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Abstract

High-temperature thermochemical processes enable the generation of non-fossil fuels such as hydrogen, syngas, bio-
based crude oil, and coal. These processes take place inside a reactor where different species are mixed and react
depending on the product to be obtained. To promote chemical reactions, high temperature and pressure levels are
required inside the reactor. Nuclear energy is an interesting source of heat for continuous thermochemical processes.
Innovative generation IV reactors have safety and reliability features, which enable them to ensure the sustainable
use of nuclear energy. Currently, nuclear heat is used to convert heat into work in power generation systems using
Rankine and Brayton cycles, and to produce hydrogen by water splitting. This paper analyzes the challenges facing
nuclear energy as a backup heat source for industrial processes, particularly in solar hydrothermal processes.

Keywords: Nuclear heat, GEN-1V reactor, Pink hydrogen, Hybrid thermal plant, Hydrothermal processes, Bio-oil
production.

1. Introduction

The generation of strategic fuels such as hydrogen, biogas, and bio-oils is carried out through thermochemical
processes [1], [2], [3], [4]. These processes take place within a reactor where different species are mixed and react
to obtaining the desired product, according to the specific operating parameters of each process [5]. To promote
thermochemical reactions, high levels of temperature and pressure are required within the reactor. For example,
hydrothermal processes occur at temperatures and pressures that can reach 600°C and 220 MPa, while
thermochemical reduction/oxidation (RedOx) cycles typically occur at temperatures above 1200°C. In most
thermochemical processes, the heat required to drive them is generated in boilers that run on fossil fuels, such as
natural gas, or on electricity also generated from fossil fuels. Solar energy is a very attractive heat source for driving
thermochemical processes [6], [7], [8]. However, due to their natural intermittency, solar plants require thermal
storage and backup systems. In this sense, the use of thermal storage increases not only plant costs but also the
environmental impact, while backup thermal systems rely on fossil fuels, which brings us back to the root of the
environmental and energy problem. One of the technological challenges in the development of solar thermal plants
for thermochemical processes is the need to supply continuous, high-temperature heat. In this context, nuclear energy
represents a very attractive option, as the integration of thermochemical processes into a consolidated nuclear plant
not only increases the plant's energy efficiency but also reduces its environmental impact [9].

Generation IV nuclear reactors (GEN-IV) have safety and reliability features that ensure the sustainable use of
nuclear energy [10]. Currently, nuclear heat is commonly used to fuel electrical power generation systems using the
Rankine and Brayton cycles. Power plants based on GEN-IV reactors, in addition to generating electricity very
efficiently, also provide process heat for thermochemical cycles such as high-temperature hydrolysis [11]. Hydrogen
can be generated simply by splitting water. This process occurs through two reactions: the hydrogen evolution
reaction (HER) and the oxygen evolution reaction (OER), both driven by external energy. Hydrogen generation
requires a large amount of energy; the minimum total energy required to produce 1 kg of Hz is 120 MJ. This energy
can be supplied in the form of heat (thermolysis) or power (electrolysis). Hybrid (heat/power) systems are more
efficient; thermolysis reactions occur over a wide temperature range, from 100 to 950°C; however, at temperatures
below 300°C, thermal processes are less efficient. As temperature increases, processes become more efficient, since
higher thermal energy requires lower power. Therefore, the main technical challenge for nuclear hydrogen production
is to increase the operating temperature to achieve greater efficiencies [12]. Residues from forestry and agricultural
activities (branches, leaves, grasses, etc.) are one of the most abundant resources in Mexico and Latin America. This
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residual biomass is composed of cellulose, hemicellulose, and lignin and is highly attractive for generating
bioproducts such as chars, oils, gases, etc. [13] [14] [15][16] and raw material for the production of high added value
chemical products whose sales price can be up to 1000 times higher than the sales price of biofuel [17]. These biomass
residues, in addition to being abundant, are a very promising energy source to mitigate the current energy and
environmental crisis. The processing of this biomass using hydrothermal (HT) methods represents a great opportunity
for established nuclear power plants because they can provide the heat needed to carry out the necessary HT
processes.

