
Applied Thermal Engineering 252 (2024) 123687

Available online 13 June 2024
1359-4311/© 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, AI training, and similar technologies.

Research Paper 

Characterizing thermal runaway of reservoir rocks under electromagnetic 
irradiation towards hydrogen generation from petroleum reservoirs 

Baizheng An a, Keju Yan a, Brandon Robinson b, Jianli Hu b, Qingwang Yuan a,* 

a Bob L. Herd Department of Petroleum Engineering, Texas Tech University, 2500 Broadway, Lubbock, TX 79409, USA 
b Department of Chemical and Biomedical Engineering, West Virginia University, Morgantown, WV 26506, USA   

A R T I C L E  I N F O   

Keywords: 
Thermal runaway 
Reservoir rocks 
Electromagnetic heating 
Minerals 
Hydrogen production 

A B S T R A C T   

Electromagnetic(EM)-assisted catalytic heating presents a novel method for in-situ hydrogen production from 
petroleum reservoirs. This study delves into the interaction between electromagnetic waves and reservoir rocks, 
characterizing the fundamentals behind thermal runaway (TR) phenomenon in sandstones and shales. Utilizing a 
custom microwave reactor and advanced analysis techniques, we identify the microwave-induced thermal 
runaway phenomenon in San Saba sandstone rocks at ~ 568 ◦C and Mancos shale rocks at ~ 253 ◦C, emphasizing 
the role of mineral, elemental compositions, and dielectric properties in these differences. We also identified that 
chlorite, albite, and illite are major contributors to thermal runaway and the significant reduction in power 
required for reheating rocks, saving 50.0–66.7% for sandstone and 64.0–80.0% for shale. This work contributes 
new insights into the occurrence and mechanisms of thermal runaway in reservoir rocks, therefore providing an 
efficient way for enhancing heating efficiency and reducing energy input for in-situ hydrogen production. This 
research further de-risks the emerging technology for in-situ hydrogen production from petroleum reservoirs via 
electromagnetic-assisted catalytic heating.   

1. Introduction 

To cope with the increasing global challenge of climate change and 
meet the goals of the Paris Agreement, a series of strategies have been 
developed to reduce greenhouse gas emissions and transform fossil fuels 
into cleaner energy. Particularly, the petroleum industry is actively 
engaged in the transition towards sustainable and low-carbon energy 
sources in order to achieve the net-zero emissions by 2050[1,2]. One 
approach to decarbonize the petroleum industry is to convert oil and gas 
into hydrogen (H2). As of 2019, about 95% of hydrogen is produced by 
steam methane reforming (SMR) in the United States, with a carbon 
footprint of 9–10 kg CO2/kg H2 involved[3]. The carbon capture, utili
zation, and storage (CCUS) is therefore required to mitigate the carbon 
footprint. However, CCUS is costly and needs significant investments 
from government and private sectors. Furthermore, CO2 emissions are 
nearly unavoidable in every single step during hydrocarbon production, 
transportation, storage, and hydrocarbon to hydrogen conversion at the 
surface. Therefore, there is a substantial need to develop the new tech
nology for clean hydrogen production while minimizing greenhouse gas 
footprint. 

In-situ hydrogen production and extraction from petroleum reser
voirs has emerged as an alternative approach to simultaneously decar
bonize petroleum industry while producing clean hydrogen[4,5]. Yuan 
et al.[6] first proposed electromagnetic(EM)-assisted catalytic heating 
for in-situ hydrogen production from petroleum reservoirs[6,7]. In this 
approach, EM energy is delivered to the targeted formation to achieve a 
high enough temperature to initiate the in-situ conversion of oil and gas 
into hydrogen. With the assistance of downhole hydrogen membrane 
separators, high-concentration hydrogen gas can be extracted to the 
surface while all other by-products (e.g., CO, CO2, CH4, etc.) are 
simultaneously sequestrated in reservoirs, thus enabling a carbon-zero 
hydrogen production technology. This technology has been recently 
validated through lab-scale experiments in Yuan’s group, with a 
maximum of 66 mol.% to up to 91 mol.% hydrogen being generated 
from oil, gas, and/or water in the presence of reservoir rocks[8–10], 
depending on temperatures in experiments. The techno-economic as
sessments showed that the hydrogen production cost by this technology 
can be as low as USD $0.86/kg H2[11]and CAD $0.89/kg H2[12], while 
the greenhouse gas footprint can be zero if the energy needed is 
completely from nearby abundant renewable energy. Despite the 
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significant potential of this technology, the fundamental interactions 
between EM waves and reservoir rocks are poorly understood, especially 
at high temperatures required for hydrogen production. 

The utilization of EM heating for rocks and minerals has spanned 
several decades. In 1978, microwave heating was used for desulfuriza
tion of coal[13]. Later, relative transparency of minerals to EM energy 
was investigated for 40 different minerals[14]. It is found that the 
behavior of minerals under EM irradiation is compositionally depen
dent. Minerals are then classified into three categories: strong, medium, 
and weak absorbers, depending on their capacity to absorb EM energy 
and convert it into heat[15,16]. Numerous studies have explored the 
application of EM heating in various fields involving EM-rock in
teractions, including drilling[17]and grinding igneous rocks[18], pro
cessing[19]and reheating[20]minerals, accelerating curing of concrete 
and cement[21,22], and decarbonizing coal tar[23]. A particular focus 
of those studies is the rock breaking induced by EM-rock interactions. 
However, there is a lack of understanding on the heating behaviors 
especially for reservoir rocks in which different minerals may play a 
significant role in the heating efficiency during EM heating. A good 
understanding of this aspect will help better control the EM heating for 
maximizing the in-situ hydrogen generation from petroleum reservoirs. 

