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ABSTRACT

Increased interest in geothermal systems due to the rising demand of reliable cleaner energy and low carbon energy has
revived focus on conventional heat exchangers where thermal efficiency and energy recovery is restrained. The paper
looks at reactive heat exchangers development as a new process of improving geothermal energy production through
heat transfer in union with thermochemical and reactive processes. These systems can be used to achieve greater values
of effective heat capacities, higher heat transfer rates, and less exergy losses, especially with low- enthalpy geothermal
resources, through the integration of reactive media, adsorption processes, or redox reactions within the structure of the
heat exchanger. The article is the synthesis of the latest developments in materials, the integration plans of the system,
and optimizing their performance of the reactive heat exchanger used in geothermal applications. The important
technical issues such as the material durability, reaction control and reservoir- wellbore interactions are also addressed.
The results demonstrate that reactive heat exchangers have a high capacity to enhance the performance, sustainability,
and scalability of the upcoming geothermal energy systems.

Keywords: Geothermal energy; Reactive heat exchangers; Thermochemical processes; Heat transfer enhancement; Low-enthalpy
resources; Energy efficiency; Sustainable energy systems

INTRODUCTION

Geothermal energy is known as a credible and low-carbon renewable energy source that can deliver baseload energy
and heat throughout the day. Geothermal systems have high capacity factors and long operating lifetimes (as compared
to intermittent renewables), but their wider utilization is limited by rather low thermal efficiencies, particularly in
resources of low- to medium-enthalpy. The performance of the overall geothermal installation, in most cases, is
regulated by the quality of subsurface and surface heat exchangers that determine the process of extracting heat out of
the reservoir and transferring it to working fluids or power conversion units (Kim et al., 2010; Sharma et al., 2020).
Traditional borehole, coaxial, and wellbore heat exchanger systems frequently utilize sensible heat transfer only and
cannot make use of all available geothermal energy (Pokhrel et al., 2022).

Recent studies have hence concentrated on elaborate notions of the heat exchanger that can intensify the transfer of heat
and enhance the energy recovery in adverse geothermal conditions. The reactive heat exchangers have been one of the
forthcoming innovations that combine heat transfer with thermochemical reaction, adsorption, or redox reaction to
achieve high effective heat capacity and less exergy loss (Hasnain, 1998; Lahmidi et al., 2006; Aydin et al., 2015).
Reactive heat exchangers can better use the low-grade geothermal heat by directly combining thermal and chemical
processes in the same apparatus and provide better thermal stability over a wider range of operating conditions
(Bonaccorsi et al., 2013; Tescari et al., 2014).

The application to reactive heat exchangers is of special interest to enhanced geothermal systems and hybrid geothermal
systems, such as CO 2-based geothermal sequences and concept of combined geothermal-carbon sequestration (Pruess,
2008; Randolph and Saar, 2011; Spycher and Pruess, 2010). The development of high- temperature materials, ceramics
and compact heat exchanger architectures also help to prove the possibility of such systems in severe subsurface
conditions (Sommers et al., 2010; Li et al., 2011; Klemes et al., 2015). The article discusses the principles, materials
and system level integration of geothermal reactive heat exchangers, which can be used to recover much of the
geothermal energy, as well as to improve the resolution of major engineering and sustainability issues.
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THE FUNDAMENTALS OF GEOTHERMAL ENERGY RECOVERY AND HEAT EXCHANGER.

The recovery of geothermal energy is based on the effective production and transfer of the thermal energy within the
ground to useful heat or electricity. Geothermal systems provide high availability and low lifecycle emissions as a
baseload renewable energy source; although the inherent nature of the subsurface heat transfer processes and the
efficiency of the heat exchanger technologies used both downhole and at the surface will inherently limit its
performance. Using heat exchangers, the geothermal reservoir and energy conversion system interface is the most
important component that controls thermal effectiveness, operational stability, and sustainability. The principles of the
geothermal heat recovery and the heat exchanger design are, therefore, critical in developing improved and advanced
geothermal technologies (Kim et al., 2010; Shah and Sekulic, 2003).

2.1 Fundamentals of Geothermal Heat Recovery

Geothermal heat recovery is controlled by the conductive and convective heat transfer processes in the geological
formations. Natural geothermal gradients, radioactive decay and mantle heat flow are the processes that store heat in
rocks and fluids. The process of energy extraction usually takes place with the help of circulating working fluids which
take over the thermal energy of hot rock formations or geothermal deposits and bring it to the surface (Sharma et al.,
2020).

In shallow geothermal systems, the exchange rates of heat are mainly by means of conduction between the soil or rocks
surrounding the boreholes and the heat exchangers in the boreholes. Deep geothermal and enhanced geothermal systems
(EGS) on the other hand are dependent on the circulation of fluids within fractured or permeable reservoirs, where
convective heat transfer is the predominant mode (Ghassemi, 2012). Efficiency of heat recovery is highly dependent on
temperature of the reservoir, thermal conductivity, permeability, and property of fluid along with the geometry and
materials used in the system of heat exchanger (Kim et al., 2010).

2.2 Borehole and Downhole heat exchanger arrangements.

The most common interfaces with geothermal extraction of heat are borehole and downhole heat exchangers. Traditional
designs comprise of U-tube, double U-tube and coaxial designs each with different thermal and hydraulic properties.
Atmospheric level experiments have demonstrated that the exchanger geometry has a great influence on the thermal
resistance, pressure drop and the stability in long-term performance (Kim et al., 2010).

Of particular interest has been the coaxial heat exchanger because it exhibits a higher area of heat transfer and less
thermal short-circuit. Recent experimental and numerical research show that downhole coaxial heat exchangers are
capable of operating with higher heat extraction rates under controlled flow conditions, and thus can be used in deep
geothermal applications (Pokhrel et al., 2022). Further analytical modeling of wellbore heat exchangers shows the
significance of the optimization of the flow rate, insulation design, and the axial heat losses in quantifying system
performance (Sharma et al., 2020).

