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Introduction: There is a global goal to reduce greenhouse gas emissions by
43% by 2023. Nuclear microreactors, a subset of small modular reactors, offer a
potential solution due to their compact size, transportability, and carbon-neutral
power generation capabilities.

Methods: This study explores the feasibility of using heat from nuclear
microreactors for bioconversion and agricultural processes, including
transforming biomass into energy carriers and products such as syngas,
bio-oil, and pasteurized milk. Operating requirements for gasification,
pyrolysis, hydrothermal carbonization, hydrothermal liquefaction, hydrothermal
gasification, ethanol production, anaerobic digestion, and pasteurization were
obtained through a literature review. A Brayton cycle model based on the
eVinci™ microreactor was developed to assess the feasibility of powering these
processes using nuclear microreactor heat.

Results and Discussion: Exergetic efficiency values for high-temperature
processes ranged from 72% to 100%, whereas lower-temperature processes
ranged from 2% to 53%. These efficiencies depend on the available source
temperature for each microreactor design. There were trade-offs between
producing net power and using process heat, particularly for high-temperature
processes. Three heat exchanger locations were considered: before the turbine
(600°C), between the turbine and regenerator (370°C), and after the regenerator
(192°C). High-temperature processes like gasification require temperatures too
high for feasibility. Middle temperature processes are better suited to a heat
exchanger between the turbine and regenerator, while also operable before
the turbine. Lower-temperature processes like pasteurization and anaerobic
digestion can use waste heat after the regenerator and do not impact power
production. These findings are valuable for optimizing nuclear microreactor heat
use and aligning with global climate initiatives.

M

microreactor, carbon-neutral energy, sustainable energy, biofuels, eVinci™, waste heat

recovery

01 frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2024.1476974
https://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2024.1476974&domain=pdf&date_stamp=2024-11-29
mailto:derbym@ksu.edu
mailto:derbym@ksu.edu
https://doi.org/10.3389/fenrg.2024.1476974
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fenrg.2024.1476974/full
https://www.frontiersin.org/articles/10.3389/fenrg.2024.1476974/full
https://www.frontiersin.org/articles/10.3389/fenrg.2024.1476974/full
https://www.frontiersin.org/articles/10.3389/fenrg.2024.1476974/full
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org

Pakkebier et al.

1 Introduction

Since the introduction of the Kyoto Protocol in 1997
(United Nations Climate Change, 1997) and leading up to the
United Nations Framework Convention on Climate Change in 2022
(COP 27, 2022), international eforts, including the development of
policies such as the Paris Agreement in 2015, have been aimed
at limiting the increase of the global average temperature to
1.5°C (Paris Agreement, 2015). Tus far, only 4.5% of countries
worldwide have achieved carbon neutrality, and most plan to do
so by 2050-2070 (Chen et al,, 2022; Zou et al., 2021). Per the
fndings of the International Energy Agency (IEA), it is considered
critical to discontinue the expansion of extracting and using
additional crude oil, coal, combustion, and natural gas by 2021
to achieve global carbon neutrality by 2050 (Chenic et al., 2022;
Hanssen et al., 2020). Nuclear microreactors are an emerging
carbon-neutral technology that can produce both heat and
electricity on a smaller scale than a typical nuclear power plant
(Zohuri, 2020). According to the Nuclear Energy Agency, small
modular reactors (SMRs) have been securing the attention of
policymakers as a suitable technology to address issues outlined
in the Paris Agreement (Vaya Soler et al., 2021). Bioconversion and
agricultural processes could beneft from the future integration
of SMRs and further contribute to achieving global climate
goals. Biofuels from bioconversion processes are a clean, reliable
renewable energy source that helps stabilize energy grids and
reduce reliance on fossil fuels in the economy (Graham et al,
2022). Te objective of this brief research report is to serve as a
guide for feasible bioconversion methods using the process heat
of nuclear microreactor designs currently in development; that
is, to analyze the tradeofs present when concurrent processes
operate using microreactor heat. Additionally, the report provides a
brief literature review of bioconversion and agricultural processes,
focusing on the respective required operating conditions and
parameters needed to interface with microreactors. Research
into integrating nuclear microreactors with bioconversion and
agricultural processes represents a promising pathway toward
achieving global climate goals by enhancing energy efciency and
reducing carbon emissions.