One major reason for using EM heating for in-situ hydrogen pro
duction is its key feature as a rapid, selective, and direct energy transfer 
heating technique[24–27]. It can also penetrate rocks into a certain 
depth at a lower EM frequency so that a large volume of the reservoir can 
be heated, and hydrogen can be generated when hydrocarbons flow to 
the well. The fundamental mechanism for heating solid materials under 
EM irradiation is based on two mechanisms: ionic conduction and 
dielectric polarization[28,29]. Dielectric polarization mechanism is 
further divided into dielectric, electronic, atomic, interfacial, and 
orientation polarization. When EM field alternates, the dipoles within 
the media align with the changing electric field, leading to polarization. 
This alignment causes hysteresis in the molecular structure under the 
influence of the EM field. The resultant friction thus generates heat 
energy[30]. As EM waves transmit through different media, they un
dergo reflection, absorption, and penetration, which are primarily 
determined by the dielectric properties of the materials[31–33]. 
Dielectric constant έ  and dielectric loss factors εʹ́  are two key elements 
that characterize the dielectric response of materials under EM heating. 
The dielectric constant of materials reflects their ability to be polarized 
and store the EM energy. While the dielectric loss measures the ability to 
dissipate the energy as heat. Therefore, a material with a high dielectric 
constant absorbs more EM energy, while a material with a high dielec
tric loss can be easily heated by EM waves. The loss tangent, tanδ, is 
defined as the ratio of the energy loss (εʹ́ ) to energy stored (έ ) in a 
material, i.e., tanδ = εʹ́/έ , which describes the ability to convert 
absorbed energy into heat. 

Depending on the composition of rocks and their dielectric proper
ties, the heating behaviors are different under EM irradiation. Thermal 
runaway (TR) is one of the interesting phenomena in which a sudden 
increase in temperature is observed during the EM heating of materials 
such as ceramics[34], minerals[35], and cement[36]. The occurrence of 
TR is primarily contingent on two factors [37]: 1) the amount of heat 
absorbed by the material during EM irradiation; and 2) the heat loss 
from the heated material to the surrounding environment. TR occurs 
when the EM energy is absorbed and converted when generated heat is 
greater than a certain threshold. This threshold is a function of the heat 
transfer coefficient, which quantifies the amount of heat loss due to 
outward convection. Controlling the occurrence of TR phenomenon will 
avoid overheating while reducing energy consumption during in-situ 
hydrogen production. 

In our previous studies[9,38], TR was first reported for shale and 
sandstone rocks in the presence of organic matter and hydrocarbons 
under EM heating. In fact, TR can be observed in the samples (i.e., 
mixture of rock, crude oil, and/or water) without iron catalysts in our 

first-of-the-kind work (see Exps. #3 and #7 in Figs. S6 and S7 in[8]). 
However, this phenomenon was not reported or investigated at that time 
because of the limited data. Although the research ultimately serves for 
the in-situ hydrogen production, the presence of hydrocarbons and 
artificial iron catalysts in previous studies significantly complicates the 
investigation of EM-induced TR of reservoir rocks because of the gen
eration of solid carbon and reactions. The mechanism of EM heating of 
rock samples saturated with water is even more complex[39,40], which 
has a dielectric loss an order of magnitude greater than that of most 
minerals, thus interacting more efficiently with EM waves. Therefore, to 
better elucidate the underlying mechanisms of the TR phenomenon, 
simplified scenarios with only reservoir rocks under EM irradiation 
should be first examined carefully. Further, the specific roles of various 
minerals in different reservoir rocks during EM heating process are less 
unknown. The thermal behaviors of different reservoir rocks before and 
after the occurrence of TR are poorly understood. Given the above 
critical knowledge gaps, this study focuses on investigating the occur
rence and underlying mechanisms of TR in both sandstone and shale 
rocks without hydrocarbons or artificial catalysts under EM irradiation. 

In this study, two types of reservoir rocks are heated with different 
EM powers. To identify which minerals cause the TR phenomenon, 
various pure minerals are also used. Considering the potential distur
bance of EM waves to communications, only the microwave frequency 
2.45 GHz is used in experiments, instead of the wide EM spectrum. 
Advanced characterizations, such as X-ray diffraction (XRD), scanning 
electron microscopy (SEM), and electron probe micro-analyzer (EPMA) 
analysis, are conducted to characterize the mineralogical and physical 
changes of rocks before and after TR, aiming to understand the reasons 
of improved heating efficiency. This study provides a detailed expla
nation of the TR phenomenon and the EM-reservoir rock interactions, 
the insights obtained will lay a solid foundation for leveraging the TR 
phenomenon to achieve high heating efficiency with less energy input 
towards in-situ hydrogen production via the EM-assisted catalytic 
heating, thus shedding light on promoting the development of this 
emerging clean energy technology. 

2. Experimental methodology 

2.1. Materials 

The reservoir rock samples utilized in the experiment are San Saba 
sandstone and Mancos shale (from Kocurek industries, Inc.). San Saba 
sandstone is a medium-grained sedimentary rock, mainly distributed in 
Texas, located in the Paleozoic formation, with a relatively loose texture 
and high porosity (19–21%). In contrast, Mancos shale, a fine-grained 
sedimentary rock, is widely distributed in the western United States. 
The mineralogical analysis of these two rocks, determined by XRD 
analysis, indicated that they contain quartz, albite, microcline, dolo
mite, calcite, kaolinite, illite, and chlorite, as shown in Fig. 1. All sam
ples are crushed and sieved to a diameter range of 100–125 μm to 
minimize the effect of grain size on the measured results[41]. Further, 
pure minerals (from Rocks, Minerals and Fossils LLC) are also used for 
EM heating to determine their temperature profiles at different EM 
powers. To eliminate the effect of humidity and free water, all samples 
are dried in a drying oven at 70 ◦C at least 24 h before microwave 
heating. 

