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Abstract 18 

This study evaluates the sustainability of electrical resistance heating–steam 19 

enhanced extraction (ERH–SEE) for remediation of heterogeneous 20 

organic-contaminated media, in terms of temperature distribution, remediation 21 

efficiency, and energy consumption. Laboratory soil box experiments were conducted 22 

on three typical heterogeneous media: layered media, media with heterogeneous 23 

moisture content, and media containing a low-permeability lens. Single ERH and SEE 24 

both suffered from severe uneven heating caused by heterogeneity. ERH–SEE 25 

exhibited strong synergistic effects, delivering faster and more uniform heating in 26 

layered and moisture-heterogeneous media, significantly improving phenanthrene 27 

removal and reducing energy consumption by 49.17% and 40.21% compared with 28 



ERH and SEE alone. However, ERH–SEE failed to heat lens-bearing media 29 

uniformly due to low conductivity of river sand. Injecting 0.5% NaCl solution to 30 

increase sand conductivity effectively solved this problem, achieving uniform heating 31 

and further cutting energy consumption by 57%. ERH–SEE combined with 32 

conductivity enhancement is a highly efficient and energy-saving thermal remediation 33 

method for heterogeneous sites, especially those containing low-permeability lenses. 34 

Keywords: Soil remediation, Electrical resistance heating (ERH), Steam enhanced 35 

extraction (SEE), Heterogeneous media, Thermal remediation, Phenanthrene  36 

1. Introduction 37 

   The contaminated sites resulting from global industrialization and evolving 38 

industrial patterns pose great threat to human health, environmental ecology and 39 

urban sustainable development(Zhao et al., 2024; Somadas and Sarvade, 2025). It is 40 

estimated that the number of contaminated sites worldwide exceeds 5 million(Hou et 41 

al., 2023).  Among them, there are more than 45,000 in the United States and over 1 42 

million in China. Toxic organic compounds (Polycyclic aromatic hydrocarbons 43 

(PAHs), petroleum hydrocarbons and dense nonaqueous phase liquids (DNAPLs), etc.) 44 

are the most common contaminants in contaminated sites(Samborska-Goik and 45 

Pogrzeba, 2024; Tiwari and Tripathy, 2023). Thus, efficient and sustainable 46 

remediation of organic contaminated sites is crucial for human development. 47 

A variety of remediation technologies are available for organic contaminated 48 

sites, such as chemical oxidation, bioremediation and flushing remediation. However, 49 

the heterogeneity of subsurface and mass transfer resistances limit the effectiveness of 50 

these remediation technologies, as organic pollutants can persist for a long time in 51 

low-permeability zones(Triplett Kingston et al., 2010; Horst et al., 2021; Bolhari and 52 

Sale, 2023; Zhang et al., 2019). In situ thermal treatment (ISTT) involves heating 53 

contaminated soil in situ to a sufficiently high temperature to volatilize organic 54 

pollutants from the soil into the gas phase or dissolve them into the liquid phase, 55 

which are then separated from the soil via an extraction system(Ding et al., 2019; 56 

Triplett Kingston et al., 2010). Compared with other in situ remediation technologies, 57 



it features a shorter remediation period and higher pollutant removal efficiency(Horst 58 

et al., 2021). However, the prominent drawback of ISTT is high energy consumption. 59 

Therefore, there is an urgent need to develop energy-saving and efficient ISTT. 60 

Depending on the heating mechanism, ISTT encompass a variety of types. 61 

Electrical resistance heating (ERH) and steam enhanced extraction (SEE), are the two 62 

most commonly used heating methods for ISTT(Triplett Kingston et al., 2010; Xu et 63 

al., 2022; Vidonish et al., 2016). SEE is an effective remediation method when steam 64 

can penetrate into soil pores(Ye et al., 2023). However, SEE is not applicable to 65 

low-permeability media (e.g., clay), as steam penetration is severely impeded, leading 66 

to unsatisfactory remediation efficiency(Trine et al., 2019). Consequently, 67 

heterogeneous subsurface exhibit uneven heating as injected steam preferentially 68 

heats the more permeable media, leading to high energy consumption and the risk of 69 

incomplete remediation(Liu et al., 2022; Peng et al., 2013). ERH, delivering electric 70 

current to subsurface and heating the entire treatment area based on Joule’s Law, can 71 

effectively heat low-permeability clay, but it also suffers from non-uniform 72 

heating(Han et al., 2020; Beyke and Fleming, 2005; Carrigan and Nitao, 2000). There 73 

exists a significant difference in heating rates between the vicinity of electrodes and 74 

the center of the electrode array, causing uneven subsurface heating(Li et al., 2020). 75 