2.3 Heat Transfer Mechanisms and Fluid Dynamics

The process of heat transfer in geothermal heat exchangers is complicated by the presence of conduction and convection
and in certain instances, phase-change processes. Flow regime, Reynolds number, and thermophysical properties of
fluids determine convective heat transfer between the circulating fluid and exchanger wall within the wellbore (Shah &
Sekulic, 2003). Conductive cooling to the surrounding rock formations outside of the wellbore is the limiting factor to
long time periods of operation.

The choice of fluid is very important in improving heat transfer. Water has been the working fluid of choice, but other
fluids other than water such as supercritical CO 2 have been suggested as a working fluid because they exhibit
favourable thermophysical behaviour, such as low viscosity and high expansivity, which can promote a higher
convective heat transfer and lower pumping energy (Pruess, 2008; Randolph and Saar, 2011). Proper modeling of
fluidrock interactions at high temperature and pressure situations is hence vital in predicting long term geothermal
system behavior (Spycher and Pruess, 2010).

2.4 Principles of Heat exchanger designs used in the geothermal application.
Geothermal heat exchangers should be designed to use high pressure and temperature, aggressive fluids which are
chemically active and long operating life. Basic design factors consist of the choice of materials, minimization of thermal
resistance, minimization of fouling, and mechanical integrity (Sunden and Manglik, 2007; Shah and Sekulic, 2003).
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Compact heat exchangers have also become an attractive option of geothermal and hybrid energy systems owing to their
high ratios of surface-areas to the volume and their amplified heat transfer capabilities (Li et al., 2011). Nevertheless,
the geothermal applications present some special difficult tasks associated with scaling, corrosion, and mineral
precipitation, which may deteriorate the exchanger performance with time (Klemes et al., 2015). The challenges also
require strong design solutions and incorporation of the latest material like corrosion-resisting alloys and ceramics
(Sommers et al., 2010).

2.5 Conventional Heat exchanger limitations in geothermal systems.

Although several decades of technology have been developed, traditional geothermal heat exchangers are limited by
thermodynamic inefficiency especially when using low-to-medium-enthalpy resources. The losses due to heat, low heat
transfer coefficient and falling temperature gradients with time lead to reduced efficiency in the system (Kim et al.,
2010).

Also, traditional heat exchangers generally maximize only sensible heat transfer that limits its ability to recover and
store thermal energy. The constraint is especially obvious in advanced geothermal systems when the conditions of the
reservoirs change dynamically as a result of a long-term extraction (Liu et al., 2019). Such limitations have encouraged
the investigation of other designs, such as reactive and thermochemical based heat exchanger designs, which can
enhance heat transfer and enhance the use of energy.

In sum, the recovery of geothermal energy is inherently associated with the work of the technologies of heat exchangers
that provide the conduction of heat between the underground reservoirs and the system of energy portals. Although
traditional borehole and downhole heat exchangers have made it possible to exploit geothermal on a large scale, they
are limited in their effectiveness by material constraints, heat transfer losses and the use of sensible heat processes. The
development of the heat exchanger design, fluid choice, and system integration have optimized the performance but the
technical challenges remain unsolved, which makes it necessary to find more creative ways of tackling the challenges.
The basic knowledge of the geothermal heat recovery principles thus forms the basis of the design of improved ideas
like reactive heat exchangers that would help to unlock greater productivity and wider scope of geothermal system
applications.

THEORY AND IDEA OF REACTIVE HEAT EXCHANGER.

Traditional heat exchangers that are used in geothermal systems are based mostly on sensible heat exchange between
working fluids and the surrounding geological formations. These systems are technically mature, but their efficiency is
limited because of small temperature gradients, low thermal conductivity of geological media and irreversibility of the
thermodynamic process in heat recovery. With the further trend towards low- to medium-enthalpy and enhanced
geothermal systems (EGS) as geothermal resources and the development of novel heat exchange concepts that cannot
be reduced to conductive and convective processes, there is a corresponding need to explore the concept of extended
geothermal systems, based on completely new geothermal heat exchange methodologies. The process of reactive heat
exchanger (RHE) has become a promising answer to this problem and the direct integration of chemical,
thermochemical or physicochemical reactivity into the heat exchange process, therefore, to intensify the heat transfer
and raise effective energy density (Hasnain, 1998; Lahmidi et al., 2006; Aydin et al., 2015).

Reactive heat exchangers are based on the fact that heat may be absorbed, emitted or changed by means of reversible
or quasi-reversible reactions taking place in the interior or on the face of the exchanger. This method can be used to
achieve higher heat recovery, lower exergy loss, and greater flexibility to the variable conditions of the reservoir when
implemented to geothermal systems (Kim et al., 2010; Sharma et al., 2020).

3.1 -Definition and Classification of Reactive Heat exchangers.

Reactive heat exchangers are characterized as thermal equipment where heat exchange is accompanied by chemical or
physicochemical reaction, including adsorption-desorption, redox reaction, phase-change reaction or thermochemical
storage cycle. Contrary to the traditional heat exchangers, RHEs take an active part in changing the thermodynamic
route of heat exchange, which allows it to achieve higher effective heat capacity and better thermal control (Hasnain,
1998; Aydin et al., 2015).

There are also adsorption-based exchangers, thermochemical exchangers, redox-based exchangers, and redox-sensible
systems, which can be broadly categorized as RHESs. Adsorption-based systems usually use zeolites or metal-organic
frameworks, whereas thermochemical systems are based on reversible decomposition reactions or hydration reactions

4F 2024 B4FE 52 A& 2

DOI: 10.46121/pspc.52.2.3



https://pspac.info/index.php/dlbh/article/view/159

= » %

- Powef System:P}

"ISSN:1674-3415

-

St & < el T . M el

(Bonaccorsi et al., 2013; Tescari et al., 2014). The redox-based exchangers, which frequently involve metal oxides, can
be used in the storage and release of heat at high temperature, which can be utilized in geothermal and solar- geothermal
hybrid systems (Lahmidi et al., 2006).