2.2. Experimental setup 

A single-mode cavity microwave system operating at a frequency of 
2.45 GHz is employed to investigate the heating behaviors of reservoir 
rocks and pure minerals under microwave irradiation. As shown in 
Fig. 2, this system consists of a magnetron-type microwave generator, an 
E-filed cavity, a sliding short, and an auto-tuner that can automatically 
optimize the reflected power in real time. Before microwave heating, the 
sample consisting of 3 g of rock or pure mineral is loaded into the center 
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of a quartz tube (ID 10 mm, OD 16 mm, L 36 mm), with the support of 
quartz wool. The loaded quartz tube is then carefully placed into the 
cavity. After the sealing test, argon gas (Ar) is introduced at a flow rate 
of 60 standard cubic centimeters per minute (sccm) into the quartz tube 
to maintain an inert environment throughout the heating process. Two 
different measurement ranges (50 ◦C to 400 ◦C and 150 ◦C to 1000 ◦C) of 
infrared (IR) pyrometers (2.3 μm spectral range, Micro-Epsilon) are used 
to monitor the real-time temperature profiles at a resolution of 0.1 ◦C. 
Because of the limitation on the minimum temperatures monitored for 
different IR pyrometers, 50 ◦C and 150 ◦C will be used in the tempera
ture profiles in experiments when temperature is below them. Dielectric 
properties are measured between 100 MHz and 9 GHz using a Keysight 
P5002A vector network analyzer using coaxial transmission line 
method. The powdered materials of rocks and minerals are included in a 
paraffin wax (Sigma Aldrich) matrix at 10% volume loading, homoge
nized, and cast into a plug[42]. 

2.3. Characterization techniques 

To better understand the interactions between EM-waves and rocks, 
advanced characterization techniques are used to analyze both fresh and 
spent samples. X-ray diffraction (XRD, Olympus BTX II) is utilized to 
quantitatively analyze the mineralogy of the samples before and after 
heating, with determinations performed using Co Kα radiation at a step 
size of 0.05 and the American Mineralogist Crystal Structure Database 
(AMCSD) in Xpowder software. Differential scanning calorimetry (DSC, 
Mettler Toledo DSC822e) is used to measure the samples’ thermal 
properties and track the phase changes. The changes in heat flux of a 20 
mg sample with increasing temperature are measured in an aluminum 
pan, heating from 25 ◦C to 600 ◦C at a rate of 5 ◦C/min at a nitrogen flow 
rate of 200 mL/min. Thermogravimetric Analysis (TGA, TA Instruments 

Q50) involved specimens in a platinum pan, under nitrogen, heating at 
5 ◦C/min from 25 ◦C to 800 ◦C, providing detailed insight into mass 
changes with temperature. The elemental content of reservoir rocks is 
determined by X-ray fluorescence (XRF, Thermo Scientific ARL PER
FORM’X) technology at 30–60 kV, 60–120 mA, and count times ranging 
from 8 to 40 s up on the different elements. The composition of fresh and 
spent samples and associated minerals is analyzed using a Cameca SX- 
100 with 4 WDS Spectrometers with a tungsten filament. The opera
tion parameters are as follows: accelerating voltage at 15 kV, beam 
current at 20nA, and beam diameter at 0 µm for maps and minerals, 
except 10 µm for feldspar and 5 µm for carbonate. All X-Ray Maps are 
Wavelength Dispersive Spectrometer Maps (WDS, spectrometer 1 for Al 
and Mg, spectrometer 2 for Na, spectrometer 3 for K and Si, spectrom
eter 4 for Fe and Ca). 

3. Results and discussions 

3.1. Thermal behaviors of reservoir rocks under EM heating 

3.1.1. Thermal runaway (TR) of sandstone and shale rocks 
To better quantify the TR, we define the TR trigger temperature at 

the point when the time derivative of heating rate changes dramatically. 
When sandstone and shale rocks are subjected to microwave heating at 
an input power of 0.6 kW, their temperatures quickly increase after 4.7 
min and 3.4 min, respectively, as well as the sudden changes in their 
heating rates as depicted in Fig. 3. The TR occurs at 568 ◦C for sandstone 
and 253 ◦C for shale. Apparently, the Mancos shale sample is much 
easier to be heated compared to the San Saba sandstone. For pure quartz 
sample, the temperature only reaches a maximum of 73 ◦C within 20 
min (not shown in Fig. 3). This is due to the limited ability of quartz to 
absorb microwave energy, resulting in a significant portion of 

Fig. 1. Mineral compositions of reservoir rocks.  

Fig. 2. Schematic for determining reservoir rock-microwave interactions.  
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microwave passing through the quartz sample without being converted 
into heat. Due to the characteristics of EM heating and the differences in 
mixed powder samples, the temperature profile of each microwave 
heating has certain differences. Additionally, adjustments made by the 
auto-tuner contribute to this variance. Therefore, we repeated the 
heating experiments to ensure that TR temperature remained within a 
specific range. 

Before TR occurs, the temperature steadily rises at a consistent 
heating rate for a short period of time for both rocks. As to sandstone, the 
temperature begins to rise rapidly after reaching approximately 200 ◦C. 
After reaching 568 ◦C, the measured temperature increases much faster, 
exhibiting an almost vertical temperature–time relationship. For shale, 
the temperature abruptly soars after 253 ◦C, reaching an exceptionally 
high temperature of over 1000 ◦C within several seconds. 