Soil heterogeneity further exacerbates this non-uniformity: zones with higher 76 

electrical conductivity (e.g., low-permeability clay) are heated first, while zones with 77 

lower conductivity (e.g., high-permeability gravel and sand) are heated 78 

subsequently(Martin et al., 2016). 79 

To improve the energy efficiency of ERH and SEE, researchers had carried out a 80 

series of studies. One way is to improve the efficiency of single ERH or SEE. For 81 

example, Geng et al. reported that energy consumption of ERH using pulsed direct 82 

current (PDC) was 27.8% lower compared to that with conventional alternating 83 

current (AC) at the same voltage gradient, as PDC showed higher current and faster 84 

temperature increase with electroosmosis driven migration(Geng et al., 2021; Zheng et 85 

al., 2024; Zheng et al., 2025). Our previous study developed propylene glycol 86 

(PG)-mixed SEE for sustainable remediation of PAHs-contaminated soil, the energy 87 



consumption of PG-mixed SEE decreased 78.9% compared to SEE, as PG vapor 88 

preferentially condensed to form a hot liquid with concentrated PG to significantly 89 

solubilize PAHs(Yue et al., 2023). Besides, Coupling ISTT with chemical oxidation 90 

remediation and bioremediation to lower the thermal treatment temperature is also an 91 

effective approach to reduce energy consumption of thermal treatment 92 

technologies(Wen et al., 2023; Geng et al., 2024; Han et al., 2023; Li et al., 2025; Wang 93 

et al., 2022). Yet, this way cannot effectively alleviate the problem of non-uniform 94 

heating in SEE and ERH caused by subsurface heterogeneity. 95 

Another way is to combine ERH and SEE (ERH-SEE ) to achieve the goal of 96 

energy consumption reduction. Heron G et al. had proved the success of ERH-SEE 97 

strategy in remediation of DNAPL-contaminated sites(Heron et al., 2005). Our 98 

previous research had studied the mechanism of ERH-SEE strategy in remediation of 99 

perchloroethylene-contaminated homogeneous soil. Preheating soil by ERH could 100 

increase soil permeability, effectively alleviating the problem of preferential flow of 101 

steam(Yue et al., 2022). Meanwhile, steam injection heated the soil and provided 102 

moisture for maintaining soil electrical conductivity, thereby ensuring power stability 103 

in the ERH process. Yang et al. developed a quantitative assessment framework, a 104 

model based on the life cycle assessment, to evaluate the environmental, economic, 105 

and social sustainability of ERH-SEE, results indicated that ERH-SEE offered better 106 

environmental sustainability performance compared to ERH only, with a reduction in 107 

carbon emissions by 52.6%(Yang et al., 2024).  108 

However, the synergistic effect of ERH-SEE strategy in remediation of 109 

heterogeneous organic contaminated sites remains unclear. Furthermore, given the 110 

complex stratigraphic structure, further research is needed to determine whether the 111 

SEE-ERH strategy can achieve satisfactory heating performance for different 112 

heterogeneous media. In this paper, a laboratory-scale soil box system was established 113 

to evaluate the performance of SEE-ERH. Heterogeneous media are constructed using 114 

river sand and soil as high-permeability and low-permeability media, respectively. 115 

The temporal and spatial distribution of the temperature, organic pollutant removal 116 

efficiency, and energy consumption under SEE, ERH, and ERH-SEE treatments are 117 



systematically investigated. The adaptability of the SEE-ERH heating method for 118 

heterogeneous media include layered media, lenticular media is explored, and 119 

approaches for improving the heating efficiency of heterogeneous media are sought. 120 

2. Methods and materials                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      121 

2.1 Chemicals and materials 122 

Phenanthrene (Phe, analytical grade), acetone (analytical grade), n-hexane (GC 123 

grade) and dichloromethane (GC grade) were purchased from the Aladdin Chemical 124 

Reagent, China. River sand samples and soil samples were provided by Songyu 125 

company in Suzhou, China. Soil were ground into small particles and sieved through 126 

100-mesh screens. The physical properties of river sand samples and soil samples is  127 

shown in Table S1 in the Supplementary materials. The components of soil samples is 128 

shown in Table S2 in the Supplementary materials. 129 

Preparation of Phe-spiked soil. A given amount of Phe was dissolved in 1000 ml 130 

acetone, then 1.5 kg clean soil samples was added into the solution. The resulting 131 

mixture was stirred intensely by glass rod for 10 min, then dried in fume hood for 24 132 

hours while stirring multiple times during drying. The prepared Phe-spiked soil 133 

samples were sealed in the refrigerator and aged for 21 days.  134 

 135 

2.2.Experimental setup and procedures 136 

   The schematic of the ERH-SEE laboratory-scale setup is shown in Fig.1. The 137 

setup is composed of soil box, steam injection unit, electrical resistance heating unit 138 

and temperature monitoring unit. The soil box was made of polytetrafluoroethylene. 139 