2 Nuclear microreactors

Nuclear microreactors are a subset of SMRs, which are advanced
nuclear reactors that produce electricity up to 300 MW, per module
or individual reactor unit (Peakman et al., 2018). Microreactors,
however, typically have a power output below 20 MW, but can
range from 1 to 50 MW, (Black et al., 2023); Table 1 lists the
specifcations for several microreactor concepts along with their
design features, power production, process heat availability, and
operational conditions. Nuclear microreactors, in general, are at
a technology readiness level (TRL) of 4 to 5 (Testoni et al,
2021). Tis status is attributed to confrmed conceptual designs
and validation of related technologies, including heat pipes and
TRISO fuel. Microreactors are envisioned to be manufactured in
a facility and shipped to their end use location or remain as
transportable, mobile units (Antonello et al., 2023; Huning et al.,
2023; Sugawara, 2024); subsequently, microreactor safety is an active
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research topic (Antonello et al., 2023; Huning et al., 2023; Sugawara,
2024; Moe, 2019). Antonello et al. (2023) presented a safety analysis
of a 5 MW,, heat-pipe-cooled nuclear battery designed at MIT for
autonomous operation and noted potential safety concerns related
to using yttrium hydride as the moderator, risks associated with
the loss of the working fuid (i.e., sodium) from the heat pipes,
and quantifcation of necessary reaction time. Huning et al. (2023)
presented a preliminary safety analysis for a 1 MW, microreactor
utilizing TRISO fuel.

Tere are several nuclear reactor design technologies that
enable wider service areas to diferent energy end-uses at varying
capacity levels. For instance, high-temperature gas reactors operate
at 750°C-950°C which allows it to be a great application for
supplying industrial process heat. By using helium as its cooling
gas, these reactors are able to obtain high thermal efciency.
High-temperature gas reactors are a mature technology originally
proposed in 1945, which have been deployed commercially globally
at the megawatt scale. Second, light-water reactors, also known as
boiling water reactors and pressurized-water reactors, utilize water
as the reactor’s moderated coolant. T ese reactors typically operate
at approximately 320°C and of the available power generating
reactor technologies, light-water reactors are the only type of
reactors operating in the United States at industrial scale (NEA
No. 7629: High-Temperature Gas-Cooled Reactors and Industrial
Heat Applications, 2022). Tird, liquid metal fast reactors use a
more mature uranium or plutonium-based fuel that enables greater
thermal efciencies up to around 40%. For the reactor coolant,
instead of water, liquid metals such as mercury, or molten salt
mixtures of sodium or potassium have been used (Khodarev, 1978).
Similarly to liquid metal fast reactors, molten salt reactors operate at
similar temperature ranges >600°C, and use molten salts as primary
coolants. Both of these reactor designs also boast safer operation
than traditional light-water reactors due to their near atmospheric
operating pressure, the chemically inert properties of molten salts,
and the lack of irradiation damage to mechanical systems of
the reactor (Status of Molten Salt Reactor Technology, Technical
Reports Series No. 489, 2023). Finally, heat pipe reactors are small,
compact reactors that are characterized by their passive heat transfer
capability through the use of capillary forces. Heat pipe reactors
usually operate in a temperature range from 650°C-1,240°C. Its
design diferentiates from other reactor technologies and allows it to
be more easily transportable and more readily deployable, making it
attractive for SMR applications (Yan et al., 2020).

