation-induced chemistry could further contribute to decrease the
activation potential for electrochemical reduction. CO; reduction operations in solid oxide
electrochemical cells have demonstrated higher performance than low temperature electrolysis for the
production of CO, mostly in terms of current density [88]. It is obvious that less electric power is
consumed by the electrolysis process when part of the energy requirements is provided by thermal
energy. Operations at high temperature could also open the window to other products beyond CO, as
process intensification could allow the combination of electro-catalysts and heterogeneous catalysis
through the electrochemical generation of hydrogen and in-situ catalytic reaction with CO,. This is the
case, for instance, of the co-electrolysis of CO, and steam to produce syngas [99]. In this process
concept, the hydrogen generated from the electrochemical reduction of steam is coupled to the reverse
water-gas shift reaction of CO, [100]. The total reduction of CO, in HTEs is a combination of chemical and
electrochemical processes, whereas at low temperature, the production of syngas can be achieved
solely by electrochemical reactions [101].

Typically, CO; capture and purification from industrial sources are required prior to feeding to the
reactor cell for both low and high temperature electrolysis applications. Due to limited conversion



efficiencies, unconverted reactants need to be separated from the products, recovered, and recycled to
the reactor cell for both (temperature ranges) technologies [88, 102, 103]. Therefore, improvement in
this matter is required, and process intensification may be the way to achieve it. An alternative is the
direct feeding of captured CO; from the capturing unit, thereby intensifying solvent recovery and
conversion within the electrochemical unit. Thus, low temperature electrocatalytic production of syngas
with a tunable CO/H, ratio by co-electrolysis of captured CO, was demonstrated [104]. Syngas
production with CO, conversions over 70% and current density of 200 mA/cm? has been achieved [105].
More moderate current density (50 mA/cm?) and faradaic efficiency (72%) have been recently reported
for the electrochemical upgrading of monoethanolamine-captured CO; [106].

Efforts aiming to integrate electrolysis to NPPs have been focused on hydrogen production, using either
LTE or HTE cells. Unfortunately, none of these integrating efforts have been successful due to a lack of
economic feasibility [31, 107-110]. Nevertheless, it has been postulated that cogeneration of electricity
and hydrogen could be feasible with LTE, using excess electricity from the grid and a regenerative proton
exchange membranes (PEM) system operating as reversible fuel cells, producing either hydrogen or
electricity on convenience [111]. The development of such water or steam electrolyzers has reached a
high technology readiness level, and many are commercially available. Commercially available LTE
technologies fall into two categories namely, liquid electrolyte cells and solid polymer cells with PEMs. In
both cases, the cost of hydrogen production is very similar and could be in the range of $2-$3/kg if the
electricity cost is below $0.036/kWh [112]. Commercially ready HTEs still need to be demonstrated;
however, it has been established that the hydrogen production cost is mostly affected by the load factor
and the costs of the electricity and of the electrolyzer [28]. The energy consumption of an HTE can be
30-35% lower than that of an LTE, and the cost of hydrogen can be as low as $0.660/gge (gallon of
gasoline equivalent) when used in CO; co-electrolysis mode [113]. Although the risks associated with
material stability are higher as operating temperature increases, long-term stability of CO, electrolysis
system is a common concern for any electrochemical technology [114-117], as can be evidenced by the
limited number of industrial operations [88].

Heat-driven chemical reactions

Chemical conversion of CO; is energy demanding because of the stability of the molecule. More efficient
processes with a better use of energy are needed. Catalytic processes have been extensively
investigated, and the catalytic conversion of CO, has been a very prolific subject for reviews, book
chapters, and indeed, entire books [118-136]. Still, there remain many unsolved needs and problems
that create opportunities and challenges for R&D in this area. Following is a brief description of chemical
reactions of CO,, which could be potentially benefited by heat integration to an NPP.