The wall thickness is 2 cm, the inner wall length is 20 cm, the width is 2 cm, and the 140 

height is 15cm. Twelve thermocouples (T1-T12) were installed on the side of soil box, 141 

and the thermocouples are all 5 cm apart. The left and right bottoms of the soil box 142 

are respectively provided with a 0.5 cm diameter outlet. The steam injection well is 143 

made of stainless steel, with an inner diameter of 1 cm, an outer diameter of 0.5 cm, 144 

and a length of 13 cm. The injection well is a perforated stainless-steel pipe with holes 145 

of 2 mm diameter. The steam injection well was placed in the middle of soil box. A 146 

schematic of the actual soil box is shown in Fig.S1 in the Supplementary materials. 147 



For the steam injection part, a metering pump delivers water at desired flow rate to the 148 

steam generator. Steam from the generator is injected from the top of the soil box to 149 

produce a vertical downward flow through the soil box. A voltage-adjustable 150 

transformer is used to provide AC electrical power for ERH. The transformer is 151 

connected to a standard power grid (AC phase voltage,220 V, and 60 Hz). An 152 

electricity meter is connected to the transformer to monitor AC voltage, power, and 153 

electrical current. The electrodes are 1.8 cm wide and 15 cm high stainless steel sheets 154 

arranged on both sides of the soil box. 155 

    156 

Fig. 1 Schematic of the ERH-SEE laboratory-scale setup 157 

 158 

The soil box can be filled with about 900 g of soil or sand samples. The soil 159 

samples with a certain moisture content was filled into the soil box several times, and 160 

the soil layer was compacted while filling to ensure the soil layer is uniform. 161 

For the Phe removal experiments, a certain amount of Phe-spiked soil samples(or 162 

river sand) were filled according to the target heterogeneous media. After ERH, SEE, 163 

SEE-ERH experiments, the soil samples around the thermocouples and the outlets 164 

were taken for analysis.  165 

2.3 Construction of heterogeneous media 166 

    Three types of heterogeneous media are investigated in this study. The first type 167 



is media with heterogeneous water content, which considers that water content of 168 

subsurface is typically heterogeneous, with deeper soil having a higher water content 169 

than shallow soil. Moreover, water content affects soil permeability and electrical 170 

conductivity. As shown in Fig. 2(a), the media with heterogeneous water content was 171 

constructed by filling the lower half of the soil box with soil (450g in dry weigh) at 40% 172 

water content and the upper half with soil (450g in dry weigh) at 10% water content. 173 

The second type is stratified heterogeneous media which is typically heterogeneous 174 

media in subsurface. As shown in Fig. 2(b-c), stratified heterogeneous media are 175 

constructed by filling soil box with river sand and soil samples, these two media 176 

exhibit significant differences in permeability and electrical conductivity. Each 177 

medium layer has an identical dry weigh in the soil box, and the water content of all 178 

media is uniformly 20%. The third type is heterogeneous media with 179 

a low-permeability lens (Fig. 2(d)). A lens refers to a local heterogeneous body (e.g., 180 

clay lens) embedded within the primary medium (e.g., sand layer). Such lenses form 181 

heterogeneous media and significantly affect the migration behavior of water and 182 

solutes. Back-diffusion of contaminants within lens poses the greatest challenge in 183 

soil and groundwater remediation(Ding et al., 2022). As shown in Fig. 2(d), 184 

heterogeneous media with a lens were artificially constructed, in which the 185 

background medium is river sand and the lens is soil. The river sand (600 g in dry 186 

weight, the moisture content was 20% (w/w)) was filled surrounding a square lens of 187 

soil (approximately 10 cm × 7.5 cm, ~300g in dry weight, the moisture content was 188 

40% (w/w)) in the center of the soil box as a low permeability zone.  189 



 190 

Fig. 2 Diagram of the profiles of heterogeneous media for experiment. (a) media with 191 

heterogeneous moisture content with the upper half having a water content of 10% 192 

and the lower half 40%, (b) stratified heterogeneous media with a river sand layer in 193 

the upper and a soil layer in the bottom, (c) stratified heterogeneous media with a 194 

river sand layer in the middle and soil layers in the upper and bottom, (d) 195 

heterogeneous media with a lens.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    196 

2.4 Analytical methods 197 

  Determination of Phe in Phe-spiked soil. The soil samples were placed in a 198 

freeze dryer for 2 days until completely dry. In a mortar, the dry soil samples were 199 

ground to a fine powder. 2 g of soil samples and 10 ml of dichloromethane were 200 

added to a 15 ml centrifuge tube; then the centrifuge tubes were shaken on a vortexer 201 

for 15 min, sonicated for 1h, centrifuged at 5000 rpm for 10 minutes. Use a syringe to 202 

take the supernatant from the centrifuge tube and filtered it through a filter. Then the 203 

supernatant was analyzed by high-performance liquid chromatography (HPLC) 204 

(SPD-15 C, Shimadzu) according to the national standard of China (HJ 784–2016). 205 