In addition to being carbon neutral, the small size and relative
ease of deployment make microreactors excellent candidates for
supplying power to military installations, remote areas, mining sites,
and critical infrastructure, such as hospitals (Zhang et al., 2024).
Microreactors are valuable for use in remote or critical areas because
they are not limited by the need for continuous refueling, unlike
diesel generators or small gas turbines. Depending on the design,
microreactors can run between 3 and 20 years before refueling
is required (Ultra Safe Nuclear, 2019; X-Energy, 2024). Tey can
function independently within an electric grid or contribute to a
microgrid by generating electricity and process heat.

Currently, a signifcant drawback of installing nuclear
microreactors is their rate of return on investment, which is
driven by high expected initial capital costs (Kalinichenko et al.,
2024). Another challenge is the availability of nuclear fuel for
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microreactors, such as TRISO, which faces supply chain limitations
due to complex production processes and limited infrastructure
(Terrani, 2022). To improve this return on investment, research is
being conducted to maximize the utility of the process heat created
by these microreactors (Guillen, 2023). One example, and a focus of
this brief research report, is the use of microreactor process heat for
bioconversion methods such as gasifcation, pyrolysis, hydrothermal
carbonization (HTC), hydrothermal liquefaction (HTL), and
hydrothermal gasifcation (HTG). Tese bioconversion methods
transform renewable biomass or organic materials into useful energy
carriers or other products—most notably, biofuels. Another focus of
this research report is the application of microreactor process heat
for various agricultural processes, including ethanol production,
anaerobic digestion (AD) systems, and the pasteurization of milk.

As outlined in Table1, a variety of microreactor design
technologies are available, such as high-temperature gas reactors,
light-water reactors, liquid metal fast reactors, molten salt reactors,
and heat pipe reactors. Because these microreactor designs operate
based on distinct technologies, they lead to variations in the available
process heat temperatures and therefore suitable applications. Note
that the microreactor designs present in Table 1 are in varying stages
of development and licensure, and that the table is not an exhaustive
list of all current microreactor concepts globally. As time passes,
the information surrounding each design will likely become more
readily available.

3 Bioconversion and agricultural
processes

Biomass contributed approximately 1.3% to the total U.S.
utility-scale electricity generation and made up 5.9% of electricity
generation from renewable sources in 2022 (EIA, 2023). Electrical
generation from all renewable energy sources globally is forecasted
to increase from 29.5% in 2022 to 42% in 2028 (IEA, 2023).
Nuclear microreactors could be leveraged for their process heat to
facilitate bioconversion methods, and can also beneft agricultural
processes. T e processes described in this section are gasifcation,
pyrolysis, HTC, HTL, HTG, ethanol production, AD systems,
and pasteurization. Te bioconversion processes discussed use
a wide variety of biomass feedstocks. Tese feedstocks include
lignocellulosic biomass, municipal solid waste, algae, sugar and
starch crops, oily biomass, and animal waste, among others.
Te following bioconversion and agricultural processes have been
reviewed in the literature in greater detail (Gollakota et al., 2018;
Meegoda et al., 2018; Onuki et al., 2008; Pereira et al., 2012).
Tis section briefy describes each process while highlighting
operating conditions; operating conditions are summarized in
Supplementary Table S5 in the Supplementary Material.

3.1 Gasification

Gasifcation is a thermochemical process in which carbon-
based fuels in sub-stoichiometric conditions are transformed into
a combustible gas known as syngas (i.e., producer gas, product gas,
synthetic gas, or synthesis gas), along with byproducts tar and char
(Rand and Dell, 2009; Zhang et al., 2019). Tis syngas primarily
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comprises of CO, H,, CH,, CO,, water vapor, smaller amounts of
H,S, COS, and other trace contaminants (NETL, 2022); however,
the composition of the syngas greatly depends on the feedstock
used. Gasifers can be classifed into several types, including
Txed bed, fuidized bed, and entrained fow gasifers, each having
distinct operational traits and syngas production profles. Ideally in
gasifcation, the moisture in the biomass feedstock is below 30%. If
not, the gasifcation efciency signifcantly decreases due to some
energy being spent toward vaporization, thereby decreasing the
gasifcation temperature. T e gasifcation temperature is preferably
high (600°C-1,200°C) because at higher temperatures, less tar and
char are produced, thereby yielding more syngas. T e carbonaceous
biomass is treated and can be pressurized or unpressurized with
air as a working fuid (De Filippis et al., 2015). Pressurized gasifers
can be useful when coupled with a turbine for concurrent electrical
generation; however, they are more complex and bring high
operational costs (Speidel et al., 2015).