Reforming

Dry reforming of methane (R. 5 reaction) uses CO, to produce syngas. The relevance of this reaction lies
in its potential for converting the two most important GHG into a versatile precursor for the production
of valuable chemicals—syngas—as mentioned above and shown in Figure 2. Great efforts have been
taken to investigate methods and catalysts for dry reforming. These processes require extremely high
temperatures (in the range of 1000°C), which lead to rapid deactivation of the employed catalyst. The
reaction itself is highly endothermic (AH’ = 247 kJ/mol), thereby directly leading to high energy demand,
which reduces economic competitiveness [137]. Dry reforming produces syngas at a H,/CO ratio of 1



(see R. 5 reaction), which is ideal for the production of special products, while a ratio of 2—3 attained
through SMR is ideal for the production of hydrogen [138]. The SMR-produced hydrogen or syngas could
be used, for instance, in ammonia or hydrocarbon synthesis, respectively (see Figure 6). The
incorporation of a multifunctional catalyst or tandem catalysis to promote the water-gas shift (WGS)
reaction, as seen in R. 6 reaction, and/or the total decomposition of methane, as seen in R. 7 reaction,
could enable the adjustment of the H,/CO ratio for the development of a more versatile process with
broader product flexibility. R. 7 reaction, in particular, being endothermic (AH = 74.9 kJ/mol), would be
favored by the same conditions that favor dry reforming while the opposite holds for the exothermic
WGS reaction (AH = -41 kJ/mol, R. 6 reaction). However, there are reactor designs, configurations, and
catalyst loading/distribution mechanisms for taking advantage of combining these reactions, such as in
the combination of other methane reforming reactions (e.g., bi-reforming, tri-reforming, and
autothermal-reforming).

R.5 CO, + CH; — 2CO + 2H,
R.6 CO + H,0 =2CO, + H,
R.7 CH; > C+2H,
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Figure 6. CO/H2 ratio required for different products.

The energy integration of those existing concepts for dry reforming processes to NPPs could benefit
from available heat. This heat integration might be more convenient for NPPs based on high-
temperature nuclear reactors, for which the heat could be delivered at temperatures above 700°C.
Nevertheless, the availability of ionizing radiation might introduce additional energetic benefits; some

example descriptions follow.

Catalysts and/or electrocatalysts can be used to take advantage of the radiolytic formation of highly
reactive and partially reduced species (free radicals) for guiding reactions to the desired chemical
products. However, at this point, radiation-induced chemistries research is challenged to fill the
knowledge gaps [139] by providing a better fundamental understanding on the following:

e Root-causes and mechanisms for the activation of stable, inert and low-reactivity molecules into
their free radical states

e Tunable controls over the back and recombination reactions occurring under irradiation
conditions



e Means for directing the synthesis of desired molecules.

For instance, desirable catalyst functionality may include the propagation of alkyl and/or hydroxy ion-
radicals into CO; or CO ion-radicals, the dehydrogenation reactions to form reducing-nascent hydrogen
species, the recombination of O-radicals, etc. The presence of methane has been shown to improve the
CO; radiolytic yield and might be used to lead towards a new dry-reforming process. Whether catalysis
or electrocatalysis would be applied, new active phases to deal with the radiolytic species would have to
be designed and investigated.

The use of ionizing radiation may allow the dry reforming reaction to be carried out at lower
temperatures and a more efficient use of energy. However, the Boudouard reaction (i.e., the carbon
monoxide disproportionation shown as R. 8 reaction) [140], being highly exothermic (AH =-172 kJ/mol),
is favored at lower temperatures and leads to carbon deposition, hence to catalyst deactivation. In fact,
the equilibrium of R. 8 reaction can be completely shifted towards the right at temperatures below
450°C by the presence of a catalyst and by pressure increases [141]. Therefore, any approach for the
conversion of CO; into CO under such conditions needs to consider the continuous removal of the
products from the reaction media to mitigate the Boudouard reaction (R. 8 reaction) effects on lowering
(CO) yield and on catalyst deactivation.

R.8 2C0 =CO:+C

Thus, ionizing radiation will induce the formation of active carbon and hydrogen-containing radicals, and
catalysts would guide the reactions, to yield the desired chemical products at significantly lower
temperatures than those of current reforming processes. Methane-coupling is one of the few reactions
for which catalytic conversion and selectivity at high temperatures were limited by gas-phase radical
reactions rather than by surface processes [142, 143]. The new catalysts needed for a radiation-induced
dry reforming process not only have to be highly active and selective at lower temperatures but also
have to favor surface processes against the gas-phase preferred by the radicals. Additionally, the activity
and selectivity of the new catalysts have to be tuned to operate in a temperature range high enough to
overcome the effects of Boudouard-induced carbon deposition and low enough to mitigate deactivation
via sintering.

