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ABSTRACT  

Seasonal storage of excess energy in deep subsurface is an essential technology for the efficient use and management of energy 

resources. Recently, deep subsurface thermal energy storage is rising in importance and attracting the attention of the researchers. 

Permeability plays a key role for successful thermal storage, particularly in the vicinity of the wells. During the process of subsurface 

thermal energy storage, the fluid-rock chemical equilibrium of a geothermal reservoir may become disturbed by the injection of hot 

water. Consequently, dissolution and precipitation reactions as well as the fine transport might result in permeability damage. 

Understanding the permeability and porosity alteration is critical in predicting fluid migration in the subsurface and long-term 

operation efficiency of the thermal storage system. Here, we present a novel continuum non-isothermal reactive transport model that 

captures and predicts the spatial pattern of permeability and porosity evolution in a sandstone reservoir. The model considers mineral 

dissolution and precipitation under the influence of the temperature change, and tracks the potential feedbacks between flow, heat 

transfer, chemical reactions and fines transport. The developed model is validated by replicating the existing core flooding 

experimental measurements (Rosenbrand et al., 2014) of the porosity reduction and the evolving silica and calcite concentration. 

Subsequently, by simulating the thermal storage in the deep subsurface at the field scale, the long-term evolution of the rock 

permeability is predicted.  

1. INTRODUCTION 

Seasonal storage of excess energy in deep subsurface is an essential technology for the efficient usage and management of the energy 

resources.  In China, there typically exists temporal and spatial mismatch between the supply and the demand for heat. Subsurface 

energy storage is an efficient solution to bridge the gaps. Shallow and low to intermediate temperature aquifer thermal storage has 

undergone significant developments in the past century (Fleuchaus et al. (2018)). Recently, the high temperature (70-150℃) thermal 

storage in deep subsurface receives more attention due to its significant advantages and values (Drijver, (2017)).  

The injection of such high temperature water inevitably disturbs the thermodynamic equilibrium and modifies the porous medium 

microstructure, which can lead to chemical reactions and fines migration. Temperature is known to exert an important control on both 

reactions of minerals and fines transport in the aquifer. Generally, elevated temperature increases dissolution/precipitation rates in 

the aquifer which may affect the permeability of the aquifer (Holmslykke et al. (2017)). On the other hand, high temperature has a 

strong influence on the transport of suspensions and colloids in porous media with particle capture, which further decreases 

permeability by detachment and mobilization of fine particles and their migration/straining in narrow pore throats (You et al. (2015), 

Civan (2010)). Therefore, the permeability change due to the injection of hot water is one of the main concerns in deep subsurface 

aquifer thermal energy storage, and keeps attracting the attention of both researchers and engineers.  

Sbai and Azaroual (2011) presented a numerical model to predict permeability damage due to fines migration during CO2 

sequestration, but their model did not consider thermal effect. You et al. (2015) presented the first quantitative analysis of temperature 

effects on the forces exerted on particles and of the resultant migration of fines. Rosenbrand et al. (2015) conducted core experiments 

to investigate the effects of temperature on permeability reduction by fines migration and they found that heating the core sample 

from 20 to 80 ℃ reduced the permeability, and the main course is the mobilization of the fine particle. Othman et al (2019) conducted 

experiments and found fine migration and its consequent mineral dissolution/precipitation determine the core samples’ permeability, 

so they proposed the necessity of taking both fine transport and chemical reaction into account. Despite significant progress in both 

areas, the permeability evolution induced by both fine transport and chemical reactions under non-isothermal conditions remains an 

unsolved problem. 

In this work, a novel numerical model is set up that couples the two-phase flow, heat transfer, particle transport and chemical reactions. 

The model aims to investigate the permeability change during the hot water injection for deep subsurface thermal energy storage, 

which is caused by the interaction between particle transport and chemical reaction. A five-spot numerical example (proposed in Sbai 

and Azaroual, 2011) is selected to evaluate the model and demonstrate the potential application at a site scale.  
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2. MATHEMATICAL FRAMEWORK  

In this work, due to the high temperature and high pressure in the context of the deep subsurface thermal energy storage, a two-phase 

condition is assumed for the geothermal formation (i.e. water phase and vapor phase). The mathematical framework is based on the 

two-phase flow transport to predict spatial distribution of the pressure, phase velocities, and the water saturation. Then it is 

complemented by a solute transport equation in the aqueous phase for calculating the chemical component distribution and transport 

which might be triggered by the mineral dissolution and precipitation. Particle transport processes are described through a set of 

coupled convection–diffusion equations for each subset of fine particles.  The thermal effects are depicted by the energy conservation 

equations. 