The gradual acceleration of temperature from 200 ◦C to 568 ◦C for 
sandstone can be attributed to the high proportion of quartz present in 
sandstone. As the dielectric loss of quartz increases with temperature, it 
enhances the overall EM energy absorption of rock samples [43]. From 
the atomic scale, quartz demonstrates weak and fixed electron polari
zation at low temperatures. However, as temperature rises, the dipoles 
reorient more smoothly, enhancing polarization and increasing the 
material’s ability to couple with microwaves. 

For both sandstone and shale samples, TR can occur easily at a power 

of 0.6 kW. However, the differences in the TR trigger temperature and 
trigger time indicate that different reservoir rocks have unique micro
wave heating behaviors and characteristics. TR occurs when the heat 
generated from microwave absorption surpasses the heat lost through 
thermal conduction. 

From the perspective of heat generation by EM heating and local 
thermal distribution, sandstone and shale rocks are poor conductors. 
Therefore, the heat generated due to the local conductivity of electron 
charges is negligible, and dielectric loss heating dominates the heat 
generation process. In this scenario, higher temperatures lead to higher 
dielectric losses, resulting in faster heating of rock samples. Thus, it can 
be concluded that shale rock has higher dielectric losses compared to 
sandstone. This is also validated by the higher loss tangent of shale rock 
compared to that of sandstone in Table S1. 

To further elucidate the occurrence of TR from the perspective of 
heat loss, Fig. 4 illustrates the changes in heating profile determined by 
Differential Scanning Calorimetry (DSC) and Thermogravimetric Anal
ysis (TGA). From DSC analysis, both rocks display an overall endo
thermic trend when heated at a rate of 5 ◦C/min, suggesting an increase 
in their specific heat capacities and a reduced heat loss as temperature 
increases. The changes in enthalpy as a function of measured tempera
ture for both rocks are crucial for explaining their reactions and phase 
transitions. From TGA analysis, both rocks lose mass as the temperature 
increases. 

For sandstone, a sharp endothermic peak is observed from DSC at 
573 ◦C in Fig. 4a. The notable peak aligns perfectly with the temperature 
at which the α-β phase transition of quartz occurs[44]. This phenome
non was first hypothesized based on thermal expansion experiments, 
suggesting that room-temperature quartz undergoes a transformation 
into a unique polycrystalline form upon heating at 573 ◦C[45]. Quartz 
undergoes a notable change in its dielectric properties, especially 
dielectric loss, during phase transitions[46]. Consequently, it can effi
ciently convert EM energy into heat. The quartz phase transition can also 
enhance the thermal properties of quartz. The specific heat capacity of 
quartz shows a significant increase in the vicinity of phase transition 
temperatures[15]. For rocks and minerals, their ability to absorb and 
store thermal energy depends on their specific heat[40]. Changes in 
specific heat capacity thus play a key role in the temperature of the rock 
samples. This suggests that quartz stores a substantial amount of heat 
during phase transition, and as the temperature rises, this stored heat is 
released as the specific heat capacity decreases. Therefore, it is reason
able to attribute the occurrence of TR to the changes in dielectric and 
thermal properties resulting from the quartz phase transition. As 

Fig. 3. Thermal behavior of rock samples.  

Fig. 4. TGA and DSC analysis for rock samples.  

B. An et al.                                                                                                                                                                                                                                       



Applied Thermal Engineering 252 (2024) 123687

5

temperature increases from room temperature to 245 ◦C, the initial 0.2 
wt% mass loss primarily results from the release of absorbed, bound, and 
minor mineral water within the samples. From 245 ◦C to 800 ◦C, the 
additional 0.7 wt% weight loss is due to the decomposition of carbonates 
and organic materials, with minerals like illite and kaolinite decom
posing between 500 ◦C and 600 ◦C[47]. 

In contrast, distinct peaks at 357 ◦C, 441 ◦C, and 514 ◦C observed in 
Fig. 4b for the shale sample influence the thermal properties of shale. 
The endothermic peaks at 357 ◦C and 514 ◦C can be attributed to the 
thermal decomposition of calcite and dolomite, respectively, as their 
decomposition temperature falls 300–420 ◦C[48]and around 528 ◦C 
[49]. The pyrolysis of organic matter in shale is another contributing 
factor to the thermal properties of shale. Depending on the properties of 
shale and shale oil, the pyrolysis temperature of organic matter can 
range from 427 ◦C to 464 ◦C[50]. Hence, the endotherm peak at 441 ◦C 
for shale rock may result from the pyrolysis of organic matter. Notably, 
the TGA data shows a 9 wt% weight loss in shale from 357 ◦C to 800 ◦C, 
which can be mainly attributed to thermal decomposition of a large 
amount of carbonate minerals contained in shale. 

3.1.2. Disparities at various input power 
When the reservoir rocks are exposed to varying input powers 

ranging from 0.4 kW to 1 kW, both their heating profiles and TR trigger 
temperatures exhibit distinct differences, as illustrated in Fig. 5. Due to 
different capabilities for being heated, a power of 0.6–1.0 kW is used for 
sandstone (Fig. 5a), while a power of 0.4–0.7 kW is used for shale 
(Fig. 5b). Further, when TR occurs with the sudden increase of tem
perature, we immediately turn the power off to avoid too high tem
peratures. Therefore, the values of peak temperatures in Fig. 5 are not 
essential. 