The parameters for HPLC system running include: C18 analytical column, 35 oC 206 

column temperature, UV detector at 254 nm wavelength, water/ methanol (1:9 (v/v)) 207 



mobile phase at 1 ml/min rate. The residual Phe mass in the soil box at the end of the 208 

experiment was calculated according to Eq.1 209 

 210 

mt(g)= mmedia×∑ ci
i=14
1=1

14
 (Eq.1) 211 

 Where mt is the Phe (g) mass remained in soil and sand; mmedia(g) is mass of 212 

media(900g) ; ci (mg/kg) is the concentration of Phe in the media. 213 

Energy consumption of SEE only considers the energy  input  for  heating,  214 

namely,  the  energy  for  steam generation  (Qs ) which was calculated using 215 

the following Eq.2： 216 

Qs = mc(T1 −T2)+m∆hx (Eq.2) 217 

In the equation, m represents the amount of water required to produce steam; c 218 

denotes the specific heat capacity of water; t2 denotes the steam temperature; t1 is the 219 

initial water temperature (25°C in this study); Δh refers to the latent heat of 220 

vaporization; and x is the steam dryness fraction, which is set to 90% in this study. 221 

Notably,  small  amounts  of energy for injecting steam  were  excluded  when  222 

calculating Qs . In  other  words,  the  energy  required  for  the  metering  223 

pump   was  not  considered. The energy consumption of ERH ( Qe ) is directly 224 

read from the electricity meter. Energy utilization efficiency (kW·h/g) for Phe 225 

removal was calculated by energy consumption (Q) divided by the mass of removed 226 

Phe.   227 

The temperature field was obtained via the interpolation analysis method in the 228 

numerical simulation software COMSOL. First, a numerical model of the soil box 229 

was established to determine the coordinates of the 12 thermocouple monitoring 230 

points. Subsequently, the temperature data measured by the thermocouples and the 231 

corresponding coordinate information were imported into COMSOL, and the 232 

interpolation analysis was adopted to acquire the temperature field distribution within 233 

the soil box. 234 

 235 

3. Results and discussion 236 



 237 

3.1 Temporal and spatial distribution of temperature in media with heterogeneous 238 

moisture content  239 

The temperature in media with heterogeneous moisture content showed an 240 

uneven distribution during both in single ERH and SEE treatment with significant 241 

temporal and spatial variations (Fig. 3). For ERH treatment, the heating rate of the 242 

bottom soil layer with higher moisture content is significantly higher than that of the 243 

upper soil layer with lower moisture content (Fig. 3(a)). After 60 min, the 244 

temperatures at the bottom soil layer (T9–T12) were 66°C, 33.6°C, 33°C, and 55°C, 245 

respectively; meanwhile, those at the upper soil layer (T1–T4) were 33.1°C, 28°C, 246 

30°C, and 32°C, respectively (Fig.S2a).With continuous ERH treatment, the soil layer 247 

temperature increased gradually. After 180 min, the temperatures at the bottom layer 248 

(T9–T12) rose to 70°C, 57°C, 50°C, and 65°C, respectively, while those at the upper 249 

layer (T1–T4) were 47°C, 42°C, 39°C, and 40°C, respectively (Fig. S2(a)). The 250 

average temperature difference between the bottom soil and the topsoil reaches 20°C.  251 

Soil moisture content is positively correlated with its electrical conductivity. The 252 

electrical conductivity of soil determines its resistance. According to the formula 253 

(P=U2/R), a higher soil electrical conductivity corresponds to lower resistance, which 254 

yields greater heating power of ERH and a faster soil temperature rise rate. Soil 255 

electrical conductivity (σs) is affected by multiple factors including soil porosity, 256 

water content, pore fluid conductivity, and temperature(Arps, 1953, Archie and G., 257 

1942). The influence of the above factors on electrical conductivity can be expressed 258 

by the following equation: 259 

σs=θm Sw
n  σw     (Eq.3) 260 

σw2=σw2
T2+21.5
T1+21.5

  (Eq.4) 261 

Where σs and σw represent the bulk electrical conductivity of the porous medium 262 

and the electrical conductivity of pore fluid, respectively; θ denotes porosity; Sw is the 263 

water saturation of the medium; m and n are the cementation exponent and saturation 264 

exponent, correspondingly; σw1 denotes the electrical conductivity of water at the 265 

reference temperature T1, while σw2 represents the water electrical conductivity when 266 



the temperature rises to T2. It can be inferred from the Eq.3 that higher soil water 267 

content leads to elevated soil electrical conductivity, thereby increasing the heating 268 

power of ERH. Furthermore, the heating rate of soil near the electrodes (T9, T12) is 269 

significantly higher than that far from the electrodes(T10,T11), which is consistent 270 

with previous studies(Yue et al., 2022). 271 

For SEE treatment, in contrast to ERH, the upper soil layer with a low moisture 272 

content (10%) was heated preferentially and exhibited a relatively rapid heating rate 273 