3.2 Thermodynamics and Mechanisms of energy transfer.

The inherent benefit of reactive heat exchangers is that they are able to store and transfer heat by varying chemical
potential as opposed to temperature. Thermodynamically, this enables a fraction of the heat to be stored within the
reaction enthalpy and this contributes massively towards the apparent heat capacity of the system (Hasnain, 1998).

Reactive processes decrease entropy creation in the process of heat exchange, especially when the heat exchange occurs
through small temperature gradients, as is characteristic of geothermal reservoirs. This property is especially useful in
low-grade geothermal systems when the normal type of heat exchanger degrades its performance (Shah and Sekulic,
2003; Aydin et al., 2015). Besides, thermal buffering is also possible through reactive heat transfer, which means that
systems can maintain consistent outlet temperatures despite changing geothermal input conditions.

3.3 Reactive Materials and Functional Media

Material selection is central to the design and performance of reactive heat exchangers. Suitable materials must exhibit
high reaction enthalpy, reversibility, thermal stability, corrosion resistance, and compatibility with geothermal fluids.
Zeolites synthesized directly onto heat exchanger surfaces have demonstrated enhanced adsorption kinetics and
improved heat transfer coefficients (Bonaccorsi et al., 2013).

Ceramic and ceramic matrix composite materials are particularly attractive for high-temperature geothermal
applications due to their resistance to thermal shock, chemical degradation, and mechanical stress (Sommers et al.,
2010). In addition, nanostructured coatings and nanofluids have been investigated to improve surface reactivity and
convective heat transfer performance (Mohammed et al., 2011).

Table 1: Classification of Reactive Heat Exchanger Types and Applicable Geothermal Operating Conditions

RHE Type Dominant Reaction | Typical Temperature | Suitable Geothermal
Mechanism Range Application

Adsorption- Physical adsorption/desorption 60-200 °C Low-enthalpy reservoirs

based

Thermochemical | Reversible chemical reactions 100400 °C Medium-depth geothermal

Redox-based Oxidation—reduction cycles >300 °C EGS and hybrid systems

Hybrid RHE Sensible + reactive storage Variable Cascaded energy recovery

3.4 Integration of Reactive Heat Exchangers into Geothermal Systems

Reactive heat exchangers can be deployed in both downhole and surface geothermal configurations. In downhole
applications, RHEs may be integrated into coaxial or wellbore heat exchangers to enhance heat extraction directly
within the reservoir (Kim et al., 2010; Pokhrel et al., 2022). At the surface, RHEs can be incorporated into geothermal
power plants to improve cycle efficiency or enable cascading heat utilization.

Advanced geothermal concepts, such as CO:-based geothermal systems, further benefit from reactive heat exchange
due to the favorable thermophysical properties of supercritical CO: and its compatibility with thermochemical cycles
(Pruess, 2008; Spycher & Pruess, 2010). These integrations allow simultaneous enhancement of heat recovery and
system sustainability.

3.5 Performance Enhancement and Heat Transfer Intensification

Reactive heat exchangers enhance performance by decoupling heat transfer from strict temperature gradients. This
enables efficient operation even under low geothermal flux conditions. Compared with conventional compact heat
exchangers, RHEs demonstrate superior thermal buffering and reduced fouling susceptibility due to self-regenerating
reactive surfaces (Klemes et al., 2015; Li et al., 2011).

Furthermore, the integration of reactive processes facilitates multi-stage heat recovery, enabling geothermal systems to

support ancillary applications such as district heating, industrial process heat, and thermoelectric generation (LeBlanc,
2014; O’Connor et al., 2016).
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Comparative Heat Extraction Efficiency of Conventional vs. Reactive Heat Exchangers
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Figure 1: Comparative Heat Extraction Efficiency of Conventional vs. Reactive Heat Exchangers under Low-
Grade Geothermal Conditions

3.6 Engineering Constraints and Operational Considerations

Reactive heat exchanger despite its benefits has engineering issues with regard to the control of reaction Kinetics,
pressure losses, and long-term material degradation. Scaling, mineral deposition, and mechanical stresses arising
because of interactions between reservoirs and wellbores need to be well-controlled in geothermal environments
(Ghassemi, 2012; Liu et al., 2019).

The optimization of the design process therefore demands some system reliability and economic viability, coupled
thermo-chemical and fluid dynamic modeling. Insights on heat exchanger network synthesis and integrated energy
systems also offer useful models to deal with such challenges (Furman & Sahinidis, 2002; Shah and Sekulic, 2003).

In summary, Reactive heat exchangers are a major technological step in terms of geothermal energy technology as they
fundamentally change the definition of heat transfer and storage in geothermal systems. These systems combine
thermochemical and reactive reactions to address the major drawbacks of the traditional heat exchangers especially in
low- and medium-enthalpy resources. Although significant technical challenges still exist, continuous improvements in
the fields of materials science and system integration, as well as the modeling methods, make reactive heat exchangers
one of the disruptive elements in the future of enhanced geothermal energy recovery.

GEOTHERMAL RHES MATERIALS AND REACTIVE MEDIA.

The materials and reactive media used are the important factors in defining the efficiency, longevity, and functionality
of reactive heat exchangers (RHES) in geothermal power plants. The geothermal conditions are extremely demanding,
and they require materials with simultaneous mechanical and thermal stability, chemical compatibility, and reactivity
(where applicable) high temperatures, high pressure, corrosive fluids, and unstable chemical make-up (Sommers et al.,
2010). The present section is a detailed study of the materials and reactive media employed in RHEs, with a focus on
their characteristics, on their applications as well as their appropriateness in the recovery of a greater portion of
geothermal energy.