Overall, both rocks exhibit a reduced TR trigger temperature and an 
accelerated occurrence time of TR as the input power increases. This is 
because of the competition between heating by microwave energy ab
sorption and conduction at different power levels. More specifically, 
these observations can be attributed to the following reasons. First, the 
dielectric properties are temperature dependent. Dielectric constant and 
dielectric loss both increase with temperature, especially during phase 
transition. A significant increase in dielectric loss could shift the rocks 
from weak to strong microwave absorption[51]. Second, quartz is 
characterized as a microwave transparent material at lower tempera
tures. Microwaves efficiently pass through quartz and directly heat the 
microwave absorption minerals. Different local conductivities present in 
different minerals can cause thermal heterogeneity. This leads to the 
generation of hotspots where a substantial amount of heat accumulates 
locally. A higher input power exacerbates the imbalance between EM 

absorption and heat loss, thereby triggering faster thermal runaway. 
Third, thermal conductivity remains constant at a given temperature. 
However, variations in accumulated heat result in differences in the 
required temperature and time for heat to transfer from the center of the 
sample to the surface under varying power levels. 

When comparing sandstone and shale rocks, distinct heating patterns 
are observed. Sandstone consistently exhibits accelerated heating until it 
reaches TR at various power levels, demonstrating that power differ
ences significantly influence the entire heating process. In contrast, 
shale displays a relatively consistent heating profile with a clear TR 
trigger temperature, enabling easy delineation of the temperature pro
file into two regions: before and after TR. Before TR, the temperature in 
shale is affected by the power level, while after TR, shale rapidly reaches 
temperatures exceeding 800 ◦C within seconds even at a microwave 
power as low as 0.4 kW. 

3.2. The role of mineralogy and chemical elements 

Rocks, as a mixture formed through geological processes involving 
various minerals, exhibit responses to EM heating that are closely 
related to the combination and interaction of their mineral components. 
The interactions influencing rock heating encompass the intrinsic 
properties of minerals, mineralogical and chemical composition of 
rocks, proportions of various minerals, and decomposition of minerals, 
etc. 

Analyses of the primary mineral components and elements of two 
rocks are conducted due to their significant influence on thermal 
behavior under EM heating. Given the relatively minor proportion of 
cementing substances and trace elements in rocks, their impact during 
the microwave heating process is considered negligible [52]. Table 1 
shows the eight identified minerals and chemical formulas identified in 
both rocks. Fig. 6a summarizes the heating profiles for these pure 

Fig. 5. Temperature profiles of reservoir rocks at various input power.  

Table 1 
Chemical formula for the mineral content in rock samples.  

Mineral Chemical formula 

Quartz SiO2 

Albite Na(AlSi3O8) 
Chlorite (Mg, Fe2+)5Al2Si3O10(OH)8 

Illite K0.6(H3O)0.4Al1.3Mg0.3Fe2+
0.1Si3.35O10(OH)2⋅(H2O) 

Kaolinite Al2Si2O5⋅(OH)4 

Microcline K(AlSi3O8) 
Calcite CaCO3 

Dolomite CaMg(CO3)2  
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minerals. It can be seen that TR occurs easily for chlorite, albite, and 
illite at a lower input power of 0.5 kW, whereas the maximum tem
peratures of microcline, dolomite, kaolinite, calcite, and quartz are less 
than 150 ◦C after heating for 10 min at a power of 1 kW without TR 
being observed. 

Fig. 6 indicates that chlorite, albite, and illite are strong microwave 
absorption minerals and play a key role in the occurrence of TR of 
reservoir rocks. Illite initially exhibits a strong microwave response, 
characterized by a rapid temperature increase below 200 ◦C, followed 
by a later occurrence of TR (Fig. 6a) and a decrease after peaking 
(Fig. 6b). This is attributed to the endothermic dehydration reaction, 
leading to a slower temperature increase or even a decrease at a lower 
microwave power[53]. The capability of Illite to swiftly convert EM 
energy into heat makes it a significant contributor to the initial tem
perature rise during the EM heating of reservoir rocks. 

In contrast, chlorite has the strongest ability to be heated under 
microwave irradiation. This may result from the presence of metallic 
elements such as magnesium (Mg) and ferrum (Fe) which are considered 
to better interact with microwaves (Lu et al., 2017). Albite, despite 
having a composition close to microcline, exhibits different heating 
profiles. This variation could be attributed to a more effective response 
to microwave energy of sodium (Na) compared to potassium (K), or to 
the differing crystal structures of albite and microcline[54,55]. Struc
tural differences between albite, which consists of an interconnected 
framework of three SiO4 and one AlO4 tetrahedron, and fully ordered 
triclinic microcline feldspar led to different dipole moment and polari
zation ability. For minerals with weak microwave absorption capability, 
microcline, dolomite, kaolinite, and calcite do not show an obvious 
contribution to enhance the microwave heating. Calcite and dolomite 
display a high dielectric constant and low dielectric loss[51], suggesting 
that calcite absorbs and stores a significant amount of EM energy but 
does not convert it into thermal energy. 

The heating behavior of three minerals with good microwave ab
sorption capability is depicted in Fig. 6b at a lower power of 0.3 kW. For 
comparison, the heating profile of microcline is also plotted. Particu
larly, TR occurs for chlorite even at such low power in around one 
minute. Illite and albite can also be easily heated to nearly 200 ◦C within 
10 min. In contrast, microcline can be heated to 53 ◦C after 10 min of EM 
exposure, while the other four minerals cannot reach the minimum 
measurement range of the IR pyrometer (50 ◦C), which are not included 
in Fig. 6b. These five pure minerals have weak microwave absorption 
properties and are unable to enhance heating efficiency, even under 
higher microwave power conditions. 