(Fig.3 b). After 90 min of heating, the soil temperatures at monitoring points T1–T4 274 

reached 73 °C, 89 °C, 82 °C, and 72 °C, respectively; while the soil temperatures at 275 

monitoring points T9–T12 were 38 °C, 58 °C, 54 °C, and 32 °C, respectively (Fig. S 276 

2(b)). A pronounced temperature difference exceeding 30°C was observed between 277 

the upper and bottom soil layers. After 180 min, the temperatures at T9–T12 were 278 

50 °C, 62 °C, 59 °C, and 41 °C, respectively, indicating no significant temperature 279 

increase in the bottom soil (Fig. S 2(b)).This observation suggests that when steam is 280 

injected into soil layers with heterogeneous moisture content, the steam cannot be 281 

effectively transported into the soil layers with higher moisture content. 282 

 283 

Fig. 3 Two dimensional spatial variations of temperature in media with heterogeneous 284 

moisture content. (a) ERH treatment, (b) SEE treatment, (c)ERH-SEE treatment. The 285 

steam injection was operated at 1.5 g/min. Electric field strength was 8 V/cm. 286 

         287 



The observed heterogeneous heating behavior can be primarily attributed to the 288 

significant influence of soil moisture content on steam migration and heat transfer. As 289 

described by the Corey correlation(Piquemal, 1994), soil permeability (KG) is 290 

governed by water saturation S: 291 

KG=(1−Se
2)(1−Se)

2    (Eq.5)   292 

The effective saturation of the wetting liquid (Se) is defined as: 293 

Se=(S−Si)/(1−Si)    (Eq.6) 294 

where (Si) denotes the irreducible saturation of the wetting liquid. It can be 295 

deduced from the above equations that an increase in water saturation S raises the 296 

effective saturation (Se), which in turn reduces soil permeability and increases the 297 

flow resistance of vapor. In the upper soil with low moisture content (10%), the 298 

relatively high porosity and low water saturation provide favorable pathways for 299 

steam flow, allowing rapid heat propagation and fast temperature elevation. In 300 

contrast, the higher moisture content (30%) in the bottom soil leads to increased water 301 

saturation and reduced effective porosity, which impedes the penetration and diffusion 302 

of steam. The high water content not only consumes considerable latent heat for 303 

vaporization but also blocks the preferential flow channels for steam transport.  304 

Compared with single ERH and SEE treatment, ERH-SEE treatment resulted in a 305 

more uniform temperature distribution and a faster heating rate in the soil layers (Fig. 306 

3(c)). After 60 min, the soil temperatures at monitoring points T1–T8 in the upper and 307 

middle layers all exceeded 72 °C; the soil temperatures at T9–T12 in the bottom layer 308 

were 80 °C, 65 °C, 62 °C, and 73 °C, respectively; after 90 min, the overall 309 

temperature of the soil layers exceeded 80 °C (Fig. S2(c)). The results demonstrate 310 

that for soil layers with heterogeneous moisture content, ERH-SEE treatment can 311 

significantly overcome the problem of uneven temperature distribution associated 312 

with single ERH or SEE,. 313 



 314 

Fig. 4 Profiles of input heating power of ERH in media with heterogeneous 315 

moisture content.   316 

The excellent performance of ERH-SEE system can be explained by the 317 

synergistic mechanism between ERH and SEE. The complementary effects of these 318 

two approaches optimize heat propagation within heterogeneous soil layers: ERH 319 

mitigates the uneven temperature distribution caused by preferential steam flow, while 320 

SEE compensates for the relatively low heating efficiency of ERH alone. Besides,  321 

Fig. 4 shows the variation in the input heating power of ERH. During ERH-SEE 322 

treatment, the input heating power of ERH rose rapidly, reaching a maximum of 55 W 323 

at 63 min. In contrast, under single ERH treatment, the heating power increased 324 

slowly to 18 W at the same moment. Subsequently, the input heating power of 325 

ERH-SEE began to decrease and stabilized at 45 W after 120 min, while that of single 326 

ERH remained steady at 20 W. 327 

A higher input heating power of ERH corresponds to faster soil heating, 328 

indicating that SEE significantly enhanced the heating efficiency of ERH. According 329 

to the power formula P=U2/R, the input heating power increases with decreasing 330 

resistance. Steam injection increases soil water content and elevates soil temperature 331 

simultaneously, both of which contribute to the reduction in soil electrical resistance 332 

according to Eq.3 and Eq.4. Consequently, the ERH-SEE system effectively alleviates 333 

heating limitations induced by heterogeneous moisture content, achieving both rapid 334 

temperature elevation and uniform thermal distribution. This synergistic effect 335 

confirms that the combined heating strategy is highly favorable for the remediation of 336 



soils with variable moisture conditions. 337 

 338 

3.2 Temporal and spatial distribution of temperature in stratified heterogeneous media  339 

   Similar to the heating of soil layers with heterogeneous moisture content, during 340 

the treatment with single ERH and single SEE, the temperature in the stratified 341 

heterogeneous media also showed an uneven distribution and exhibited significant 342 

spatiotemporal variations. For ERH treatment, the heating rate of the soil layer was 343 

significantly higher than that of the river sand layer (Fig. 5(a)). After 180 min, the 344 

temperatures of the soil at monitoring points T9–T12 rose to 79 °C, 39 °C, 40 °C, and 345 