4.1 Ceramics and Ceramic Matrix Composites.
Ceramics and ceramic matrix composites (CMCs) have become the front runners in RHE application because they are
highly thermal stable, low thermal expansion and corrosive resistant (Sommers et al., 2010). Aluminum (Al 2 O 3),
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silicon carbide (SiC) and zirconia (ZrO 2) are usually used when the surface of the heat exchanger is at a high

temperature and when exposed to chemically aggressive environments of geothermal fluids.

e Pros: SiC melts at moderate temperatures (>2000 o C), is resistant to acidic and alkaline fluids, and has low thermal
conductivity when specially designed, which can be made to have controlled heat transfer.

o Difficulties: Fraile allotropic in the presence of mechanical forces, requirement of specialized methods of
fabrication e.g., hot pressing or sintering.

CMCs, which include fibers that consist of carbon fibers or SiC, are better in increasing fracture toughness and boosting

reliability in dynamic geothermal (Sommers et al., 2010). These materials can be especially used in downhole heat

exchangers that utilize cyclic loading and experience thermal shock (Pokhrel et al., 2022).

—e

4.2 Zeolites and Adsorbent Based Reactive Media.

RHE designs may include the use of zeolites, metal-organic frameworks (MOFs), and other microporous materials,

which can be used to enhance the processes of adsorption-based thermochemical storage and heat transfer upgrading

(Bonaccorsi et al., 2013). Such materials accumulate energy through endothermic/exothermic adsorption-desorption

phenomena, which enable the process of buffering of heat and more aggressive extracting.

o Applications: Zeolite-based heating and cooling agents may be used to stabilize temperature change caused by the
use of low-enthalpy geothermal sources, leading to a higher thermal extraction efficiency (Aydin et al., 2015).

e Limitations: Sensitive to water chemistry, may become fouled during long operation, and will need periodic
regeneration cycles.

4.3 Redox Oxides and Thermochemical Storage Media.
In thermochemical energy storage incorporated into RHES, redox-active oxides, i.e., cerium oxide (CeO 2), manganese
oxide (MnO 2), and mixed transition metal oxides, are used (Tescari et al., 2014; Lahmidi et al., 2006). These materials
have reversible redox reactions to absorb or give off heat in order to enable geothermal RHES to achieve a broader range
of efficient operation with temperature.
Key considerations include:

e High reaction enthalpy per unit mass, enhancing heat density.

e  Stability under multiple reaction cycles.

e  Compatibility with the carrier fluid and minimal secondary reactions.

Table 2: Summary of materials and reactive media for geothermal reactive heat exchangers.

Material Type Typical Operating | Heat Storage | Advantages Challenges
Temperature (°C) Mechanism
Ceramics  (ALOs, | 800-2000 Sensible heat Thermal stability, | Brittle,  fabrication
SiC, ZrO,) corrosion resistance cost
Ceramic Matrix | 600-1800 Sensible heat Improved  toughness, | Complex
Composites thermal shock | manufacturing
resistance
Zeolites / MOFs 100-400 Adsorption- Heat buffering, | Fouling, water
desorption chemical tunability sensitivity
Redox Oxides 400-900 Thermochemical High energy density, | Reaction Kinetics,
(redox) reversible material degradation
Nanostructured 50-500 Convection Improved thermal | Stability,  synthesis
Fluids/ Coatings enhancement conductivity, reduced | complexity
fouling

4.4 Nanostructured Fluids and Advanced Coatings
To enhance convective heat transfer in geothermal RHESs, nanofluids comprising of nanoparticles suspended in a carrier
fluid are under more intense investigation (Mohammed et al., 2011). Surfaces of heat exchanger can have thermal or
corrosion-resistant nanomaterials coated on them to:

e Enhance the heat transfer coefficients.

¢ Reduce fouling and scaling.

¢ Increase corrosive geothermal brine system life.

Widespread nanoparticles are Al 2 O 3, CuQ, and carbon nanotubes. Although the laboratory work was promising, there
are still challenges like agglomeration, sedimentation, and chemical stability in the long run (Sharma et al., 2020).
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4.5 Composite and Hybrid Reactive Media.

Designs of emerging RHEs are more likely to have composite or hybrid reactive media, which are mixtures of several

types of materials to exploit the complementary nature of properties. For example:

e The use of ceramic cores that contain redox oxide coating offers structural stability as well as capacity to store high
heat.

e Zeolite-nanofluid composites allow adsorption heat storage and convective enhancement to be performed at the
same time.

These hybrid systems are becoming a promising technology especially in enhanced geothermal systems (EGS) where

high temperature stability and reactive storage of heat is needed in order to ensure maximum recovery of energy in low-

to-medium enthalpy reservoir (Pokhrel et al., 2022; Liu et al., 2019).

In summary, the progress of materials and active media plays the key role in the performance and stability of geothermal
RHEs. Ceramics and CMCs provide a high-temperature structural integrity and zeolites, redox oxides and
nanostructured fluids provide increased thermal energy storage and convective heat transfer. Mixed materials that
integrate these characteristics are coming out as the most promising fixes to be used on field scale especially those used
in recovery systems of enhanced geothermal energy. Future studies ought to be done on long stability testing,
compatibility of materials and fluids, and scaling up between laboratory to field tests to ascertain feasibility of practical
viability and efficiency.

INTRODUCTION OF REACTIVE HEAT EXCHANGERS INTO THE GEOTHERMAL SYSTEMS.

Incorporation of reactive heat exchanger (RHE) into geothermal systems is a ground-breaking strategy of enhancing the
efficiency of heat extracting and energy recovery. RHES provide improved thermal performance and lower exergy losses
in shallow and deep geothermal through the coupling of thermochemical reactions, adsorption or phase-change reaction
with the traditional heat transfer. This sub-category discusses the system-level implementation of RHEs, its design
strategies, hybrid implementations, function, and the possible performance benefits of the implementation.

