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Abstract

:

Highly radioactive materials classified as high-level nuclear waste (HLW) of atomic power engineering should be disposed of deeply underground in special geological disposal facilities (GDFs), which can be of either shaft or borehole type. The advantages of borehole-type GDFs result from smaller volumes of mining operations, a simpler construction technology, shorter construction time and cost. This allows us to consider them as an alternative to shaft-type GDFs. The parts of the boreholes in which waste containers should be placed can be both vertical and horizontal. Computer simulation of the migration of radionuclides from a group of parallel horizontal boreholes into the biosphere made it possible to conclude that horizontal GDF boreholes have significant advantages over vertical ones. We determined a forecast of 241Am migration by a method of mathematical modelling of 241Am release from vitrified HLW disposed of in several horizontal drillholes. The maximum concentrations of americium in the near-surface groundwater above the repository are calculated depending on the number of boreholes, the depth of their location and the distance between them, the permeability of rocks and the time of waste storage prior to disposal. Influence of different conditions on the safety of a GDF of borehole type is estimated. Calculations show that the heat generated by HLW causes a weaker groundwater convection near horizontal boreholes compared to vertical boreholes of the same capacity. In addition to that, at an equal thickness of the rock layer separating the HLW from the surface, the geothermal temperature of the host rocks in the near field of a horizontal borehole will be lower than the average geothermal temperature near a vertical borehole. As a result, the rate of radionuclides leaching from the waste forms by groundwaters will also be lower in the case of horizontal boreholes.
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1. Introduction


The growing demand of the global economy for energy requires a sustainable development of nuclear power engineering (NPE), at least for the next several decades. In the open nuclear fuel cycle of NPE, spent nuclear fuel (SNF) is unloaded from reactors and considered as a waste, whereas in a closed cycle, the SNF is reprocessed to extract actinides and make new fuel. Processing of 1 tonne of SNF typically produces 13–34 m3 of highly radioactive liquid with a specific activity of more than 3.7 × 1010 Bq/L considered as high-level radioactive waste (HLW) [1]. The long-term environmental hazard of SNF and HLW is determined by long-lived actinides and fission products with half-lives ranging from hundreds to millions of years. The best way to isolate them reliably from the biosphere is their placement in geological disposal facilities (GDF) located within crystalline rocks, salts, clays, or shales [2,3,4,5]. Prior to disposal, the liquid HLW passes through a number of predisposal steps [2], being currently solidified into vitreous matrices of B-Si or Al-P composition [6,7,8,9,10,11]. The HLW disposal facilities in deep geological formations can be of shaft or borehole type. In the GDF shaft version, at a depth of about 0.5 km, a system of workings is created to accommodate waste containers. The design capacity of shaft-type GDF varies from 5300 to 108,000 tonnes for SNF and from 1000 to 7000 m3 for vitrified HLW [3]. In the case of joint disposal of high-level and intermediate-level waste with long-lived radionuclides, as in France or Russia, their volume in the GDF can reach 150,000 m3 [10]. The cost of shaft GDF construction is from 2 to 15 billion US dollars, the time from searching for a site to obtain a license for its creation takes 30–50 years, and the same interval is used to estimate the time for placing HLW and subsequent closure of the GDF [5].



Borehole disposal is a less costly and time-consuming alternative to shaft-type disposal options. It is proposed to use boreholes for relatively small volumes of HLW enclosed in thick-walled containers, for example, for disused sealed radioactive sources [12,13]. SNF and HLW are proposed to be disposed of in boreholes with a diameter of 0.2–0.8 m at a depth of up to 5 km, where the lower part with waste is from 1 to 3 km. This disposal option has been known for more than 65 years [14]; this concept has been repeatedly refined [15,16,17,18,19,20,21,22,23,24,25,26,27], although it has been noted [12,13,23,24,25] that borehole disposal facilities cannot solely be used for the disposal of the entire range of HLW and SNF accumulated.



In recent years, much attention has been paid to vertical boreholes with a horizontal termination at depths from 1 to 2 km [28,29,30,31,32,33,34]. The drilling of such boreholes has long been carried out in the exploration and production of hydrocarbons [35]. There are several projects in the world on the possible use of deep boreholes with horizontal terminations for the purpose of SNF and HLW disposal [36,37]. Such disposal facilities are also considered in countries with a low share of nuclear power in the energy balance and a small inventory of nuclear waste, such as Denmark, Norway, Croatia, Slovenia and the Netherlands [36,38]. Nuclear waste management organizations of Slovenia and Croatia signed a contract with the private company Deep Isolation (Berkeley, CA, USA) to estimate the cost of SNF and HLW disposal in vertical and horizontal boreholes located in crystalline rocks and shales [39].