Similarly, incorporation of water as a radiolysis additive could drive the development of another syngas
and oxygen production process based on a new chemistry shown in R. 9 reaction, which can be
beneficial for co-electrolysis of water and CO; processes [104, 144]. The complicating factors of the dry
reforming reaction (discussed above) will also be present in this reacting system, which additionally
involves reactants of the water gas shift reaction (WGS, R. 6 reaction) and its reversed counterpart
(RWGS, R. 10 reaction).

R.9 CO,+H;0 - CO+H,+0;
R. 10 CO, + H, =CO + H,0
Methanol

The homogeneous and heterogeneous catalytic hydrogenation of CO; to methanol, olefins, oxygenates,
and polymers has been extensively studied over the years [122, 145]. The global-market volume and
commercial value for these products is large enough to drive sustainable development [146]. In the



context of this work, emphasis is made on satisfying the hydrogen requirements through either a
renewable source or rendered employing a green process. Some examples of water and of steam
electrolyzers, for which heat and power could be supplied by a low-carbon emitting source such as an
NPP, have been already mentioned (e.g., [99, 107, 110, 111, 147, 148]).

Methanol production from CO,, as shown in R. 11 reaction, is an exothermic reaction (AH = -
49.5 kJ/mol), facilitated at high pressure and low temperature [149].

R. 11 CO, + 3H, — CH30H + H,O

Two types of catalytic processes have been proposed for methanol synthesis from CO;: (1) a direct
single-step and (2) a two-step process. For the former (single-step) process, two options are
commercially available: the Olah process [150] and the Lurgi process [151]. The CAMERE process is an
example of the latter. In this two-step process, the first step consists of a RWGS reactor, as shown in R.
10 reaction, followed by the syngas to methanol reaction, as shown in R. 12 reaction [152]. Although the
Olah process was demonstrated commercially and is currently operated in Iceland [153], both types of
processes can be considered emerging technologies. Meanwhile, pilot plants have been built for the
testing of the Lurgi [151] and CAMERE [154] processes.

R. 12 CO + 2H, = CHs0OH

The main handicap of both processes (single- and two-step) is the low conversion and poor selectivity
because occurrence of multiple side reactions. The slightly higher yield of methanol in the CAMERE
process is the result of its higher conversion, as compared to that of the Olah process. Nevertheless, a
marginal advantage, in terms of economics and energy-efficiency was assessed for the Olah process, in a
comparison with the CAMERE process [155]. Integration to power plants was recommended for
economics improvement, providing a better energy use since energy management was identified as one
of the main issues for these technologies. The Lurgi technology optimized energy utilization by using the
heat of reaction to generate steam and export it to a power plant. The Lurgi process also optimizes
space/time using a high activity catalyst (i.e., the Sud Chemie C79-05-GL) with a combination of recycling
unconverted feed and make-up with fresh feed.

The synthesis of methanol from syngas is a mature technology that is commonly fed with a 2-8 vol% of
CO; in a CO-CO,-H; mix stream [156]. The same type of conventional methanol production catalyst (a
Cu/ZnO-type [157-159]) is used in the Iceland Olah process plant operated by Carbon Recycling
International (CRI). Clearly, the Olah type of process or any single-step process technology needs new
and improved catalysts, particularly more selective at high conversion conditions. Recent suggestions
include metal-organic frameworks (MOFs) for encapsulating Cu nanocrystals so as to minimize the
RWGS reaction [160] and MnOx nanoparticles supported on mesoporous Co304[161]. The former
showed an eight-fold enhancement in activity compared to the conventional catalyst and 100%
selectivity to methanol at 200°C and 10 bar [160], while the latter only showed a selectivity of less than
30% with a turnover frequency of about 0.8 s™* at 250°C and 6 bar [161]. CRI recently announced
through the methanol fuel from CO, (MefCO,) Project website [162] that progress on conversion and
selectivity of the catalyst were made by the Cardiff Catalysis Institute (CCl). A Patent Cooperation Treaty
(PCT) application, under the University College Cardiff Consultants, disclosing a method for preparing a
catalyst that improves CO; conversion of the conventional methanol synthesis catalyst from 10.6% to
12% and the selectivity to methanol from 35 to 51% has been published [163]. In this disclosure, it



seems that only the support was changed from alumina in the conventional Cu/ZnO formulation to a
delaminated hydrotalcite, which might explain a small magnitude of the attained incremental
improvement.