3.2 Pyrolysis

Pyrolysis is a similar thermochemical process to gasifcation
but difers due to the lack of a gasifying agent and lower process
temperatures (Pecchi and Baratieri, 2019). T e biomass feedstock
is thermally degraded in an inert environment, resulting in the
production of bio-oil, biochar, and syngas (Yung et al., 2016). Bio-
oil derived from pyrolysis is typically a dark, viscous liquid fuel
made up of oxygenated organic compounds and water (United States
Department of Agriculture (USDA), 2017). T e proportions of these
products greatly depend on the feedstock used and the operating
parameters. Like gasifcation, the feedstock needs a low moisture
content to avoid preliminary drying, below 30%. T ere are three
types of pyrolysis: slow pyrolysis, fast pyrolysis, and fash pyrolysis.
Each has unique process temperature and residence times. Slow
pyrolysis operates from 300°C to 550°C, with a residence time of
5-30 min and a heating value of 10°C/min. Fast pyrolysis operates
from 500°C to 600°C, with a residence time of 0.5-2 s and a heating
value of 10°C-1,000°C/s. Flash pyrolysis operates from 900°C to
1,300°C, with a residence time of less than 0.5 s and a heating value
greater than 1,000°C/s (Sakthivel et al., 2024). Bio-oil production is
maximized at process temperatures of 500°C and a heating rate of
1,000°C/s, where bio-oil yields can reach 60—70 wt% from a typical
biomass feedstock (USDA, 2021).

3.3 Hydrothermal carbonization

Unlike gasifcation and pyrolysis, HTC requires signifcantly
lower process temperatures, ranging from 180°C to 350°C
(Berge et al., 2011). During HTC, the goal is the combined
dehydration and decarboxylation of the biomass feedstock to
achieve a higher calorifc value (Funke and Ziegler, 2010). Along
with a gas fraction and an aqueous liquid fraction, this results in
the end product being a lignite-like char called hydrochar. HTC
is conducted in pressurized water. Because the process is wet, this
negates the need for feedstocks to reach a certain moisture level,
thereby enabling a larger variety of viable feedstocks. T e pressure
required for HTC is determined by the saturation pressure of water
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at the process temperature (i.e., autogenous pressure), typically
2-10 MPa (Pecchi and Baratieri, 2019). Common feedstocks
for HTC are rich in cellulose and include bagasse, straw, corn,
and stover (Reza et al., 2014).

3.4 Hydrothermal liquefaction

Like HTC, HTL is a wet process, thereby enabling the treatment
of wet biomass. Rather than the production of a hydrochar,
HTL produces bio-oil, with aqueous phase products, gas phase
products, and solid residues as byproducts (Xu and Li, 2021). Te
process uses slightly more elevated temperatures (i.e., 250°C-375°C
(Sharma et al., 2022)). HTL is also run at autogenous pressures,
usually ranging from 5 to 20 MPa; these pressures are higher
due to the increased operating temperatures associated with the
process (Gollakota et al., 2018). In the HTL process, biomass
macromolecules undergo initial hydrolysis and/or degradation,
resulting in the formation of smaller molecules. A signifcant portion
of these newly formed molecules are characterized by instability
and reactivity, leading to their combination into larger molecules.
T roughout this transformation, a considerable amount of oxygen in
the biomass is eliminated through dehydration or decarboxylation
(Toor et al., 2011). As with all of the bioconversion methods
mentioned, the chemical attributes of the manufactured bio-oil
exhibit a strong reliance on the composition of the feedstock used
(Tianetal., 2020). A conceptual biorefnery design for HTL was put
forth by Snowden-Swan et al. as they researched ways to maximize
the use of wet feedstocks (Snowden-Swan et al., 2017).