In hydrothermal technology, water is used under subcritical and supercritical conditions as a reaction agent. These
thermodynamic states of water occur at high temperatures and pressures. During hydrothermal processes, structural
reorganization by degradation, as well as the products obtained from these processes, depend not only on the
thermodynamic variables of temperature and pressure, but also on the residence time. However, temperature is
crucial in hydrothermal processes, as it allows for the control of degradation reactions (ionic or radical) and is crucial
for the reaction rate. The influence of pressure on hydrothermal reactions is practically negligible and is only
important for maintaining water in the liquid phase. The design of a nuclear thermochemical plant (NTP) requires a
complete understanding of all energy and mass exchanges occurring within the plant, as well as the thermodynamic
parameters of the processes. Currently, NTP plants are hybrid, meaning they produce both thermal and electrical
energy. Thermal energy is used as the main heat source for various processes, such as hydrogen generation, while
the power is sent to the commercial electrical grid. This energy is also used to operate the plant's pumps and electronic
instrumentation, allowing it to operate continuously and independently. The proposed NTP concept consists of a gas-
cooled fast reactor (GFR), a Brayton cycle plant, a hybrid hydrogen generation plant, and a hydrothermal plant.

2. Methodology
2.1. Plant design

The methodology for plant design includes stages of energy simulation and integration processes, economic analysis
and environmental impact analysis. These stages culminate in the analysis of plant feasibility through industrial
innovation and investment analysis [18]. During the design process, maximum resource utilization and energy
efficiency must be ensured, while minimizing environmental impact (Figure 1). During energy simulation and
integration processes (ESIP), mass and energy balances are established within the plant. During this activity, the
flowsheet is designed from a general level down to individual unit operations at the process level. ESIP stage
combines the following activities:

1. Modeling and simulation of processes and operating conditions
Model validation with published results

Sensitivity analysis

Data extraction

Data filtering and classification

Data analysis

Cogeneration network design

Heat exchanger network design

A S S O i

Thermal and energy balance

The comprehensive economic analysis includes capital cost estimates, operating cost assessments, and a plant
profitability analysis. Plant costs include, among others:

1. Acquisition and installation of instrumentation and control equipment.
2. Electrical installations and systems.

3. Construction of facilities, piping, engineering, and supervision.

4

Legal expenses, contractor fees, and contingencies.
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Figure 1. Methodology for plant design.

Environmental impact analysis. The integrated plant must meet four main critical parameters, listed below:

1. Minimize energy consumption and environmental impact by integrating materials and energy across
multiple platforms.

2. Accommodate variable seasonal and annual patterns of feedstock procurement and quality by integrating
multiple biomass conversion platforms (thermal and biological).

3. Depolymerize target macromolecules (e.g., biomass) into intermediate products that meet the specifications
of downstream processing steps.

4. Maximize the yield and quality of the target molecules.

2.2. Nuclear Thermochemical Plant (NTP)

The plant concept contemplates the incorporation of thermochemical processes into an operating nuclear power plant
that generates hydrogen and electricity using copper-chlorine, Brayton, and Rankine cycles. The proposed
hydrothermal plant will produce bioproducts and coal from biomass waste (Figure 2).

2.3. The Gas-Cooled Fast Reactor (GFR)

The nuclear reactor considered is based on the nuclear power plant reactor concept presented by the U.S. Department
of Energy as a fourth-generation reactor (GEN-1V), modeled to have a net thermal capacity of 600 MW [19]. The
gas-cooled fast reactor (GFR) is classified as a GEN-IV reactor. This type of reactor does not require a moderator,
cools with very high-temperature helium, and has a closed fuel cycle. The GFR has the advantage of being sustainable
due to the reduced volume and toxicity of its fuel. It also offers the possibility of using spent fuel from a light water
reactor (LWR). In the GFR, the core's structural components are resistant to high temperatures and fast neutron
radiation. The GFR operates on a direct Brayton cycle. Furthermore, the energy not harnessed in the thermal cycle
can be used in other processes, as the waste heat from the gases passing through the secondary circuit turbine can be
used in a steam cycle such as the Rankine cycle.