73 °C, respectively (Fig. S3(a)). In contrast, the temperatures of the river sand at T1–346 

T4 were 33 °C, 31 °C, 32 °C, and 34 °C, respectively (Fig. S3(a)).The phenomenon of 347 

non-uniform soil temperature distribution became more pronounced, compared with 348 

soil layers with heterogeneous moisture content. The temperature difference between 349 

the soil layer and the river sand layer could be more than 40°C. The distinct heating 350 

behavior can be mainly attributed to the differences in their heir physical properties. 351 

As shown in table S1, soil generally has higher electrical conductivity and stronger 352 

effective thermal conductivity than river sand, which facilitates more efficient heat 353 

accumulation and temperature elevation. 354 

 355 

Fig. 5 Two dimensional spatial variations of temperature in stratified heterogeneous 356 

media with a river sand layer in the upper and a soil layer in the bottom. (a) ERH 357 



treatment, (b) SEE treatment, (c) ERH-SEE treatment. The steam injection was 358 

operated at 1.5 g/min. Electric field strength was 8 V/cm.    359 

    For SEE treatment, the upper river sand layer exhibited a faster heating rate (Fig. 360 

5(b)). After 60 min, the temperatures of the river sand at monitoring points T1–T4 361 

reached 60 °C, 70°C, 73°C, and 65°C, respectively; while the bottom soil layer at T9–362 

T12 reached 35 °C, 55 °C, 53 °C, and 30°C, respectively (Fig. S3(b)). After 180 min, 363 

the temperature of the upper river sand layer exceeded 80°C, while the bottom soil 364 

layer remained below 70 °C, resulting in a considerable temperature difference 365 

between the river sand and soil layers (Fig. S3(b)). This results indicates that steam 366 

preferentially migrates in the river sand layer. As shown in table S1, river sand is 367 

characterized by bigger permeability coefficient, higher porosity and larger particle 368 

size, which provide favorable flow channels for steam migration and heat transfer, 369 

leading to rapid temperature rise. In comparison, the soil layer has finer particles, and 370 

lower permeability, which hinder steam penetration and diffusion.These results further 371 

confirm that media texture and pore structure play a dominant role in steam transport 372 

efficiency during thermal remediation. 373 

     During ERH-SEE heating, the temperature distribution was more uniform and 374 

the heating rate was faster (Fig. 5(c)). After 60 min, the temperatures at monitoring 375 

points T1–T8 all exceeded 70°C, and those at T9–T12 exceeded 60°C (Fig. S3(c)). 376 

After 120 min, the overall temperature of the media exceeded 80°C (Fig. S3(c)).The 377 

results demonstrate that for stratified heterogeneous soil, ERH-SEE treatment can 378 

significantly overcome the problem of non-uniform heating associated with single 379 

ERH or SEE. ERH-SEE exhibits an excellent synergistic heating effect for stratified 380 

heterogeneous media 381 



 382 

Fig. 6 Two dimensional spatial variations of temperature in stratified heterogeneous 383 

media with a river sand layer in the middle and soil layers in the upper and bottom. 384 

(a)ERH treatment, (b)SEE treatment, (c)ERH-SEE treatment.The steam injection was 385 

operated at 1.5 g/min. Electric field strength was 8 V/cm.     386 

To further verify the synergistic effect of ERH-SEE , a more complex stratified 387 

heterogeneous media, consisting of a river sand layer in the middle and soil layers in 388 

the upper and bottom, was also investigated. Consistent with the previous results, 389 

obvious spatiotemporal heterogeneity in temperature distribution was observed under 390 

single ERH and single SEE treatment. Under ERH treatment, the upper and bottom 391 

soil layers were effectively heated, whereas the temperature of the middle river sand 392 

layer increased very slowly (Fig. 6(a)). Under SEE treatment, the middle river sand 393 

layer was heated preferentially (Fig. 6(b)). In contrast, during ERH-SEE treatment, 394 

the temperature distribution was more uniform and the heating rate was faster. After 395 