CRI has won two projects for deploying the Olah technology in Europe (MefCO, and the “From residual
steel gasses to methanol”
CO, utilization.

, FReSMe projects), which will position this continent in advantage addressing

In general, the low selectivity of the hydrogenation reactions arises from the many possible reactions,
particularly at higher temperatures. Besides the Boudouard reaction (see R. 8 reaction), methanol
formation (see R. 11 reaction), and WGS (R.6 reaction) & RWGS (R.10 reaction) reactions, many others
have been observed, which additionally include those leading to the formation of alcohols, ketones, and
esters; the following are few examples:

CO; +2H; — CH4 + O, CO; + 4H; — CH4 + 2H,0 (Sabatier reaction)
nCO; + 3nH; = (CHy), + 2nH,0 2CO; + 2H,0 — 2CH30H + 30,
CO; + 2H,0 — CHs + 20, 2C0O; + 2H,0 — 2HCOOH + 0,

Among all of these reactions, the hydrogenation of CO, to methane (i.e., the Sabatier reaction [164] with
AH = -165 kl/mol) is an energy-intense reaction being revived by the Power-to-Gas program [165]. More
recently, hydrogenation to higher hydrocarbons (also energy-intense) is being considered by the Power-
to-Fuels program [166]. These reactions involve a large H, consumption and a high yield of light (gas)
product, which might be considered drawbacks. Improvements to the performance, using the original
Sabatier Ni catalyst have been found by employing a Ru catalyst [167] and by changing the process and
reactor configurations [168, 169].

Finally, regarding hydrogenation reactions and, comparatively speaking, a liquid product, such as
methanol that is easier to transport and distribute than any gas product, makes the hydrocarbons
pathway less convenient and less cost-effective due to the high gas yield of this latter pathway.

Chemicals

Additional opportunities for CO; as a feedstock come from the chemicals sector, which has become an
R&D option that is gaining traction. Today, the need for valorization while still reducing emissions has
been leveraged by the current increased feasibility of cost-effective CO, recovery from flue gases. Thus,
sustainable product manufacture of sufficient market volume and value is getting closer. Although the
market for commodity chemicals might be larger than that of the products currently used in the energy
industry (e.g., CO, methanol, formates, and olefins), both markets have to be satisfied.

Direct incorporation of CO; to the reacting molecules via carboxylation reactions, for instance, may
benefit from heterogeneous, transition-metal catalysts [170]. The carboxylation of epoxides using metal
catalysts [171] is one of the examples of industrial processes currently using CO,. The addition of an
olefin to the feed stream leads to the formation of carboxylates given the appropriate metal catalyst
[172]. The advancement of industrial CO, conversion to chemicals would benefit from the discovery of
new transition-metal-catalyzed reactions. One of these new reactions is CO, coupling, which follows two
possible pathways resulting either in oxalate or in the formation of CO and carbonate depending on the
choice of metal catalyst. Electron-donor metal catalysts are required, and oxalate is preferentially
produced on one-electron donor metals. Meanwhile, a two-electron donor metal would produce CO and
carbonate [173]. The reaction of CO, with strained cyclic hydrocarbons to render lactone may be metal



catalyzed [174]. Organic carbonates may be synthesized from CO, and epoxides, or by CO,, O, and
olefins [175]. Polycarbonates may be formed through a Zn-adduct or an aluminum organometallic
catalyst [176].

There are many opportunities to develop new metal catalysts that would actively and selectively
produce the targeted oxygenated products. The market portfolio for oxygenated compounds could be
recanvassed with CO; as the primary feedstock, but it will require a better knowledge of the
fundamentals that seem to be missing. A deeper knowledge of the catalysts and the catalytic effect is
needed. Notwithstanding, new metal-catalyzed technologies need to be developed, demonstrated,
implemented, and commercialized.

Besides heat integration from NPPs, carboxylation reactions can be induced by radiation, as was
described above. Thus, new suite of reactions and products could be envisioned by the combination of
radiation-induced with catalytic promoted reactions.