Disposal projects provide for the possibility of retrieving SNF and HLW from the GDFs [40] in the event of an emergency loading of waste into a borehole and of a spread of radioactive contamination, as well as in connection with the emergence of better methods for isolating nuclear waste or potential discovery of usefulness of HLW and SNF in the future. The complexity of waste retrieval was considered as one of the disadvantages of borehole GDFs [19,20,21]; thus, preference is given to shaft-type GDFs in national nuclear waste management programmes [3], from which, if necessary, it is easier to remove waste containers.



To retrieve containers with HLW from boreholes, it is proposed to use devices developed in the oil and gas industry [35,37], and this disadvantage of the borehole GDF has lost its significance. In the case of a horizontal borehole, containers with HLW are placed under a layer of low permeable rocks [28,29,30,31,32,33,34]. HLW container loading is carried out through the vertical part of the borehole, which is connected to its horizontal part by a section of a large radius of curvature for the promotion of containers. Many works [26,33,34,37] note the advantages of borehole GDFs for HLW and SNF compared to shaft- type GDFs:




	
Long-term safety due to the large depth of disposal;



	
Economical access to rocks with high insulating properties;



	
Weaker requirements for the infrastructure of a borehole GDF and a much smaller area of ground facilities (footprint);



	
Significantly shorter time for the construction of a borehole GDF and loading of HLW and its significantly lower cost;



	
Possibility of creating a borehole GDF in close proximity of the place of waste production;



	
Extremely low probability of unauthorized access to radioactive materials;



	
Minimal control after completion of disposal campaign and sealing of the GDF;



	
High salinity hinders the development of convection of underground waters due to the heat release of SNF and HLW;



	
Waste isolation is facilitated by the low solubility of actinides under reducing conditions.








The GDF long-term safety is determined by the inventory of radionuclides that will be released from the repository into the biosphere. It can be estimated by modelling the migration of radionuclides [27,31,32,33,34,35,36,37,38,39,40,41,42]. Disposal of waste in horizontal boreholes has a number of advantages over disposal in vertical boreholes of the same length. When HLW is disposed of in deep boreholes, due to the weak regional flow of water, convection, caused by the heat generation in the waste, will play an important role in the transfer of contaminations. The driving forces of thermal convection depend on the vertical extent of the range of heated rocks. For a vertical borehole, this is the length of that part where containers with HLW are located, and in the case of horizontal boreholes, it is of the order of their diameter. Hence, the rate of thermal convection of water for waste packages located in horizontal boreholes will be much less than in the case of vertical boreholes. Another factor is the growth of rock temperature with depth due to the geothermal gradient: with an average value of 0.025 K/m, the temperature at a depth of 5 km will be about 125 °C. The intensity of radionuclides leaching from HLW alumino-phosphate (Al-P) and boro-silicate (B-Si) glass matrices by aqueous solutions increases with temperature [8,43,44]. Given the possible temperature regimes in deep boreholes [29,45], this can cause a severe radioactive pollution in the near field of the borehole GDFs. Therefore, to assess the reliability of HLW isolation in the borehole, it is necessary to consider the migration of radionuclides due to thermal convection of groundwater. From the viewpoint of rational use of the allotment area, it is worthwhile to dispose HLW in a group of boreholes, as is shown in Figure 1. Assessments of radionuclides release from such a repository to the biosphere can be obtained only from a forecast of radionuclides migration obtained by methods of mathematical modeling. Such studies were absent until now. The objective of our work is modeling of radionuclides migration from a group of horizontal boreholes loaded with solid HLW to the Earth’s surface.




2. Methods


Migration of radionuclides from the borehole GDF to the Earth’s surface was studied by mathematical modelling with use of numerical simulation methods.



To increase the volume of HLW, not one but several boreholes with a length of 2–3 km, extending from a common vertical access borehole, are of interest (Figure 1a) where we consider a vertical plane perpendicular to the waste disposal areas and introduce for analysis a Cartesian coordinate system (Figure 1b).



Outside the ends of the parallel horizontal boreholes, the distributions of temperatures and concentrations of radionuclides that entered the groundwater during the leaching of matrices are invariant by translation along the axis z. Therefore, heat transfer in rocks, the development of thermal convection of groundwater and the migration of radionuclides can be considered in a two-dimensional approximation in the x-y plane. Although this model is applicable for any number of wells, the case when the GDF system consists of 6 wells is presented as an example of calculation (Figure 2).