5.1 Downhole Integration of Enhanced Geothermal Systems (EGS).

The concept of Downhole RHE integration entails placing reactive heat exchange media inside geothermal wells to
enhance the recovery of energy of high- and low-enthalpy reservoirs. RHEs may also be especially useful in EGS,
which require the use of artificially induced fractures to boost permeability, according to which the heat recovery is
maximized without the need to raise fluid flow rates (Pruess, 2008; Liu et al., 2019).

Coaxial or U-tube wellbore designs can be easily modified to include reactive media (e.g. zeolites, redox oxides or
phase-change materials) to enable a combination of heat extraction and chemical energy storage. This will reduce
thermal drawdown in geothermal wells with low permeability and increase the lifespan of geothermal wells (Pokhrel et
al., 2022; Sharma et al., 2020).

Table 3: Downhole RHE Configurations and Key Parameters

Configuration Reactive Heat Transfer | Reservoir  Temperature | Notes

Type Media Rate (KW) Range (°C)

Coaxial RHE Zeolites 180-220 100-150 Suitable for low-enthalpy
EGS

U-tube with PCM | Salt Hydrates | 200-250 120-180 Improves energy density
and storage

Packed Bed RHE | Redox 230-270 150-220 Optimized  for  high-

Oxides enthalpy reservoirs

5.2 Surface Heat Exchanger Integration

Surface RHE integration focuses on improving energy extraction in geothermal plants and hybrid energy systems.
Reactive heat exchangers installed at the surface can capture additional thermal energy from brines, supercritical CO.,
or multiphase geothermal fluids (Randolph & Saar, 2011; Li et al., 2011).

Surface RHEs often utilize compact designs such as plate or shell-and-tube arrangements combined with reactive
coatings or sorption beds to increase the effective heat transfer area (Klemes et al., 2015; Bonaccorsi et al., 2013). These
systems allow multi-stage heat recovery, including cascading heat for secondary processes such as district heating,
desalination, or industrial heat supply.
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Comparative Heat Extraction Performance of Surface RHE vs Conventional Heat Exchangers
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Figure 2: Comparative Heat Extraction Performance of Surface RHE vs Conventional Heat Exchangers
<<

5.3 Hybrid Geothermal-Chemical Systems

Hybrid systems combine geothermal energy extraction with chemical reactions, energy storage, or CO: sequestration.
Reactive heat exchangers can facilitate these hybrid systems by allowing in-situ chemical reactions that either store
thermal energy or improve heat transfer. For instance, integrating CO: as a working fluid with reactive media enables
simultaneous geothermal extraction and carbon sequestration (Pruess, 2008; Spycher & Pruess, 2010).

Additionally, hybrid RHE systems allow coupling geothermal energy with industrial heat recovery, thermochemical
energy storage, or solar-assisted heating. This approach maximizes energy output and reduces the environmental
footprint of geothermal operations (Barati et al., 2011; Tescari et al., 2014).

5.4 Operational and Control Considerations

The successful integration of RHESs requires careful monitoring and control of fluid flow rates, temperature gradients,
and reaction kinetics. Real-time sensors can optimize reactive media performance and prevent fouling or degradation
(Mohammed et al., 2011; Sommers et al., 2010). Advanced modeling techniques, including computational fluid
dynamics (CFD) coupled with reactive transport simulations, are essential to predict system behavior under variable
geothermal conditions (Liu et al., 2019; Sharma et al., 2020).
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Figure 3: Temperature Profiles along a Hybrid RHE in EGS Well.

5.5 System-Level Performance and Energy Efficiency
Integration of reactive heat exchangers significantly improves the overall energy efficiency of geothermal systems. Key
benefits include:
e Enhanced heat extraction without increasing circulation flow rates (Kim et al., 2010; Pokhrel et al., 2022)
e Reduced thermal drawdown in reservoirs (Randolph & Saar, 2011)
e Increased capacity for low-grade heat utilization and cascading energy applications (LeBlanc, 2014; Kleme$
et al., 2015)
e  Compatibility with carbon-neutral operations via CO: or chemical reaction cycles (Pruess, 2008; Spycher &
Pruess, 2010)
Moreover, RHEs can be designed to modularly integrate into existing geothermal infrastructure, allowing retrofitting in
both shallow and deep geothermal plants. Field-scale experiments suggest efficiency improvements of 15-25% in
energy recovery compared to conventional systems (Pokhrel et al., 2022; Sharma et al., 2020).

In sum, Reactive heat exchangers provide a robust mechanism for integrating advanced thermal management, chemical
energy storage, and hybrid energy conversion into geothermal systems. Downhole, surface, and hybrid system
applications demonstrate that RHES can significantly improve heat recovery, enhance operational sustainability, and
support multi-energy integration. Operational control, material selection, and reactive media design are critical for
realizing the full potential of these systems. Future research should focus on long-term field trials, reaction Kinetics
optimization, and techno-economic assessments to validate the scalable deployment of RHEs in geothermal energy
systems.

PERFORMANCE ENHANCEMENT AND ENERGY RECOVERY POTENTIAL

The performance of reactive heat exchangers (RHES) in geothermal energy systems is determined not only by their
ability to transfer thermal energy efficiently but also by their capacity to recover energy through integrated reactive
processes. By combining conventional sensible heat transfer with thermochemical or phase-change reactions, RHEs can
significantly enhance heat extraction, improve thermal efficiency, and expand the operational envelope of geothermal
systems. This section critically examines the factors influencing performance enhancement, the mechanisms for energy
recovery, and the potential gains achievable through RHE integration.