3.5 Hydrothermal gasification

HTG, also referred to as supercritical water gasifcation, is
akin to both HTC and HTL because it takes place in a wet
environment; however, HTG is a bioconversion method that seeks
to produce fuel gas/syngas instead of solid or liquid fuel. Te
process involves the hydrolysis of biomass in supercritical water
followed by further gasifcation of the produced aqueous oligomers
(He et al., 2014). Te reaction time is short, making it one of
the most efcient technologies for wet biomass gasifcation. Te
operating temperatures and pressures associated with this process
are 350°C-700°C and 21-30 MPa (GRTgaz, 2023; Sakthivel et al.,
2024). Similar to other processes, the composition of the syngas
is heavily dependent on the feedstock. Moreover, according to the
Le Chatelier principle, hydrogen formation is preferred at high
temperatures, whereas methane formation is more suited to higher
pressures (Kruse, 2008). T is fexibility in product output could be a
signifcant factor for manufacturers.

3.6 Fermentation for ethanol production

Ethanol production is a key bioconversion process with
substantial implications for renewable energy and biofuels. Ethanol
is typically produced through the fermentation of sugars derived
from biomass, such as sugarcane, corn, or lignocellulosic materials
(Cardona and Sanchez, 2007). Te efciency of this process is
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infuenced by factors such as feedstock composition, fermentation
conditions, and the choice of microorganisms, such as yeast (Abreu-
Cavalheiro and Monteiro, 2013). Compared to the previously
mentioned techniques, the fermentation process for maximum
ethanol production requires moderate temperatures, typically
between 30°C and 35°C; however, during the pretreatment steps
before fermentation, the highest operational temperatures can be
found, reaching as high as 240°C. T ese temperatures are needed
when hydrolyzing holocellulose using dilute acids (Zabed et al.,
2017). Based on research done by the National Renewable Energy
Lab (NREL), a process design for the conversion of lignocellulosic
biomass into ethanol was described by Humbird et al. (2011).

3.7 Anaerobic digestion

AD is a biological process where anaerobic consortia, including
methanogenic archaea, convert organic waste into carbon dioxide
and methane (i.e., biogas) (Chen et al., 2008). Anaerobic treatment
ofersameans to diminish pollution from agricultural and industrial
activities while simultaneously mitigating fossil fuels. T e efFciency
of AD is infuenced by the composition of the organic waste,
process temperature, retention time, and the microbial community
involved (Liao et al., 2006). Te microbial community driving
AD prefers mesophilic conditions, exhibiting accelerated growth
ranging from 25°C to 40°C, but when temperatures exceed 47°C,
these methanogens die (Tang et al., 2022). In the absence of these
methanogens, alternate microbial communities assume control of
methane production in the thermophilic state (40°C-55°C), where
the rate of methane production is lower. T e overall gas pressure ina
typical AD system is kept slightly higher than atmospheric pressure,
with an overpressure of up to 0.02 bar (Chynoweth, 1987).

3.8 Pasteurization

Pasteurization is a key agricultural process, particularly in
the dairy industry. Conventional pasteurization processes rely
on continuous heat transfer to eliminate harmful pathogenic
organisms in liquids like milk and slightly extend product shelf
life (Swart et al., 2003). T e most common means of heating comes
from the use of plate heat exchangers (HTXs) due to their low
cost, Fexibility, high thermal efciency, and ease of maintenance.
Tere are two common techniques: batch pasteurization and
continuous fow pasteurization. In batch pasteurization, milk in
a large vat or tank is heated to at least 63°C for a minimum
of 30min. Continuous fow pasteurization methods include
high-temperature, short-time pasteurization, which heats milk
to a minimum of 72°C for 15s, and ultrahigh temperature
pasteurization, employing temperatures ranging from 135°C to
150°C for 4-15 s (Virginia Department of Health, 2016).