The GFR uses helium (5210 kJ/kg °C) to cool the reactor core, and it is used as a working fluid in the rest of the
plant. The helium exits the reactor core at 850°C (9 MPa, 320 kg/s) and expands to 2.8 MPa in the Brayton cycle.
The gas turbine exhaust gases are normally directed to a Rankine cycle boiler. Before re-entering the nuclear reactor,
the helium at 490°C is compressed to 9 MPa. The nuclear reactor is the plant's thermal energy source; other
subsystems include the gas turbine cycle, the copper-chlorine hybrid cycle with water separation, the hydrogen
compression system, and the hydrothermal cycle. Because the helium outlet temperature is much higher than the
maximum temperature required by the copper-chlorine cycle and the hydrothermal cycle, its direct use to heat the
reactors entails large exergy losses, so the system uses a gas turbine to reduce the temperature and pressure of the
helium.

2.4. Hybrid Water Splitting Plant

The splitting of water molecules using electrical methods is as old as the invention of electricity; electrolysis is now
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a well-established technology [20], [21].The conversion of thermal energy into electrical energy for hydrogen
generation by electrolysis is highly inefficient, as two-thirds of the thermal energy is lost compared to direct hydrogen
generation by thermal means. [22].
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Figure 2. Nuclear thermochemical plant (NTP). The nuclear power plant generates hydrogen and electricity using copper-chlorine,
Brayton, and Rankine cycles. The hydrothermal plant produces bioproducts and coal from biomass waste. C: compressor, CO:
condenser, DE: decomposition reactor, DR: dryer, EL: electrolyzer reactor, G: electric generator, GFR: gas-cooled fast reactor, HX:
heat exchanger, HY: hydrolyzer reactor, IC: intercooler, S: separator, T: turbine.

A

Therefore, current plants for producing hydrogen by splitting water molecules are based on hybrid systems consisting
of thermolysis and electrolysis stages, i.e., high-temperature electrolysis processes. This is because high-temperature
thermal processes require the use of materials with suitable thermophysical properties, such as vanadium, zirconium,
and tungsten alloys, which have greater thermal resistance, significantly increasing system, operation, and
maintenance costs. In contrast, direct medium-temperature hydrogen production cycles can use steel alloys, whose
technology is established, and their costs are lower. The thermochemical dissociation of water occurs through a series
of chemical-catalytic reactions. There are different dissociation methods: proton exchange membrane (PEM)
electrolysis, alkaline water electrolysis, solid oxide electrolysis cells (SOEC), etc. In addition, more than 200 possible
thermochemical cycles have been described, including calcium bromide (Ca-Br) thermochemical cycles, hybrid
sulfur (HyS) cycles, copper-chlorine (Cu-Cl) cycles, and sulfur-iodine (S-I) cycles. In this work, the Cu-Cl cycle is
analyzed due to its high potential for hydrogen production [23] (Fig. 3). The copper-chlorine cycle consists of four
stages, the main reactions of which are [24]:

CuCl,(s) + H,0(g) — Cu,0Cl,(s) + 2HCl(g) (eq. 1)
Cu,0Cl,(s) - 2CuCl(l) + 0.50,(g) (eq. 2)
CuCl(aq) + HCl(g) — 0.5H,(g) + CuCl,(aq) (eq. 3)
CuCl,(aq) = CuCl,(s) + H,0(g) (eq. 4)

The hydrolyzer operates at 400°C. In this reactor, CuCl,(s) and H,O react to form copper oxychloride (Cu,0CL,(s))
and hydrogen chloride (HCl(g)) (Eq. 1). The copper oxychloride resulting from hydrolysis decomposes at 530°C
into CuCl(l) and 0,(g) (Eq. 2). In the electrolyzer, hydrogen chloride gas is dissolved in water to produce hydrogen
from hydrochloric acid and copper (I) chloride (aq) by electrical separation. The electrolyzer generates hydrogen gas
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and copper (II) chloride (aq). The latter is dried at 100°C to regenerate the main compound from the hydrolysis and
restart the cycle. The electrolysis reactor consumes 41.6 kJ for each mole of hydrogen generated.
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Figure 3. Cu-Cl cycle for hydrogen production