4F 2024 #5FE 52 i 2
DOI: 10.46121/pspc.52.2.3



https://pspac.info/index.php/dlbh/article/view/159
https://pspac.info/index.php/dlbh/article/view/159
https://pspac.info/index.php/dlbh/article/view/159

: it

- Power Syste
: 2 ISSN:1674-3415

A L . e il

6.1 Thermal Efficiency Improvement through Reactive Mechanisms

Reactive heat exchangers leverage chemical or phase-change reactions to increase the effective heat capacity of working
fluids and storage media. For example, adsorption—desorption cycles in zeolite-coated exchangers or redox reactions in
thermochemical oxides can store and release additional heat beyond what is achievable with traditional water or brine-
based systems (Bonaccorsi et al., 2013; Tescari et al., 2014). Experimental and numerical studies have demonstrated
that the incorporation of reactive media can improve overall thermal efficiency by 15-25% compared to standard coaxial
or U-tube borehole designs (Pokhrel et al., 2022; Sharma et al., 2020).

Reactive heat exchangers also minimize temperature drop across the exchanger, allowing higher outlet temperatures
and reducing the irreversibility of energy extraction. Thermodynamically, this results in improved exergy utilization,
which is particularly beneficial in low-enthalpy geothermal resources where conventional systems exhibit marginal
efficiency (Hasnain, 1998; LeBlanc, 2014).

Table 4: Comparison of Thermal Efficiency between Conventional and Reactive Heat Exchangers

Heat Exchanger | Working Fluid/Reactive | Average Thermal | Key Notes

Type Medium Efficiency (%)

Coaxial Borehole | Water 55-65 Sensitive to scaling and flow rate

HE variations

U-tube Borehole | Water/Brine 60-68 Moderate temperature gradients

HE

Reactive HE Zeolite-coated/Redox 72-85 Enhanced heat storage and release,
oxides lower exergy loss

Downhole Coaxial | Water + Thermochemical | 75-88 Stable performance under variable

RHE medium geothermal gradients

6.2 Enhanced Heat Recovery through Multi-Stage Integration

RHEs allow for multi-stage energy recovery, where heat is extracted in successive layers or stages using both sensible
and latent/reaction-based energy storage. This approach reduces thermal losses and enables the system to maintain
higher outlet temperatures over extended operation periods (Li et al., 2011; Klemes et al., 2015).

By integrating RHEs with surface power generation or industrial heat utilization systems, waste heat can be recycled
back into the geothermal loop, further improving overall energy recovery (Barati et al., 2011; Oladejo et al., 2018). For
example, hybrid configurations combining thermochemical storage with microchannel-enhanced heat exchangers have
demonstrated up to 20% additional energy recovery in experimental setups (Mohammed et al., 2011).

Schematic of Multi-Stage Heat Recovery in a Reactive Heat Exchanger System
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Figure 4: Schematic of Multi-Stage Heat Recovery in a Reactive Heat Exchanger System
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6.3 Optimization of Flow Dynamics and Heat Transfer Surfaces

The geometry and surface properties of reactive heat exchangers play a crucial role in maximizing energy recovery.
Microchannel surfaces, extended fins, and porous reactive coatings enhance convective heat transfer and improve
contact between the working fluid and reactive media (Mohammed et al., 2011; LeBlanc, 2014).

Numerical studies show that optimizing the aspect ratio of microchannels and incorporating high-surface-area reactive
coatings can increase heat flux by up to 30%, while simultaneously reducing pressure drop across the exchanger
(Sommers et al., 2010; Li et al., 2011). These improvements translate directly to higher overall system efficiency and
lower operational costs.

6.4 Coupling with Low-Grade and Waste Heat Sources

Reactive heat exchangers are particularly suitable for exploiting low-grade geothermal resources or integrating with
industrial waste heat streams. By utilizing thermochemical reactions or phase-change materials, heat that would
otherwise be lost to the environment can be effectively recovered and reused (O’Connor et al., 2016; Aydin et al., 2015).

Experimental results indicate that coupling RHEs with low-enthalpy geothermal wells and municipal waste heat can
increase recoverable energy by 12—-18% without significant infrastructure modifications (Moya et al., 2017; Oladejo et
al., 2018). This approach contributes to circular energy systems and enhances the sustainability of geothermal

operations.
Table 5: Energy Recovery Potential of Reactive Heat Exchangers under Various Scenarios
Scenario Source Type Energy Recovery | Notes
Improvement (%)
Conventional Low-enthalpy geothermal Baseline 60 Limited by fluid heat capacity
HE
RHE Low-enthalpy  geothermal + | 75-85 Multi-stage reactive zones
Integration thermochemical medium
Hybrid System | Geothermal + industrial waste | 80-90 Exploits residual heat, stable
heat operation
Enhanced EGS | CO:-based geothermal 78-88 Combines reactive media with high
CO: thermal conductivity

In summary, Reactive heat exchangers present a transformative opportunity to enhance geothermal energy recovery.
By combining conventional heat transfer with reactive processes, they improve thermal efficiency, enable multi-stage
energy recovery, optimize flow and surface interactions, and integrate effectively with low-grade and waste heat
sources. The experimental and numerical studies reviewed demonstrate that RHES can increase heat extraction by 15—
30%, while maintaining system stability and sustainability. Future research should focus on large-scale field validation,
optimization of reactive media, and integration with hybrid geothermal-industrial systems to fully realize the potential
of RHE technology.

ENGINEERING CHALLENGES AND GEOMECHANICAL CONSIDERATIONS

Geothermal energy extraction through reactive heat exchangers (RHES) introduces complex engineering and
geomechanical challenges that must be addressed to ensure system reliability, safety, and optimal performance. While
RHEs offer significant improvements in heat recovery and system efficiency, they impose additional constraints on
material selection, wellbore integrity, fluid dynamics, and reservoir behavior. This section presents a detailed analysis
of the engineering obstacles and geomechanical considerations relevant to field-scale implementation of RHEs.