4 Methods
4.1 Brayton cycle model

To understand how these bioconversion and agricultural
processes could be integrated with nuclear microreactor heat,
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FIGURE 1

10.3389/fenrg.2024.1476974

Representative regenerative Brayton cycle diagram including an additional HTX shown in three possible positions for supplying heat to the concurrent

processes, depicted by the dotted boxes.

a Brayton cycle model was developed. T e model presented is
based on published information about the Westinghouse eVinci™
microreactor (Westinghouse, 2024). Te eVinci™ microreactor
can produce 5MW, with a 13-MW,, design. Te eVinci™
microreactor uses heat pipe cooling technology, with the power
conversion system being an open-air Brayton cycle with an
approximate efciency of 36% (Lee et al., 2023). To realize this
36% cycle efFciency, a regenerator is incorporated into the Brayton
cycle model (Figure 1). An additional, second HTX has been
added to the cycle to accommodate the bioconversion/agricultural
processes; the dotted boxes in Figure 1 indicate the potential
positions for the HTX. T e primary equations needed to build this
model in Engineering Equation Solver (EES) are included in the
Supplementary Material (Supplementary Equations S1-S14).

Te placement of the HTX is fexible, depending on the
requirements of a given process. For processes requiring high
temperatures, placing the HTX immediately before the turbine at
position 1 might be optimal because this is where the highest
temperatures are available, yet that decreases the net power the cycle
can produce. For processes that require lower temperatures, the
HTX can be positioned between the turbine and the regenerator
or afer the regenerator. Assumptions for the Brayton cycle model
include using an air standard analysis, state 1 having ambient
conditions of 1latm and a temperature of 20°C, no pressure
drop through the HTXs, a turbine isentropic efciency of 92%
(Drbal et al., 2012), a compressor isentropic efciency of 85%
(Drbal et al, 2012), and a regenerator efectiveness of 90%
(Xiao et al., 2017). Corresponding to the eVinci™ Brayton cycle,
Qin = 13MW, n . = 36%; the states were set using the equations
supplied in the Supplementary Material. Additionally, assumptions
have been made about the working fuid for each process because
diferent working fuids have diferent specifc heats, Cor For AD,
ethanol production, HTC, HTL, and HTG, water was used as the
working fuid (Boissevain et al., 2013; Pecchi and Baratieri, 2019;
Zabed et al., 2017). Milk was assumed as the working fuid for
pasteurization, air was used for gasifcation (De Filippis et al., 2015),
and nitrogen was used for pyrolysis (Pattiya et al., 2012).
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4.2 Exergetic efficiency

To assess the feasibility of coupling the bioconversion and
agricultural methods with nuclear microreactors, exergetic (second
law) eFciencies are computed using Equation 1, and power and heat
trade-ofs are calculated for diferent processes. Exergetic efFciency
is useful when matching an end use to a source, and it is given by:

n( Qy

,withn=—

-3

where ¢ is the exergetic eFciency, T, is the ambient temperature, T,
is the use temperature, T, is the source temperature, ) is an eFciency
in terms of heat transfer rates, Qu is the heat transfer rate available
for use, and Q; is the heat transfer rate delivered to the system from
the fuel source. In the ideal case, n = 1. When a source temperature
is signifcantly greater than what is required for a certain task, the
end use leads to inefFciencies (Moran et al., 2010).