3. Results
3.1. Kinetic Model

The hydrothermal plant is designed to process biomass composed of lipids, carbohydrates, proteins, and lignin. This
type of biomass is found in lignocellulosic residues primarily from forestry activities [25]. As an initial hypothesis,
it is assumed that reactants composed of lipids, carbohydrates, proteins, and lignin can produce solid products
(biochars) and intermediate molecular weight components (liquids). These, depending on their polarity, can dissolve
in water (aqueous) or be immiscible at ambient temperature and pressure (biocrude). Furthermore, there is the
possibility of the formation of low molecular weight compounds, which at ambient temperature and pressure would
be in the gaseous phase. To evaluate the initial assumption, a kinetic model like that proposed by Obeid et al. [26],[27]
[28] was simulated, where the reactants interact in a series-parallel reaction scheme through first-order elementary
steps [29], [30], [31], considering the nonlinear temperature dependence and according to the Arrhenius law [32],
[33]. Figure 4 shows the kinetic model where a block of reactants (lipids, carbohydrates, proteins, and lignin)
irreversibly produces a block of products (solids, aqueous, Bio-oil, and gaseous) [34].
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k14
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Figure 4. Kinetic model. The reactant block (lipids, carbohydrates, proteins, and lignin) give rise to a product block (solids, aqueous,
bio-oil, and gaseous).

The mathematical analysis arising from the reaction scheme is presented in a system of nonlinear ordinary differential
equations (ODE) (5) to (12), where x;(t = 0) = x;,.

% = —(ky + k2)x; (eq. 5)
L2 = (ks + k), (eq. 6)
% = —(ks + ke)x3 (eq. 7)
L4 = —(ky + ko), (eq. 8)
% = k3Xy + ksxz+ksxy — (k1o + k13)xs+koxe+kiaxy (eq.9)
D = kaxy + kyXp ks + gy + kyoxs — (kg + Ky + kys)xeHkas kg Xg (eq. 10)
% = kyxy + kysxstkipxe — (kyg + kyg + kig)x; (eq. 11)
D = Jeysi + kuyXy—kyzxg (eq. 12)

Where a given concentration of lipids (x1) produces biocrude (x7) and aqueous products (x6), while carbohydrates
(x2), proteins (x3), and lignin (x4) produce biochars (x5) and aqueous products (x6) in varying proportions.
Furthermore, the products interact with each other through reversible reactions, such as those between biochars and
biocrude or between the aqueous phase and biogas; only biocrude produces biogas (x8) irreversibly [35]. The ODE
system allows you to construct a matrix with operating temperature (7;) and residence time (#) values to calculate
the expected yield in each situation. The operating temperature controls the reaction kinetics and is crucial for the
reaction rate [36]. Operating temperatures in the range of 180°C to 250°C (20-100 bar) are favorable for the
hydrothermal carbonization process, resulting in improved biochar and water-soluble organic species. While
hydrothermal liquefaction, which produces improved bio-oils with higher carbon content and high calorific value,
occurs in the range of 200-374°C (50-200 bar). At operating temperatures above 400°C, hydrothermal gasification
occurs, favoring the formation of methane. As the operating temperature increases, the yield increases, and hydrogen
and syngas are formed. In addition to operating temperature, residence time and biomass concentration are factors
that influence product properties [37].