120 min, the temperature of all media layers exceeded 80°C . 396 

For stratified heterogeneous media, the ERH-SEE treatment optimizes heating 397 

efficiency and overcomes the limitations of single heating technologies. The efficient 398 

steam migration in river sand and the stable thermal conduction in soil layers to 399 

enhance ERH. Meanwhile, ERH provides stable and continuous thermal energy 400 

throughout the soil layers, effectively improving the uniformity of the temperature 401 

distribution and compensating for the uneven heating caused by preferential steam 402 



flow. These results confirm that the ERH-SEE system can effectively alleviate the 403 

problem of uneven heating of single heating technologies in stratified heterogeneous 404 

media, thereby providing a more reliable and efficient heating strategy for the thermal 405 

remediation of stratified heterogeneous media. 406 

 407 

3.3 Temporal and spatial distribution of temperature in heterogeneous media with a 408 

low-permeability lens 409 

  410 

   As shown in Fig. 7(a-c), none of the ERH, SEE, and ERH-SEE, can effectively 411 

heat heterogeneous media with a lens. Under ERH treatment, the media temperatures 412 

showed no further increase after 180 min (Fig. 7(a)). Although soil lens exhibits 413 

relatively high electrical conductivity, it is surrounded by low-conductivity river sand, 414 

making the overall media difficult to heat by ERH. During SEE treatment, the upper 415 

river sand layer heated up rapidly, and its temperature exceeded 80 °C after 416 

180 min(Fig. 7(b)). However, the temperature of the soil lens increased slowly. In 417 

particular, the river sand on both sides of the lens exhibited extremely slow heating, 418 

with the temperature remaining below 60 °C after 180 min, due to the steam is 419 

blocked by the lens and cannot be effectively transported to the river sand on both 420 

sides. During ERH‑SEE treatment, the overall temperature rise trend of the media was 421 

nearly identical to that under SEE treatment, as the low electrical conductivity of river 422 

sand limited the heating efficiency of ERH, demonstrating that ERH‑SEE also suffers 423 

from non-uniform heating when treating low-conductivity media containing 424 

low-permeability lenses(Fig. 7(c)). 425 



 426 

Fig. 7 Two dimensional spatial variations of temperature in heterogeneous media with 427 

lens under (a) ERH treatment, (b) SEE treatment，(c) ERH-SEE treatment, (d) 0.5% 428 

NaCl+ERH-SEE treatment.The steam injection was operated at 1.5 g/min. Electric 429 

field strength was 8 V/cm. 430 

    Increasing the electrical conductivity of river sand is an effective approach to 431 

solving the problem of low heating efficiency for lenses. As shown in Figure S4, to 432 

investigate the effect of salt content in river sand on ERH heating, water with different 433 

salt concentrations was added separately to the 5 cm-thick river sand layer at the 434 

bottom. As illustrated in Figure S5, when the NaCl concentration in the pore water of 435 

river sand was 0.2 wt%, the ERH heating efficiency improved significantly.The 436 

temperature of river sand near the electrodes reached 80°C after 30 min of heating, 437 

and stabilized at approximately 90°C after 90min. When the NaCl concentration was 438 

increased to 0.5 wt%, the ERH heating efficiency was further enhanced, and the 439 

temperature of river sand near the electrodes reached 90°C after only 30 min of 440 

heating ( Figure S6). 441 

To achieve uniform and efficient heating of the heterogeneous media with a 442 

low-permeability lens, a 0.5% NaCl aqueous solution was injected into the bottom 443 



river sand before heating. After the injection of the NaCl solution, the ERH-SEE 444 

treatment achieved uniform and rapid temperature rise of media, and the heating rate 445 

of the bottom lens was faster (Fig.7(d)). After 150 min, the overall temperature of the 446 

media exceeded 85°C. The above experimental results indicate that, to address the 447 

problem of low heating efficiency in heterogeneous media containing lens, the 448 

SEE-ERH treatment can achieve efficient heating of entire media by injecting salt 449 

water into the river sand around the lens to increase the electrical conductivity of the 450 

media. 451 

 452 

 453 

3.4 Evaluation of remediation efficiency and energy consumption 454 

  The Phe removal effects under ERH, SEE, and ERH-SEE treatments were 455 

systematically compared to clarify the remediation performance of different thermal 456 

treatment methods for Phe-contaminated heterogeneous media. For stratified 457 

heterogeneous media with soil layers in the upper and bottom parts and a river sand 458 

layer in the middle, ERH treatment showed poor phenanthrene removal efficiency 459 

((Fig.8(a)).  The Phe removal rate in the soil near the electrodes was 8%, while the 460 

Phe content in the soil far from the electrodes and the river sand showed almost no 461 

reduction ((Fig.8(a)). It can be found that there is a correlation between the Phe 462 

removal effect and the temperature distribution characteristics: the higher the medium 463 

temperature, the better the phenanthrene removal effect. Under SEE treatment, the 464 

Phe removal effect in the river sand layer was the best, with a removal rate of 15%–465 

25%; followed by the upper soil layer, with a Phe removal rate of 10%–18%; the Phe 466 

removal effect in the bottom soil layer was the worst, and the content increased to 467 