Considering the excellent ability for absorbing microwave, even a 
small amount of chlorite, albite, and illite in reservoir rocks can 

significantly enhance EM heating. They may act as a natural promoter to 
heat the surrounding minerals and contribute to a higher overall heating 
efficiency of reservoir rocks. Furthermore, the non-uniform distribution 
of these three minerals in reservoir rocks will most likely cause the hot 
spots to be distributed locally and non-uniformly in the samples during 
EM heating. This is an intrinsic feature of EM heating, even for the 
simpler cases with only catalysts and hydrocarbons at the surface ap
plications[56,57]. Such temperature inhomogeneity may be more se
vere because of the TR phenomenon occurring in reservoir rocks. 

The variations in heating behaviors mentioned above are attributed 
to the distinct mineral compositions of the two rock types. The sand
stone consists of 92.7% quartz, 2.4% microcline, 0.9% illite, and 2.8% 
albite as shown in Fig. 1, with the latter two minerals acting as strong 
microwave absorption minerals and aiding in the heating of sandstone 
under microwave radiation. As previously emphasized, pure quartz is 
difficult to heat up to the TR trigger temperature. This underscores the 
importance of other minerals in sandstone in enhancing microwave 
heating and the occurrence of TR. Illite, with its ability to efficiently 
convert microwave energy to heat, contributes to the formation of 
hotspots within the sandstone initially, thus heating the surrounding 
minerals. Albite, in contrast, responds well to microwave at higher 
temperatures for heating the rocks. 

Mancos shale sample has a more complex mineral composition 
compared to sandstone. Minerals such as microcline, calcite, dolomite, 
and kaolinite are weak microwave absorption minerals, collectively 
accounting for 24.1 wt% of shale. Comprising 14 wt% of the total 
mineral content in shale, illite, and chlorite play a crucial role in trig
gering TR at a lower power compared to sandstone (see Fig. 5). Further 
explanation can be found in the quantitative chemical element data 
obtained using XRF as shown in Fig. 7, which indicates the metal ele
ments in shale are apparently higher than sandstone. These metal ele
ments, especially ferrum, can enhance the loss tangent, thereby 
increasing EM waves absorbed capacity via the improvement of polar
ization effects. 

3.3. Heating behavior after thermal runaway 

During in-situ hydrogen production from petroleum reservoirs, the 
EM heating may be paused and restarted because of the operations and 
the usage of intermittent renewable energy. In this section, the heating 
behaviors of post-TR rocks are investigated without involving hydro
carbons in the rock samples. This simplification can avoid the 
complexity and interferences because of the hydrocarbons and solid 
carbon in our previous studies[9,38], thus allowing a better under
standing of interactions between EM waves and rocks. 

Fig. 6. Temperature profile of pure minerals at various input powers.  
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3.3.1. Improved heating efficiency 
For sandstone rocks, Fig. 8a shows that the post-TR sandstone rocks 

can be easily heated to higher temperatures at lower microwave powers 
compared to the fresh sandstones before TR (Fig. 5a). At 0.2 kW, even 
TR does not occur for the post-TR sandstone sample due to the low 
power. The temperature of the post-TR sandstone (purple curve in 
Fig. 8a) is even higher than that of fresh sandstone at a higher power of 
0.5 kW (red solid curve). As power increases from 0.2 kW to 0.5 kW, TR 
occurs earlier and temperature rises more rapidly, aligning with the 
trend described in section 3.1.2. Specifically, fresh sandstone sample can 
only be heated up to 213 ◦C after 20 min at 0.5 kW (solid red curve), 
while the post-TR sample can reach 800 ◦C within 1 min at the same 
input power. In other words, TR happens again and easier (dashed red 
curve). These observations clearly demonstrate the enhanced heating 
efficiency because of the occurrence of previous TR phenomenon. 

Notably, the TR trigger temperatures of the post-TR sandstone 
sample at various input powers (for example, 537 ◦C at 0.4 kW and 
578 ◦C at 0.3 kW) are close to the phase transition temperature of quartz, 
which is 573 ◦C (Fig. 4a). This indicates a strong correlation between the 
occurrence of TR and the thermal behavior of quartz. The α-β phase 
transition in quartz is displacive, involving only the rearrangement of 
atoms in the Si-O network without breaking chemical bonds. 

Consequently, this phase transition is reversible, with quartz existing in 
the β phase above the transition temperature and reverting to the α 
phase as the temperature drops. Hence, once temperature of the rock 
samples reduces to room temperature after microwave heating is 
stopped, this reversible transformation is manifested by the recurrence 
of TR for post-TR sandstone, elucidating the mechanisms for TR for post- 
TR sandstone samples. 

Note in Fig. 8a, one test is conducted at each microwave power. 
Considering the temperature inhomogeneity discussed in section 3.2, 
there is an uncertainty on the measured temperatures during EM heat
ing. There is no need to repeat all experiments for all rock samples. Here, 
we only repeat it five times for both fresh and post-TR shale rock samples 
by EM heating at 0.18 kW, as shown in Fig. 8b. The step-heating ex
periments were also performed for comparison and for the analysis of 
energy efficiency later. Since all shale rock powders were made together 
and mixed uniformly as much as we can, the samples have nearly the 
same particle size and composition but with unavoidable, slight differ
ences. Because of these reasons, it is expected that there is a small 
temperature range for the five repeated experiments. Additionally, the 
temperatures may vary if different microwave generators (magnetron 
and solid state), designs, and manufacturers are used by different 
research groups. Thus, repeating the experiments five times will provide 
a pretty good quantification of the uncertainties on temperatures. 