Quantitative assessment of the permeability variation is strongly dependent on the accuracy of experimental data on permeability–
porosity relationships, in which the thermal effects are included. 

2.1 Two-phase Flow of Vapor and Water Phases 

Two-phase fluid flow equations are formulated based on the mass conservation for each phase. We consider here the non-

isothermal two-phase fluid flow transport equations with respect to the global pressure, p, and liquid saturation, 𝑆𝑤 of two 

immiscible fluids. 

𝜙𝑐𝑡
𝜕𝑝

𝜕𝑡
= 𝛻 ⋅ [𝐊𝜆𝑡(𝛻𝑝 − (𝑓𝑙𝜌𝑙 + 𝑓𝑔𝜌𝑔)𝑔𝛻𝑧)] +

𝑞𝑙

𝜌𝑙
+

𝑞𝑔

𝜌𝑔
       (1) 

Where 𝜙 is the porosity, 𝐊 is the intrinsic permeability, 𝜌𝑤 and 𝜌𝑔 are the density of the liquid phase and gas phase, respectively, 𝜆𝑡 

is the total mobility, and it is defined as 𝜆𝑡 = 𝜆𝑙 + 𝜆𝑔, while 𝜆𝑙 =
𝑘rel_l

𝜇l
 is the mobility of the liquid phase, and 𝑘rel_l is the relative 

permeability of liquid phase, and 𝜇l is the viscosity of the liquid phase. 𝑓𝑤 and 𝑓𝑔 are the fractional flow function of liquid and gas 

phase: 𝑓𝑤 = 𝜆𝑤/𝜆𝑡, 𝑞𝑤 is a time-dependent source/sink term of liquid phase; 

𝜙
𝜕𝑆𝑙

𝜕𝑡
= −𝛻 ⋅ [𝑓𝑐𝐮 − 𝐊𝑓𝑐𝜆𝑙𝛥𝜌𝑔𝛻𝑧] +

𝑞𝑔

𝜌𝑔
         (2) 

Where 𝐮 = 𝐮𝒍 + 𝐮𝒈 the total fluid flow velocity, 𝛥𝜌 = 𝜌𝑙 − 𝜌𝑔 is the density difference between liquid phase and gas phase,  

The total fluid flow velocity 𝐮 dependence on the pressure is described by generalized Darcy law and given as follows:  

𝐮 = −𝐊𝜆𝑡(𝛻𝑝 − (𝜌𝑙𝑓𝑙 + 𝜌𝑔𝑓𝑔)𝑔𝛻𝑧)         (3) 

Here for simplicity, we ignore the capillary pressure, and assume the gas pressure equals to the liquid phase pressure. We enclose the 

system with further closure equations 

2.2 The Energy Balance Equation 

Energy conservation equation is applied here to account for the conduction of heat in the rock and advection of enthalpy by fluid, 

which is given by: 
𝜕𝐻𝑡

𝜕𝑡
= −𝛻 ⋅ (𝜌𝑙ℎ𝑙𝐯𝑙) − 𝛻 ⋅ (𝜌𝑔ℎ𝑔𝐯𝑔) + 𝛻 ⋅ (𝐾𝑇𝛻𝑇) + 𝑄heat       (4) 

Where ℎ𝑙 and ℎ𝑔 are the enthalpy of the liquid and gas phase, 𝐯𝑙 and 𝐯𝑔 are the Darcy velocity of the liquid and gas phase. 𝐾𝑇 is the 

thermal conductivity, 𝐻𝑡 represents the total enthalpy, which contains the contributions both from the fluid (gas and water) and the 

rock, and its time derivative is defined as: 
𝜕𝐻𝑡

𝜕𝑡
=

𝜕(𝜙𝐻𝑓)

𝜕𝑡
+ (1 − 𝜙)𝜌𝑟𝑐pr

𝜕𝑇

𝜕𝑡
         (5) 

Where 𝐻𝑓 is the enthalpy of the fluid: 𝐻𝑓 = 𝑆𝑙𝜌𝑙ℎ𝑙 + 𝑆𝑔𝜌𝑔ℎ𝑔, 𝜌𝑟 is density of the rock, 𝑐pr is the specific heat capacity of the 

rock. 