7.1 Thermal and Mechanical Stress Management

Reactive heat exchangers operate under high temperatures and pressures, often exceeding the limits of conventional
materials. Thermal gradients within the exchanger and surrounding rock can induce significant mechanical stresses,
potentially leading to microfractures, material fatigue, or structural failure (Sommers et al., 2010; Pokhrel et al., 2022).
Effective stress management requires careful design of the heat exchanger geometry, thermal expansion allowances,
and selection of high-temperature resistant materials such as ceramics or ceramic matrix composites (Sommers et al.,
2010; Li et al., 2011).
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Material degradation due to thermal cycling and chemical reactions with geothermal fluids can also reduce operational
lifespan, emphasizing the importance of predictive modeling and periodic inspection regimes (Mohammed et al., 2011;
Tescari et al., 2014).

ISSN:1674-3415

7.2 Reservoir and Rock Mechanics Constraints

Geomechanical properties of the reservoir rock strongly influence the performance of reactive heat exchangers. High-
stress zones, fault lines, and heterogeneous permeability can cause uneven heat extraction, subsidence, or unwanted
fracture propagation (Ghassemi, 2012; Liu et al., 2019). Enhanced geothermal systems (EGS) that rely on hydraulic
stimulation to increase permeability face additional risks such as induced seismicity and wellbore instability (Pruess,
2008; Randolph & Saar, 2011).

Numerical modeling of coupled thermal-hydraulic-mechanical-chemical (THMC) interactions is critical for predicting
long-term reservoir behavior under reactive heat exchanger operation (Sharma et al., 2020; Pokhrel et al., 2022).

7.3 Fluid Dynamics and Flow-Induced Erosion

Reactive heat exchangers involve high-velocity fluid flows for optimal heat transfer, which may generate significant
flow-induced erosion and pressure drop along the wellbore or within compact heat exchanger structures (Mohammed
et al., 2011; Klemes et al., 2015). Managing fluid dynamics requires optimization of channel geometries, surface
coatings, and reactive media distribution to minimize turbulence and erosion while maintaining effective thermal
exchange (LeBlanc, 2014; Li et al., 2011).

Additionally, fluid chemistry, including CO: content in EGS or reactive working fluids, can exacerbate corrosion and
scaling, affecting both exchanger performance and long-term reservoir stability (Spycher & Pruess, 2010; Pruess, 2008).

7.4 Scaling, Fouling, and Chemical Compatibility

The integration of reactive media introduces risks of scaling, precipitation, or fouling that reduce heat transfer efficiency
(Bonaccorsi et al., 2013; Hasnain, 1998). Chemical interactions between the geothermal fluid, exchanger surfaces, and
reactive materials must be carefully evaluated to prevent blockages or material deterioration.

Periodic chemical treatment, reactive media selection, and innovative surface engineering are essential mitigation
strategies for long-term operation (Aydin et al., 2015; Tescari et al., 2014).
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Figure 5: Conceptual schematic of fluid flow, thermal gradients, and stress zones in a reactive heat exchanger
system within a geothermal reservoir
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7.5 Wellbore Integrity and Operational Risks

Maintaining wellbore integrity under combined thermal, chemical, and mechanical stresses is a key challenge. RHE
deployment requires advanced casing materials, cementing techniques, and monitoring systems to prevent leaks, casing
collapse, or unintended fluid migration (Kim et al., 2010; Pokhrel et al., 2022).

Real-time monitoring through fiber-optic sensors, pressure transducers, and acoustic emission systems can enable early
detection of anomalies and improve operational safety (Sharma et al., 2020; Liu et al., 2019).

7.6 Multi-Scale Integration and System-Level Optimization

Beyond individual well challenges, RHE systems must be integrated into larger geothermal networks and surface power
plants. Thermal imbalances, pressure fluctuations, and material heterogeneity across wells can affect global system
efficiency (Randolph & Saar, 2011; Li et al., 2011).

Multi-scale modeling combining reservoir-scale simulation with component-level heat exchanger analysis is essential
to optimize energy recovery, minimize geomechanical risks, and ensure sustainable operation (Pokhrel et al., 2022;
Sharma et al., 2020).

In sum, Reactive heat exchangers present a transformative opportunity for enhanced geothermal energy recovery.
However, their deployment faces significant engineering and geomechanical challenges, including thermal and
mechanical stress management, reservoir rock constraints, fluid-induced erosion, chemical compatibility, and wellbore
integrity. Addressing these issues requires an integrated design approach combining advanced materials, THMC
modeling, real-time monitoring, and system-level optimization. Continued research and field-scale testing are critical
to overcoming these barriers and realizing the full potential of reactive heat exchangers in sustainable geothermal energy
systems (Ghassemi, 2012; Pokhrel et al., 2022; Sharma et al., 2020).

SUSTAINABILITY, ENVIRONMENTAL, AND CROSS-SECTOR INTEGRATION

The integration of reactive heat exchangers (RHES) into geothermal energy systems presents opportunities not only for
improved thermal efficiency but also for enhanced sustainability and environmental performance. As the energy
transition accelerates, RHEs can play a pivotal role in reducing carbon footprints, enabling resource-efficient energy
recovery, and fostering cross-sectoral synergies. This section explores these dimensions through technological,
environmental, and systemic lenses.

8.1 Resource Efficiency and Waste Heat Utilization

Reactive heat exchangers enable simultaneous heat recovery and chemical or phase-change reactions, allowing
geothermal systems to exploit low-grade heat that would otherwise be lost. By integrating thermochemical or
adsorption-based storage materials, RHEs can significantly increase energy utilization efficiency (Hasnain, 1998;
Lahmidi et al., 2006; Aydin et al., 2015). Furthermore, RHES can be designed to harness waste heat streams from
industrial processes such as metallurgy, chemical production, and municipal waste-to-energy plants, thereby promoting
circular energy flows (Moya et al., 2017; Oladejo et al., 2018). This approach reduces dependency on primary energy
inputs while minimizing thermal discharges into the environment.