Long residence times result in condensed products due to excessive polymerization and can lead to a decrease in
oxygen functional groups (OFG). Furthermore, the combination of high biomass concentration and long residence
time increases OFG content due to the increased degree of reaction and the formation of secondary carbon [38].
Figure 5 shows the expected product yields, considering the typical biomass composition: 65-80% w/w
carbohydrates, 18-35% w/w lignin, and the remainder lipids and proteins. The temperature ramps were varied by
selecting initial and final temperatures between 250°C and 350°C, and residence times between 0 and 60 minutes.
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Figure 5. Expected yield of products from plant biomass (65-80% w/w carbohydrates, 18-35% w/w lignin, and the remainder lipids
and proteins). Biogas, bio-oil, biochar (solid), and an aqueous phase are expected to be obtained with yields close to 20%, 30%, 10%,
and 40% (w/w), respectively [39].
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The results show that hydrothermal conversion of lignocellulosic biomass into bioproducts produces biogas, bio-oil,
biochar, and an aqueous phase with yields of approximately 20%, 30%, 10%, and 40% (w/w), respectively [39].
Figure 6 shows a detailed view of the hydrothermal plant according to the proposal of Giaconia et al. [35].
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Figure 6. Hydrothermal plant. Water and wet biomass are preheated with heat recovery in HX2 (1472 kW) and HX3 (1112 kW),
respectively. In addition, water is heated in HX4 (295 kW) using solar heat and HX1 using nuclear heat as backup. Products are
collected in C1 and S1.

Water and wet biomass (30% w/w) are preheated with heat recovery from the products. Preheating takes place in
heat exchanger HX2 (A7=305°C) for water and HX3 (A7=175°C) for biomass. In HX4, the water absorbs 295 kW
of working fluid from the solar field to raise its temperature to 378°C. When solar heat is insufficient, heat is obtained
from the nuclear power plant. The hydrolyzed biomass (15% w/w) is transferred to the adiabatic reactor (AH=0)
operating at 350°C and 230 bar.

The HT biomass processes generate solids (biochar, 19.2% w/w) in the cyclone separator C1, while the separator S1
produces bio-oil (37.4% w/w), biogas (0.3% w/w), and an aqueous phase (43.1% w/w) composed of raw biomass
and water. The raw biomass and excess water from the processes are separated and reused. The thermal power Q(T)
required to raise the temperature of the biomass-water mixture from de T; to T, is determined by the following
equation:

Q(T) = ke[(1 — xpp) (hy — hy) + xppyCpu (T, — T1)] (eq. 13)

Where k; is the mass flow rate (kg/s), xgy y Cpy are the concentration and specific heat capacity of the biomass,
respectively. While h; is the specific enthalpy of water at temperature T;. The total thermal energy required to heat a
flow rate of 2.14 kg/s of biomass hydrolyzed at 15% w/w from 25°C to 350°C is estimated at 2879 kW; however,
due to the plant configuration, 89% of this power is recovered. The thermodynamic analysis of the proposed plant
was performed under the following conditions:

1. The plant operates in steady state, as the duration of the transient phase is negligible compared to the
stationary phase. Furthermore, the objective of the analysis is to assess the operational capacity of the
nuclear reactor, which supports the steady-state evaluation of the entire integrated system.

2. Kinetic and potential energy variations throughout the system are ignored.
3. The electrical generators convert 95% of the input shaft work into electrical energy.

4. Heat losses in the reactors, turbines, and heat exchangers are considered negligible due to their low values
compared to the work of the heat exchangers and the high energy output of the turbines.

5. The unitary efficiency of the heat exchangers was also considered.

According to the Department for Business, Energy and Industrial Strategy's greenhouse gas reports, the amount of
CO; not emitted into the atmosphere by using a carbon-free source is 0.23314 kg of CO; per kWh. This factor
includes other greenhouse gases, such as methane and nitrous oxide, which are converted to their carbon dioxide
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equivalents. The thermal integration of a hydrothermal process into a nuclear power plant does not affect its
operation, as the energy required by the hydrothermal process represents approximately 0.05% of its total capacity.
However, the impact on the energy costs of operating the thermochemical process and on its efficiency is extremely
significant. Furthermore, the environmental impact of operating the thermochemical process with nuclear heat
instead of heat from fossil sources is also highly desirable.
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