2.3 The Component Transport Equation 

In this section, equations describing the solute transport and chemical reactions are presented. The governing equations describing 

the advection-diffusion transport of solutes are structured in terms of independent component concentrations: 
𝜕(𝜙𝐶𝑓

𝑖 )

𝜕𝑡
= −𝛻 ⋅ (𝜌𝑙𝑐𝑙

𝑖𝒗𝑙) − 𝛻 ⋅ (𝜌𝑔𝑐𝑔
𝑖 𝒗𝑔) + 𝑉 + 𝑄𝑖 + 𝑞𝑖       (6) 

Where 𝐶𝑓
𝑖 is the total volumetric concentration of the i-th component, and it is defined as: 𝐶𝑓

𝑖 = 𝑆𝑙𝜌𝑙𝑐𝑙
𝑖 + 𝑆𝑔𝜌𝑔𝑐𝑔

𝑖  

𝑄𝑖 represents the source /sink term, while 𝑞𝑖 represents the chemical reaction rate that accounts for the mineral dissolution and 

precipitation: 𝑞𝑖 = 𝜕((1 − 𝜙)𝜌𝑟𝑐ri)/𝜕𝑡 

This is further solved by a chemical reaction solver (Yapparova et al. (2019)). 
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2.4 The Particle Transport 

The mass balance equation for suspended, attached and strained fines in porous media is: 
𝜕(𝜙𝑐+𝜎𝑠+𝜎𝑎)

𝜕𝑡
+ 𝛼𝑈

𝜕𝑐

𝜕𝑥
= 0          (7) 

Where 𝜎𝑠 are 𝜎𝑎 are the concentrations of attached and strained fines, factor 𝛼 accounts for slow particle motion. Particle straining 

rate is proportional to the suspended particle transport flux, 
𝜕𝜎𝑠

𝜕𝑡
= 𝜆𝛼𝑈𝑐           (8) 

Consider flow with fines mobilization, where the attached fine particle concentration is given by the maximum retention function 

𝜎𝑐𝑟 as follows： 

𝜎𝑎 = 𝜎𝑐𝑟(|𝑈|)           (9) 

Darcy’s law accounts for permeability damage due to straining can be formulated as: 

𝑈 = −
𝑘(𝜎𝑠)

𝜇

𝜕𝑝

𝜕𝑥
, 𝑘(𝜎𝑠) =

𝑘0

1+𝛽𝜎𝑠
         (20) 

𝛽 is the formation damage coefficient, 𝑘0 is the formation permeability. The particle transport mathematical work is described in 

detail in You et al (2016). 

2.5 Numerical Solution 

For the coupled system, the standard Galerkin finite element method is employed for spatial discretization, with a fully implicit 

backward Euler scheme for the time integration. Application of these space and time discretization schemes to the governing 

equations leads to a coupled system of discrete residual equations with high nonlinearity. The Newton method with line search scheme 

is employed for the linearization, while a GMRES solution strategy with ILUT preconditioning is applied to solve the linear equation 

system. The coupling between flow transport and chemical reaction can be found in (Huang et al (2018), Kosakowski and Watanabe 

(2014)). All the simulation work is carried out based on the platform of OpenGeoSys V6. (Kolditz et al. (2012)). 

3. NUMERICAL SIMULATION 

In this section, numerical experiment benchmarks are discussed to validate the numerical model and further investigate the 

permeability evolution during the hot water injection. 

3.1 Hot water injection into heterogeneous geothermal reservoir 

In this example, we simulate the hot water injection and production in a heterogenous geothermal reservoir, which resembles to the 

process of the deep subsurface thermal energy storage. This example is based on the benchmark proposed in Sbai and Azaroual 

(2011). A 2-D permeability distribution are extracted from the full three-dimensional permeability field used by the SPE-10 

comparative solution project (Christie and Blunt (2001)), and it is characterized as a high-contrast heterogeneous porous medium. 

While the porosity is strongly correlated with the horizontal permeability. The porosity and permeability distribution are presented 

in Figure 1. 