8.2 Carbon Footprint Mitigation and Geochemical Integration

Enhanced geothermal systems integrated with RHES provide pathways for CO: sequestration and reduced greenhouse
gas emissions. Certain RHE designs allow the incorporation of CO: as a working fluid or as part of mineral carbonation
processes, enabling concurrent geothermal energy extraction and geologic carbon storage (Randolph & Saar, 2011;
Pruess, 2008; Spycher & Pruess, 2010). These integrated approaches contribute to the decarbonization of the energy
sector while maintaining high thermal efficiency. Additionally, the use of reactive media in heat exchangers can
facilitate selective capture or neutralization of trace geothermal pollutants, enhancing environmental compliance.
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Figure 6: Cross-Sector Integration of Reactive Heat Exchangers

8.3 Integration with Renewable and Industrial Sectors

As a matter of fact, reactive heat exchangers are flexible and can be connected with several energy systems. As an
example, geothermal heat may be combined with solar thermal energy via thermochemical storage by RHES to improve
the balancing of seasonal energy and to increase system reliability (Tescari et al., 2014; Lahmidi et al., 2006). At the
industrial level, they can be used together with high temperature waste in cement, slag, or chemical synthesis and recover
the energy that is lost (Barati et al., 2011; LeBlanc, 2014). These cross-sector connections enhance symbiotic energy
nexus and allow a low-carbon industrial park to be built.

8.4 Risk reduction of the environment and lifecycle.

The environmental risk mitigation also falls under sustainability in RHE implementation. More advanced materials,
including ceramic matrix composites, nanostructured coating and thermochemically active media, extend the life of
operations and decrease the number of times they are required to be maintained and replaced hence minimizing the
environmental impacts associated with the lifecycle (Sommers et al., 2010; Mohammed et al., 2011). Besides, RHE
integration reduces thermal pollution and groundwater disturbance by maximizing heat recovery and control of flow in
geothermal reserves (Kim et al., 2010; Ghassemi, 2012). The method of lifecycle assessment (LCA) could be used to
measure the net environmental benefits compared to the traditional geothermal setups.

8.5 Socio-Economic and Policy Implications.
RHE deployment has wider socio-economic impacts than technical and environmental factors. The cross-sectoral
integration and improved energy efficiency can reduce the costs of operations, enhance the energy security, and generate
high-value employment in the engineering of renewable energy sources, design of chemical processes, and heat
exchangers (Sharma et al., 2020; Pokhrel et al., 2022). The policy makers can encourage the use of RHE by subsidizing
industrial symbiosis initiatives, carbon credit scheme, as well as pilot demonstrations and make the process sustainable
energy transitions quick.
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The reactive heat exchangers offer a multi-dimensional process of implementing sustainable geothermal energy. RHES
can provide the stewardship of the environment and optimization of industrial energy by enabling the effective heat
recovery, reducing carbon emissions, and implementing cross-sectoral integration. Pilot-scale applications, LCA, and
policy frameworks that ensure the maximum benefits to the environment, economic, and social benefits should be the
subject of future research.

FUTURE RESEARCH DIRECTIONS AND CONCLUSION.

Reactive heat exchangers (RHESs) are a revolutionary concept of improving geothermal energy utilisation. RHEs have
high thermal efficiency, resource use, and stability enhancements through the integration of traditional sources of heat
transfer with thermochemical, adsorption, or phase-change reactions. The integration has resolved the weaknesses of
conventional geothermal systems especially low-enthalpy or industrial waste heat-switchable applications, but it offers
prospects to environmental sustainability and intersector energy optimization (Kim et al., 2010; Sharma et al., 2020;
Pokhrel et al., 2022).

The study identifies a number of important benefits of RHE implementation:

1. Improved Heat Recovery: Reactive processes improve effective heat capacity, which enables to utilize more energy
in both high- and low-temperature geothermal reservoirs (Hasnain, 1998; Aydin et al., 2015).

2. Sustainability and Environmental Benefits: RHEs allow mitigating the carbon footprint using CO 2, reduce thermal
pollution, and enhance circular energy flows by combining the industrial waste heat streams (Randolph and Saar,
2011; Moya et al., 2017; Oladejo et al., 2018).

3. Cross-Sectoral Integration: Hybridization of solar thermal, biomass, and industrial processes can be done with
RHESs, which enables creation of symbiotic energy networks and energy security (Tescari et al., 2014; Barati et al.,
2011).

4. Material and Lifecycle Optimization: New materials include ceramic composites and nanostructured coating which
maximize the durability and frequency of maintenance which minimize the effects of lifecycle on the environment
(Sommers et al., 2010; Mohammed et al., 2011).

Although these are the main benefits, there are still a number of problems that should be the subject of further

investigations:

e Pilot-Scale: It needs to evaluate long-term effectiveness, material composition, and reactor dynamics in reality and
under geothermal operating conditions (Pokhrel et al., 2022; Liu et al., 2019).

e Integrated Modeling: RHE requires multi-physics simulations to optimize the design, scale-up and system
integration of the system, which includes thermal, chemical and fluid dynamics processes (Sharma et al., 2020; Li
et al.,, 2011).

e Economic and Policy Evaluation: Technological-economic considerations and policy framework is required to
motivate uptake and measure the lifecycle cost against conventional geothermal systems (Shah and Sekulic, 2003;
Klemes et al., 2015).

e Environmental and Socio-Economic Impact: The lifecycle analysis and socio-economic research can measure the
overall benefits of implementing RHE such as job creation, energy equity, and sustainable industrial growth
(LeBlanc, 2014; Moya et al., 2017).

To summarize, reactive heat exchangers are an interesting avenue to take forward geothermal energy as a sustainable

resource, an efficient energy source, and to integrate it across all sectors. The future research must aim at expanding

these technologies to the field level and laboratory level, explore optimal materials and design, and be ready to formulate
policies so as to maximize the benefits of environmental and socio-economic outcomes. The material science, chemical
engineering, and renewable energy systems will converge and this will play a vital role in exploring the full potential of

RHEs in energy transitions globally.
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