1-Ty/T,

1-T,/T, M

N

5 Results and discussion
5.1 Exergetic efficiency results

Table 2 shows the exergetic efciencies at position 1 (i.e.,
before the turbine) for diferent microreactor designs, coupled
with the diferent bioconversion and agricultural process; N/A
indicates an exergetic effciency greater than 100%, which is
impossible. Tese results indicate that some high-temperature
processes, such as gasifcation and pyrolysis, are well-matched
to the source temperatures. Although the exergetic efFciencies
are high, there are signifcant trade-ofs when considering the
power generated in the cycle. Larger amounts of heat are required
for the bioconversion processes, thereby diminishing the power
produced by the turbine. For microreactor designs with lower
reported process heat temperatures, processes such as HTC, HTL,
and ethanol production are well-suited. Low-temperature processes,
such as pasteurization and AD, have the lowest exergetic efciency
percentages and are better suited for using lower-grade waste
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TABLE 2 Exergetic efficiency values for different microreactor designs at position 1 (i.e., before the turbine) when coupled with bioconversion and
agricultural processes; T, is the microreactor source temperature given in Table 1, and T, is the temperature range or value for each process. N/A is for
the cases where the source temperature is lower than the use temperature, leading to exergetic efficiencies greater than 100%.

heat (e.g., position 2 or 3 in Figure 1). It is also noteworthy that
these exergetic efciency values have been calculated for the case
in which only a singular process is being integrated into the
microreactor; it might be possible to run more than one process.
Another consideration is that these exergetic efFciency results have
been calculated at the peak process temperatures provided by each
microreactor. T e next section of results investigates the diferences
in process heat at diferent locations in the Brayton cycle model.

5.2 Trade-offs between process heat
utilization and power production

Results indicate that there are heat and power trade-ofs
when meeting the temperature requirements of the bioconversion
and agricultural processes. Te model in EES calculated the net
cycle work and maximum rate of heat transfer from the HTX
when placed at three diferent potential locations (Figure 2). Te
numerical results from these calculations are available in the
Supplementary Material. Te process temperatures used are the
average temperature values for each process (Section 3; Table 2);
they are also presented in the Supplementary Material. As Figure 2
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demonstrates, diferent processes are omitted for diferent HTX
positions due to their incompatibility (e.g., negative amounts of
W, produced due to the process requiring large amounts of
mecess or when the cycle had temperatures lower than the process
required).

In Figure 2A, where the HT X is placed ahead of the turbine and
has access to the highest temperatures in the cycle (i.e., position 1 at
873K), all the processes are viable besides gasifcation and pyrolysis
because, according to the model, these will bring the inlet turbine
temperature too low to result in a positive W, As the process
temperatures increase, larger amounts of maximum process heat are
needed, thereby decreasing the net power produced in the cycle.
Although pyrolysis necessitates lower temperatures than HTG, due
to HTG using a superior heat transfer fuid (i.e., water), it is the
highest temperature process available for a positive cycle efciency.
Pyrolysis and gasifcation resulted in negative amounts of W, and,
therefore, are excluded.

For position 2, (i.e, between the turbine and
regenerator; Figure 2B), the available process temperatures in the
Brayton cycle are lower than position 1, near 643 K. In this position,
pyrolysis and HTG are eliminated because their process temperature
requirements are greater than 643 K. Ethanol production, HTC,

frontiersin.org


https://doi.org/10.3389/fenrg.2024.1476974
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org

Pakkebier et al. 10.3389/fenrg.2024.1476974

FIGURE 2

Power and maximum process heat trade-off plots when HTX is placed at three different locations: (A) position 1, between the turbine and IHX1; (B)
position 2, between the turbine and regenerator; and (C) position 3, after the regenerator. Acronyms: HTC (hydrothermal carbonization), HTL
(hydrothermal liquefaction), HTG (hydrothermal gasification), AD (anaerobic digestion), Past. (pasteurization).
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and HTL are still viable and strike a balance between running a
concurrent process while also having sizable net power.

Finally, in position 3 (i.e, afer the regenerator),
depicted in Figure 2C, the lowest process temperatures are available
at 465 K. At this process temperature, only AD and pasteurization
are viable; however, because position 3 is when HTX is afer the
regenerator, W, is not afected. T is can be interpreted as the excess
heat for position 3 being free waste heat because the change in Qocess
does not interfere with W,,,. As briefy mentioned earlier, this model
considers powering only a single process at a time and examining
how this afects cycle efciency. T e results from this model show
that there are trade-ofs when considering the positioning of a
HTX for bioconversion and agricultural processes, where certain
processes are more optimal. If investors and consumers are more
interested in the concurrent processes, and less so in electrical power
generation, matching processes could be tailored with these interests
in mind and vice versa.