The selected layers hold a scale of 365.76 m × 670.56 m × 0.6096 m. The reservoir parameters, initial values, production data, and 

other extra parameters for particle release, transport, and capture are given in Table 1. The production well is located at the four 

corners of the domain, and the injection well is in the center. Here, the water phase is extracted from four production wells at the 

domain corners with an equal flow rate and water is injected into the formation from an injection well in the center. The injected 

water temperature is higher than the original formation water temperature. 

 

Figure 1: Porosity and permeability distribution field for the simulation 
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Table 1: Parameters used for studying hot water injection into two-dimensional heterogeneous layers extracted from SPE-10 

comparative solution project. 

Parameters of the geological model Value Unit 

Reservoir scale 365.76×670.56×0.6096 m 

Number of FE cells 13200 - 

Initial pressure  30 MPa 

Viscosity of vapor 1e-3 kg/(m s) 

Viscosity of water 1e-5 kg/(m s) 

Residual saturation of water 0.3 - 

Residual saturation of vapor 0.3 - 

Initial temperature 313 K 

Injection rate 25 m3/h 

Injection Temperature 363 K 

Production rate 6.25 m3/h 

Figure 2 gives the pressure and saturation distribution after one-month of hot water injection. It can be observed the maximum 

pressure and saturation are located in the vicinity of the injection well. Figure 3 presents the temperature distribution. The attached 

and strained particle concentrations are shown in Figure 4.  

                         

Figure 2: Simulation results for hot water injection after 1 month in terms of pressure and saturation 

                         

Figure 3: Simulation results for hot water injection after 1 month in terms of temperature distribution 
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Figure 4: Simulation results for hot water injection after 1 month in terms of attached and strained fines concentration 

                         

Figure 5: Simulation results for hot water injection (at different temperature: 363 K (left), 393 K (right)) after 1 month in 

terms of permeability decline ratio (K_current/ K_previous) 

From Figure 5 (left), a permeability decrease of around 10% is observed nearby the injection well. The permeability decrease 

distribution is similar to the concentration of the attached and strained fines as shown in Figure 4. While if we increase the injection 

temperature to 393 K, the minimum permeability decline ratio decreases to 0.834, and approximately a 15% permeability decrease 

near the injection well, which can be seen at Figure 5 (right). This indicates that higher temperature leads to more severe permeability 

decline at this condition. The permeability decline curve with respect to the injection time are plotted at the point 5 m in the Figure 

6, and a linear permeability decrease trend can be also found. Moreover, it is noted that severe permeability decline is also found near 

the vicinity of the production well.  

    

Figure 6: Permeability decline at the point 5 m from the injection well at different injection temperature. 
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4. DISCUSSION 

It can be observed from Figure 3 that the severe numerical oscillation is exhibited in the temperature distribution, which is more 

significantly demonstrated in Figure 7. This figure presents a cross-section profile curve of temperature. These numerical oscillations 

typically happen in the standard Galerkin discretization problem, especially in the advection dominated transport problems (Helmig 

and Huber, (1998)). These problems can be overcome by applying the Petrov-Galerkin method or Streamline-upwind Petrov-Galerkin 

method (SUPG), as well as the fully upwind method. 

    

Figure 7: Numerical oscillation of temperature cross-section profile curve 

5. CONCLUSION AND OUTLOOK 

This work presents a numerical study of the permeability evolution during the hot water injection in deep subsurface thermal storage 

system. The permeability variation in the geothermal formation can be caused by fine particle transport or mineral dissolution/ 

precipitation induced by chemical reactions. Meanwhile, fine particle transport mechanism is highly coupled with the chemical 

reactions and they interact with each other.  

Proper formulation of the fine migration and chemical reactions in two-phase flow transport condition in porous media considering 

the effect of temperature is presented, and an accurate numerical solution based on the finite element method was completed 

successfully. Hence, the model presented in this work provides a scientific insight into the permeability evolution induced by fine 

particle transport and chemical reactions.  

The model is further applied to the benchmarks considering the hot water injection into a heterogeneous reservoir at site scale. This 

study demonstrates that hot water injection has a significant effect on permeability impairment. In the application considered above, 

the permeability decline is more severe under high-temperature and non-isothermal conditions. Increasing the injection temperature 

can enhance the permeability impairment. 

Consequently, for future work, comprehensive experiments measuring all the relevant fluid and porous material properties, capturing 

the key mechanism of particle attachment and strain, as well as the chemical reactions taken place in the formation, shall be conducted 

to further validate the numerical model; especially for the parameters used for fine transport and chemical reactions.  
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