110%–118% compared with the initial concentration((Fig.8(b)). This may be due to 468 

the low temperature of the bottom soil layer, and the Phe removed from the upper 469 

layer may accumulate in the bottom layer. 470 

During ERH-SEE treatment, Phe in both the soil and river sand layers was 471 

effectively removed. Among them, the phenanthrene removal effect in the upper soil 472 

and river sand layers was the best, with a removal rate of 30%–40%; the Phe removal 473 

rate in the bottom soil layer was 5%–15%, and the Phe concentration in the bottom 474 



soil near the two outlets was the highest, which was caused by the accumulation of 475 

Phe removed from the upper layer here ((Fig.8(c)).The energy consumption 476 

calculation results showed that the ERH-SEE treatment is significantly more 477 

energy-efficient than single ERH treatment and SEE treatment: the energy 478 

consumption of ERH, SEE, and ERH-SEE was 17.49 kWh/g, 14.87 kWh/g, and 8.89 479 

kWh/g, respectively ((Fig.8(d)). Compared with single ERH and SEE, the energy 480 

consumption of ERH-SEE was reduced by 49.17% and 40.21%, respectively. 481 

 482 

Fig. 8 The remediation performance of Phe-contaminated stratified heterogeneous 483 

medium. (a) ERH treatment, (b)SEE treatment, (c) ERH-SEE treatment. (c) Energy 484 

consumption calculation. The steam injection was operated at 1.5 g/min. Electric field 485 

strength was 8 V/cm. Initial concentration of Phe was 200 mg/kg.  486 

From the above results, it can be concluded that for the removal of Phe in 487 

heterogeneous media, due to uneven temperature distribution of the media, single 488 

ERH or SEE remediation has the problems of low removal efficiency and Phe 489 

accumulation in low-temperature soil layers, resulting in high energy consumption. In 490 

contrast, during SEE-ERH treatment, the media temperature rises uniformly and 491 

reaches a higher level, resulting in a significant improvement in Phe removal 492 



efficiency and a remarkable energy-saving effect. 493 

 494 

Fig. 9 The remediation performance of Phe-contaminated in heterogeneous media 495 

with a low-permeability lens. (a) ERH-SEE treatment, (b) 0.5% NaCl+ERH-SEE 496 

treatment. (c) Energy consumption calculation. The steam injection was operated at 497 

1.5 g/min. Electric field strength was 8 V/cm. Initial concentration of Phe was 200 498 

mg/kg.  499 

For heterogeneous media with a low-permeability lens, during ERH-SEE 500 

treatment, the Phe removal rate in river sand layer was 15%–30%, while the Phe 501 

concentration in the bottom lens increased to 110%–124% of the initial 502 

concentration((Fig. 9(a)). Since the river sand could be heated to a relatively high 503 

temperature, phenanthrene in the river sand was easily removed. However, the bottom 504 

lens had a low temperature and poor permeability, so the Phe desorbed from the upper 505 

river sand accumulated here when migrating to the lens.  506 

 After injecting NaCl solution into the bottom river sand, the ERH-SEE 507 

treatment achieved high Phe removal efficiency in different media: the Phe removal 508 

rate in the upper river sand layer was 20%–35%, and the Phe removal rate in the 509 

bottom lens was 15%–20%((Fig. 9(b)). For the experimental group without NaCl 510 

solution injection, the failure to heat the bottom lens led to extremely high energy 511 



consumption for Phe removal, reaching 15.44 kW·h/g; the energy consumption of the 512 

experimental group with NaCl solution injection decreased to 6.62 kW·h/g, which 513 

was 57% lower than the former ((Fig. 9(c)). 514 

4. Conclusion 515 

  This work systematically investigates heating behavior, remediation efficiency, and 516 

energy consumption of ERH, SEE, and ERH–SEE in heterogeneous media. Single 517 

ERH and SEE show obvious uneven heating: ERH preferentially heats 518 

high-conductivity zones, while SEE migrates along high-permeability layers, leading 519 

to low removal efficiency and high energy consumption. ERH–SEE presents 520 

remarkable synergistic effects, which optimize heat propagation, improve temperature 521 

uniformity, enhance Phe removal, and lower energy consumption in layered and 522 

moisture-heterogeneous media. For lens-bearing media, low sand conductivity limits 523 

heating performance of ERH-SEE. Increasing sand conductivity by NaCl injection 524 

greatly accelerates heating rate and improves uniformity across the entire medium, 525 

significantly enhancing lens remediation and energy efficiency. Overall, ERH–SEE is 526 

an efficient and sustainable thermal remediation technology for heterogeneous 527 

organic-contaminated sites. With conductivity enhancement, it can overcome heating 528 

bottlenecks caused by low-permeability lenses and provide a reliable technical basis 529 

for field applications. 530 
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