A practical way to interpret these results is to convert the
process heat from the microreactor into quantitative end products.
By utilizing specifc energy requirements from the current literature
for each process (Garkoti et al., 2024; Food and Agriculture
Organization of the United Nations, 2004; Morris and Ahmed, 1992;
Lucian and Fiori, 2017; Zhang et al., 2017; Nakagawa et al., 2007),
a maximum amount of deliverable product can be determined.
For example, using meCess for pasteurization at position 3, and
assuming maximum efciency, translates into a deliverable of
11.9kg/s of pasteurized milk Likewise, for HTC at position
2, the available heat corresponds to 0.84 kg/s of hydrochar. A
complete table of maximum deliverable end products is in the
Supplementary Material (Supplementary Table S4).

T e fndings of this brief research report have some limitations.
Since the model’s results were based on the current specifcations
of the eVinci™ microreactor design, future insights into the
actual eVinci™ system design could potentially afect these
results. Additionally, based on the process heat temperature from
the eVinci™ design, certain concurrent processes were deemed
unviable. However, with an alternative microreactor design that
ofers higher available process temperatures, some of these processes
may become feasible (Stauf et al., 2023). In a report to assess the
role of nuclear power plant technologies for supporting negative
emissions technology, Stauf et al. (2023) identifed drying of
biomass, regeneration for carbon capture systems, and separation
of syngas into its components as some potential users of nuclear
waste heat. Additionally, some of the nuclear power plants assessed,
such as Very High Temperature Reactors (e.g., 22 MW,, 10 MW,
HolosGen), could provide the necessary heat for high-temperature
processes, such as gasifcation. T ey also identifed tradeofs between
heat and power. Also, for the bioconversion and agricultural
processes, the average process temperature from the literature
review was used. If these calculations were performed using the
minimum and maximum temperatures within this range, the results
of this work would be afected.

6 Conclusion
Addressing the pressing issue of global warming requires a

multifaceted approach where the use of nuclear microreactors might
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play a signifcant role. In this study, we investigated the feasibility
of using nuclear microreactors for concurrent bioconversion and
agricultural processes.

Exergetic efciency results of 72%-100% showed high
compatibility between high-temperature processes (i.e., gasifcation,
HTG, and pyrolysis) at position 1 before the turbine. In contrast,
lower temperature processes (i.e., AD and pasteurization) with
exergetic efciencies of 2%-53% could result in some of the
microreactor heat being used less efciently from an exergetic
viewpoint. A Brayton cycle model with a regenerator was developed
to assess the feasibility of powering these processes using nuclear
microreactor heat. From this model, power and heat trade-of
analyses were studied to provide insights into the feasibility of
using excess heat for diferent processes. Results indicated that
high-temperature techniques, such as gasifcation, requiring a
minimum of 600°C, are impractical in the model due to excessive
heat demands. Position 1, situated before the turbine, yielded
the highest process temperatures, at 600°C; followed by position
2, at 370°C; and position 3 at 192°C. Certain processes—such
as ethanol production, HTC, and HTL—are better suited for
position 2, positioned between the turbine and regenerator,
although they can also operate at position 1. Conversely, lower
temperature processes such as pasteurization and AD, can use
waste heat at position 3 afer the regenerator, thus having no
impact on power production. Calculations were conducted
to quantify the end-use products using waste heat at various
positions.

Future work on this topic could include the integration
of multiple processes, where trade-ofs could be considered
between running two or more concurrent systems. Additionally,
further work could include incorporating diferent microreactor
designs. Te future adoption of nuclear microreactors supports
worldwide decarbonization eforts, providing a potential pathway
to achieving these global climate goals. Tis work acts as a guide
to show potential uses for microreactor heat, maximizing their
potential.
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