As shown in Fig. 8b, the post-TR shale sample exhibits a more 
controllable temperature profile at a low microwave power. At 0.18 kW, 
the fresh shale can achieve a maximum temperature of 139–192 ◦C 
(light blue band), whereas the post-TR shale sample can be heated to 
806–878 ◦C at a constant power of 0.18 kW (red band), illustrating a 
significant improvement of heating efficiency after TR. The step heating 
scenarios were also examined, with a much higher temperature ach
ieved for the post-TR shale sample at 0.10 kW than that of 0.18 kW for 
fresh sample. The temperatures of the post-TR shale samples continu
ously rise as the microwave power increases from 0.10 kW to 0.18 kW 
step by step. Eventually, a similar maximum temperature range (pink 
band) is achieved with the scenario at a constant power of 0.18 kW. It is 
expected that the temperatures for post-TR shale at a higher microwave 
power (e.g., >0.5 kW) may immediately reach above 1000 ◦C in the first 
several minutes (not shown in Fig. 8b). The quantification on heating 
behaviors for post-TR reservoir rocks can benefit temperature control 
and energy efficiency in the in-situ hydrogen production technology. 

To further quantify the improvement in heating efficiency for post- 
TR rock samples, the power saved and energy consumed are calcu
lated, as depicted in Fig. 9. Power saved is calculated based on the 
powers required by the fresh and the post-TR samples to achieve the 

Fig. 7. Chemical elements proportion of San Saba sandstone and Mancos 
shale rocks. 

Fig. 8. Temperature profile of post-TR reservoir rocks under various input powers.  
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same temperatures. Energy consumption is defined as the total input 
energy needed for different rock samples to reach the specific temper
atures during the heating process, which is determined by both the used 
microwave power and the required heating time. Our objective is to 
analyze the reduction of energy consumption caused by TR occurrence; 
therefore, energy consumed before TR is not included in the 
calculations. 

For post-TR sandstone samples, the maximum power saved reaches 
66.7% compared with fresh sandstone to achieve 300 ◦C,as shown in 
Fig. 9a. To achieve 500–650 ◦C, the powers saved are 50%. In com
parison, the powers saved for post-TR shale rocks are obviously higher 
than post-TR sandstone samples, ranging from 80.0% to 64.0% as 
temperature increases from 450-850 ◦C. This finding indicates that the 
TR occurrence can be leveraged to significantly improve the heating 
efficiency of reservoir rocks, therefore reducing the input energy during 
the heating process and lowering the cost of in-situ hydrogen 
generation. 

Fig. 9b shows the comparison of energy consumed to achieve certain 

temperatures for both fresh and post-TR reservoir samples. Clearly, post- 
TR shale samples (light blue band) need substantially less energy to 
achieve the same temperatures compared to the fresh shale sample 
(dashed black curve). This is caused not only by the reduction of input 
power to heat the post-TR shale rock, but also by the shorter time 
required compared to the fresh sample. Once TR occurs at the temper
ature of 253 ◦C, the temperature rises rapidly. Consequently, the energy 
consumption after TR increases slightly for shale samples. For post-TR 
sandstone sample as shown in the green curve, it is evident the energy 
consumption is also significantly reduced compared to the fresh sample 
(red curve). 

3.3.2. Characterizations 
To understand the mineralogical changes of the rock samples after 

EM heating, the XRD analyses were conducted for both sandstone and 
shale rocks, as shown in Fig. 10a. Fresh sandstone exhibits strong quartz 
characteristic peaks, with a small peak for albite observable at 2θ 
≈32.5◦. For the post-TR samples, quartz peaks remain visible but are 

Fig. 9. Comparison of power and energy for post-TR samples at various temperatures (In Fig. 9b, the shale post-TR sample initially reaches TR at 0.6 kW and is then 
heated at 0.18 kW; the sandstone post-TR sample first reaches TR at 0.6 kW and is then heated at 0.5 kW). 

Fig. 10. Characterizations of rock samples.  
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apparently reduced in intensity, reflecting alterations of the crystal 
structure in quartz. Different structural forms of quartz have varying 
dielectric properties, so the high temperatures during thermal runaway 
can alter the quartz structure, thus increasing the total dipole moment 
and enhancing the material’s EM heating capacity. Moreover, the in
crease of tanδ for the post-TR samples, as listed in Table S1, confirms the 
improved dielectric properties of quartz after TR. 

When it comes to the fresh and post-TR shale samples, the XRD 
analysis distinctly shows the loss of characteristic calcite and dolomite 
peaks, in line with the thermal decomposition of these minerals dis
cussed in section 3.1. Notably, post-TR shale exhibits only a weak quartz 
diffraction peak at 2θ = 31◦, suggesting reduced crystallinity after 
thermal runaway. This implies that the high temperatures and reactions 
among minerals cause the post-TR shale to become a fused, glass-like 
mixture, thereby diminishing some of its crystalline features and sub
sequently altering its thermal properties. The post-TR shale curve re
veals the disappearance of characteristic calcite and dolomite peaks, 
aligning with the thermal decomposition of these minerals discussed in 
Section 3.1. Employing Energy-Dispersive Spectroscopy (EDS), fresh and 
post-TR sandstone and shale samples are analyzed in Fig. S1. The vari
ation in elemental composition between fresh and spent samples pro
vides indirect evidence supporting this observation. An observed 
increase in Si content in the spent shale indicates the thermal decom
position of other minerals, leading to a relative increase in quartz 
content. 