Nuclear heat for chemical processes

The HTRs and more particularly the VHTRs offer the greatest opportunities for generating nuclear
process heat, which has been the subject of extensive R&D [177-180]. The VHTRs unique capability for
generating heat at temperatures higher than 600°C makes them the best candidates to deliver process
heat to drive chemical processes requiring heat at these high temperatures. The substitution of fossil
fuel-generated heat by nuclear heat represents the most reliable and consistent decarbonizing approach
for energy intense chemical processes in industries such as alternative transportation fuels from coal,
renewable fuels and products (from biomass and renewable wastes), tar sand exploitation, oil refining,
petro-chemistry, chemistry, and steelmaking, for instance.

As already mentioned, heat integration of NPPs to chemical processes was first attempted in Germany
and then in Japan, by the development of SMR process technologies, to be run as the EVA-cycle of the
ADAM-EVA (Figure 4) chemical heat pipe (Figure 3). This integrated energy system reached commercial
demonstration and was demonstrated in Germany, Japan, Russia, and USA [181]. The approaches,
experiences, practices, and lessons learned could serve as a leveraging platform for future development
of Nuclear-Chemical integrated energy systems.

In the German concept, the steam reformer was coupled directly within the primary circuit of the high
temperature gas (helium) reactor (HTGR). A simplified process design resulted from the direct coupling
of the HTGR heat to the steam reformer. The developmental approaches started with EVA-1, a mono-
tubular SMR reactor heated under simulated nuclear conditions. This single reactor tube unit gave rise
to the EVA acronym, from the German term “Einzelrohr-Versuchs-Anlage” (Single Tube Experimental
Facility). EVA-I was used to study heat transfer, mechanical design, and behavior of reformer materials
in helium with regard to H,- and T-permeation as well as corrosion [182]. The EVA-II reactor, closer to an
industrial application, was a multi-tubular (18 and 30 tubes) reactor for assessing thermal, process, and
mechanical design under normal operation conditions and also under disturbances found from nuclear
operations. This unit was also employed to determine the transient behavior under conditions of start-
up, shut down, and load variations of the plant [183]. EVA-II test bundle was operated for a total time of
5,200 hours [184]. Two different heating arrangements were tested, which were characterized by a
baffle structure (30 tubes) or an annular structure (18 tubes), and an external electric heater was
employed to simulate the nuclear heat by heating 4kg/s of He to 950°C. Thus, in EVA-II, the heated
helium entered the heating circuit of the reformer tubes, at 950°C and exit the reactor tubes at 650°C



[185]. Heat transfer for each design was studied at different temperature and power ranges. Heat
transfer occurred mainly by convection and probably no more than 10% by radiation. The results
indicated that the heat transfer rate can be increased by raising the helium temperature or pressure, by
increasing the pressure drop, or by the addition of fins on the tube [186]. Extensive materials testing
(>10000h) for components development to satisfy the heating requirements [187-189] was carried out
prior to the design and construction of the corresponding high-temperature test reactor (HTTR) units.
The ADAM process part (methanation R. 3 reaction) of the integrated system followed a similar
developmental approach by testing an ADAM-I (run for 2,344h at 650°C under 600Nm?3/h of syngas) and
ADAM-I| (operated for 6,000h, at 650°C under 9,600Nm3/h of syngas) [190] prior to develop the fully
integrated chemical heat pipe. In the operation of the EVA-Il—ADAM-II coupled plant, 10.78 MW(e)
power was inputted into the helium flow, transporting 5.72 MW(th) of energy through the pipeline. The
ADAM plant released a heat of 5.42 MW(th) (at 650°C) and additionally utilized 2.34 MW(th) heat for a
total energy efficiency of 72%. Some additional considerations were envisioned regarding the impact of
a process heat application on the nuclear reactor, such as fuel element design, contamination by solid
fission products, increased corrosion of the core and the fuel elements [191]. The collective experiences
of EVA and ADAM development and of the heat management in each unit were used to develop the
fully integrated system, conceived as a way of transporting nuclear heat over long distances [15, 181,
185, 192, 193]. This system was demonstrated for a total of 10,150 hours of continuous operation with a
transported power of 300 kW [194-196].