The photographs of the centrally clumped regions of the samples 
after microwave heating are shown in Fig. 10b and 10c. The samples 
transition from loose powders to glass-like clumps, indicating mineral 

partial melting due to high internal temperatures. This transformation 
also corroborates the peak changes observed in the XRD analysis of 
quartz samples. Additionally, the formation of cavities and fractures 
within the post-TR shale samples, as illustrated in Fig. 9c, is likely due to 
gas release during the thermal decomposition of calcite and dolomite in 
the TR process. 

To further understand the mineral and compositional changes, 
electron probe analysis and Wavelength-Dispersive X-Ray spectroscopy 
(WDS) mapping are performed for samples before and after EM heating, 
as illustrated in Fig. 11. The mineral phases indicate that fresh sandstone 
primarily consists of quartz, with some microcline and albite, similar to 
the mineral composition depicted in Fig. 2a. However, for the post-TR 
sandstone, it seems the quartz grains are well surrounded by micro
cline minerals, while the albite is less observed as shown in Fig. 11b. 
This may result from the mineral fusion caused by the high temperature 
during TR. For fresh shale, distributions of microcline, albite, kaolinite, 
illite, chlorite, and dolomite are observed. In post-TR shale, a clear 
reduction in dolomite is noted, with some cavities also observed on the 
surface of the minerals. This further confirms the thermal decomposition 
of dolomite. 

It is noteworthy that the shapes of particles in rock samples also 
undergo significant changes during the TR process. In fresh samples, the 
mineral particles are round and oval with smooth edges. While in post- 
TR samples, the edges of the particles become sharp and irregular, 
accompanied by debris. These changes can be attributed to two main 
factors. First, high temperatures cause the minerals to melt in post-TR 
samples, leading to the formation of clumps. Subsequently, mechani
cal grinding contributes to the disintegration of particles, resulting in 

Fig. 11. WDS map for fresh and spent rock samples.  
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irregular boundaries. Moreover, the varying absorption capacities of 
different minerals for EM waves result in distinct thermal expansions. 
This differential expansion creates stress among the minerals, leading to 
their fragmentation and shattering. 

The topographical changes of sandstone and shale rocks before and 
after microwave heating are also examined, as depicted by the SEM 
images in Fig. 12. Fresh sandstone samples mainly comprise regular 
quartz crystals and various mineral grains. After TR, the rocks with the 
cleavage planes—smooth surfaces along which a mineral crystal splits 
under an applied force in a specific crystalline direction—are more 
pronounced, exhibiting clearer and more distinct quartz cleavage steps, 
as shown in Fig. 12b. Comparing Fig. 12c and 12d, the shale exhibits a 
similar trend, transitioning from a disordered arrangement of mineral 
grains and clasts to a more structured organization. Noticeably, 
numerous strip-like cracks are evident on the surface of the spent rocks. 
These can be attributed to the thermal expansion of internal mineral 
components during microwave rock heating, which leads to the devel
opment of intergranular and trans-granular cracks as well as dimples. 
Furthermore, when TR occurs, the extreme thermal gradient contributes 
to thermal stress that encourages crack propagation. This will especially 
benefit the fluid flows in shale reservoirs and tight sandstone reservoirs 
for in-situ hydrogen generation and extraction. 

4. Conclusions 

This study provides new insights into the intricate interactions be
tween EM heating and reservoir rocks, particularly highlighting the role 
of minerals in reservoir rocks towards in-situ hydrogen production from 
petroleum reservoirs using EM-assisted catalytic heating. Several 
important conclusions can be drawn. 

During EM heating, shale exhibits a more pronounced heating 
behavior compared to sandstone rock. The TR trigger temperature of 
Mancos shale is 253 ◦C, lower than 568 ◦C for San Saba sandstone rock. 
TR occurs earlier at a higher EM power while the TR trigger temperature 
decreases, which is determined by the competition between heat accu
mulation and heat conduction from the rock samples during EM heating. 

Different minerals in reservoir rocks behave differently under EM 
irradiation. Strong EM-absorbing minerals, such as chlorite, albite, and 
illite, play a crucial role in enhancing EM heating and initiating the TR 
phenomenon. Mancos shale rock can be heated easier with TR occurring 
earlier due to its higher content of these minerals compared to San Saba 
sandstone. The distinction between strong and weak EM absorption 
minerals also lies in their metallic elements, like Fe and Mg. These ele
ments aid the minerals in coupling with EM waves, thereby enhancing 
their heating efficiency. Further, the α-β phase transition of quartz at 

Fig. 12. SEM analysis of San Saba sandstone and Mancos shale rocks.  
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high temperatures significantly changes the dielectric and thermal 
properties of reservoir rocks, contributing to the occurrence of TR. 

Once TR occurs, the post-TR reservoir rock samples, both sandstone 
and shale, can be reheated to high temperatures. TR occurs again to the 
post-TR sandstone rocks, which can be attributed to the reversibility of 
the quartz phase transition. In comparison, very high temperatures can 
be easily achieved for post-TR shale samples at low EM powers. Non- 
uniform heating is observed during EM heating with the temperature 
ranges being well quantified in this work. Overall, powers saved for 
heating the post-TR sandstone and shale samples vary from 50.0-66.7% 
and 64.0–80.0%, respectively, compared to heating the fresh rock 
samples. The powers need to be optimized to minimize the energy 
consumption for heating the post-TR rocks by integrating the insights 
obtained in this lab-scale research. 

This work lays a solid foundation for controlling the temperatures, 
avoiding overheating, and increasing energy efficiency using EM heat
ing for in-situ hydrogen production from petroleum reservoirs. It de- 
risks the emerging in-situ clean hydrogen technology via EM-assisted 
heating. 
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