The Germans deemed unnecessary, the employment of an intermediate heat exchanger (IHX) [183],
even though this arrangement poses much more stringent requirements to the SMR and its reliability.
Instead, the Japanese HTTR project involved an IHX, and their R&D activities focused on the heat
integration aspects of the mature SMR process. Although the use of an IHX implies energy efficiency
losses, the researchers considered that the separation of the primary circuit from the chemical process
avoids the possibility of contamination in the steam reformer and reduces the permeation rates of
hydrogen and tritium to negligible values. Consequently, the R&D focused on heat transfer and
materials design, selection, and testing [197, 198] as well as hydrogen permeation [199, 200]. The
obtained results rose concerns on safety [201] that were studied (e.g., He leaks [202, 203], explosion
and fires [204, 205], etc.) and then used to create guidelines for the design of the reformer [206-209].
The SMR conceptual design would produce 4200 Nm3/h of hydrogen, using a conventional Ni-catalyst
consuming about 10 MW of thermal energy [207]. A testing facility for demonstrating the performance
and integration of nuclear heat-chemical process was built at 1/30 of industrial scale to produce
110m?3/h of hydrogen, using electrical heating to simulate the nuclear heat [210]. The start-up, transient
and steady state, and shut down protocols, behavior, conditions, and outputs satisfied the design
premises [210] and allowed to derive insights for the controllability and for the design and development
of control instrumentation [211]. The results for this latter study on controllability were used to develop
a dynamic simulation code that could predict heat and temperature fluctuations of the demonstration
integrated system. Long-term testing runs have not been reported, instead a summary of the status of
the development of nuclear-reformer integration was given while announcing a move towards shifting
hydrogen production R&D to the study of the sulfur-iodine thermochemical cycle [212, 213].

Other approaches for heat integration include the use of heat from spent nuclear fuel [214] and
application within an open cycle (in contraposition to the closed-cycle type of EVA-ADAM) [215].



In summary, in addition to the R&D opportunities for the development of new chemistries and chemical
processes for the conversion of CO, (e.g. Ref. [139]), the energy integration and heat management also
create challenges that need to be addressed in the immediate future.

Concluding Remarks

In summary, any decarbonizing strategy should involve CO,; valorization, either by reduction-
hydrogenation or direct molecular incorporation, for which new catalysts, electrocatalysts, and chemical
processes are required. We have emphasized the high stability of the CO, molecule and the energy
requirements for its conversion to fuels, chemicals, materials or any other product. The development of
those chemical processes for CO, utilization calls for paying extreme attention to the minimization of
hydrogen consumption, the value-added of products, the use of low-carbon-emitting energy sources,
and the cost-effectiveness of the technology. One side of the picture is the CO, enormous emissions and
emitters, which are diverse and providing CO, at different concentrations, with different throughputs,
containing a variety of contaminants, at different proportions. Hence, an universal technology of the
one-fits-all solution-type is an utopic dream. Instead, a suite of technologies for processing CO; of
different concentrations, tolerant to different types of contaminants and producing a variety of products
are needed now and their commercial implementation is more than urgent. Regarding low-carbon
energy sources, NPPs could provide a unique energy mix (i.e., heat, electrons, and ionizing radiation) for
activating and even converting such stable/refractory compound, CO,, thereon facilitating the role of
the catalyst. Additionally, whether to use ionizing radiation and (electro)catalysis simultaneously or
consecutively creates new challenges for R&D. There are instances where simultaneity seems implicit, as
in the case of avoiding recombination reactions of ion-radicals. In these cases, the multiple interactions
of the radiation with the catalyst, the reacting molecules, and the adsorbed ion-radicals open new
opportunities for fundamental research. The catalysis contributions expand from the generation of
fundamental knowledge up to the commercial application of catalytic/electrocatalytic process
technology. Integration of the chemical process to the NPPs also opens new R&D opportunities. The
development of optimum means for efficient, safe, reliable, and cost-effective use of the radiation,
power, and heat available in NPPs requires the concurrence of a multidisciplinary team, from the early
stages of the research. A new era of higher efficiency and lower polluting chemical processes might be
starting now, with the development of integrated chemical-nuclear energy systems, as illustrated in
Figure 7.
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Figure 7. lllustration of a chemical-nuclear integrated energy system
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Figure captions

Figure 1. Value Chain of the Circular Economy.

Figure 2. Potential pathways and products from CO2, via syngas or methanol.
Figure 3. The chemical heat pipe concept.

Figure 4. ADAM—EVA process.

Figure 5. Exemplary process chain.

Figure 6. CO/H, ratio required for different products.

Figure 7. lllustration of a chemical-nuclear integrated energy system
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