The borehole system is symmetric about the axis passing through the middle of the segment connecting the centres of the outermost boreholes. Therefore, to model the spread of radioactive contamination from the GDF, it is sufficient to consider the processes of convection, heat transfer and radionuclide transfer not in the entire area of the rock mass (  − ∞ ≤ x ≤ ∞ ;   0 ≤ y ≤  y  lim    ), but in the half-band   0 ≤ x ≤ ∞ ;   0 ≤ y ≤  y  lim    .



Water filtration rates satisfy Darcy’s law [46]:


   v x  = −  k μ    ∂ p   ∂ x   ;    v y  = −  k μ      ∂ p   ∂ y   + ρ g   ,  



(1)




where    v x  ,    v y    are groundwater filtration rate components;  k  is rock permeability;  μ  is dynamic viscosity of groundwater;  p  is pressure;  ρ  is temperature-dependent water density;  g  is acceleration of gravity. We simulated the thermal convection of the groundwater with use of Boussinesq’s approximation [47], according to which all properties of the liquid are assumed to be constant, with the exception of density in the expression for gravity force. In this case, the filtration rate components satisfy the continuity equation in the form [46]


    ∂  v x    ∂ x   +   ∂  v y    ∂ y   = 0 .  



(2)







Substituting the expressions for the filtration rate components (1) into (2), we obtain


   ∂  ∂ x     k   ∂ p   ∂ x     +  ∂  ∂ y     k   ∂ p   ∂ y     = − g  ∂  ∂ y     ρ k   .  



(3)







We will assume permeability of the rock massif is uniform, the density of groundwater does not depend on pressure and its dependence on temperature can be approximated by a linear function   ρ =  ρ 0    1 − β   T −  T 0       , where  T  is temperature in centigrade;  β  is the coefficient of thermal expansion of water; and    ρ 0  ,    T 0    are approximation constants.



Then Equation (3) takes the form


     ∂ 2  p   ∂  x 2    +    ∂ 2  p   ∂  y 2    = g  ρ 0  β   ∂ T   ∂ y   .  



(4)







The temperature distribution satisfies the equation of transient convective heat transfer [46]:


    ∂ T   ∂ t    ρ s   c s  + ρ c    v x    ∂ T   ∂ x   +  v y    ∂ T   ∂ y     =  λ s       ∂ 2  T   ∂  x 2    +    ∂ 2  T   ∂  y 2      + ω ( t , x , y ) ,  



(5)




where  t  is time;    ρ s  ,    c s  ,    λ s    are, respectively, density, specific heat capacity and thermal conductivity of the solid phase (waste, rocks);  c  is specific heat capacity of water;  ω  is heat generation rate per unit volume,   ω = Ω ( t )  , if there is such a number   i = 1 , … ,  N b    for which the inequality     ( x −  x i  )  2  +  y 2  <  r w 2    is satisfied. Here   Ω ( t )   is heat generation rate per unit volume of HLW;    x i    is the coordinate of the center of the i-th borehole;    r w    is waste block radius;    N b    is number of boreholes. The value of   Ω ( t )   is determined by the initial composition of the waste and the duration of their holding in temporary storage before disposal. The calculation method is described in detail in the work [42]. The transfer of radionuclides by water is governed by the mass transfer equation in a porous medium in approximation of the advection–dispersion model [46].


        1 +  ρ s   K d    1 − φ   / φ     ∂ C   ∂ t   +    v x   φ    ∂ C   ∂ x   +    v y   φ    ∂ C   ∂ y   =       =  1 φ     ∂  ∂ x        D m  +  D  x x       ∂ C   ∂ x   +  D  x y     ∂ C   ∂ y     +  ∂  ∂ y      D  y x     ∂ C   ∂ x   +    D m  +  D  y y       ∂ C   ∂ y       − χ C +  ϑ ρ  ,      



(6)




where  C  is radionuclide concentration in water;  φ  is solid-phase porosity;    K d    is the coefficient of radionuclide distribution between water and solid phase;  χ  is the radioactive decay constant of the radionuclide;    D  x x   ,    D  x y   ,    D  y x   ,    D  y y     are components of the dispersion tensor, determined by the formulas


   D  x x   =  α T  v +    α T  −  α L       v x 2   v  ,    D  x y   =  D  y x   =    α T  −  α L       v x   v y   v  ,    D  y y   =  α T  v +    α T  −  α L       v y 2   v  .  











Here    α L  ,    α T    are coefficients of longitudinal and transverse dispersion in a porous medium.



The molecular diffusion coefficient in a porous medium is defined as    D m  = φ θ  D 0   , where    D 0    is the coefficient of molecular diffusion of the radionuclide in water;  θ  is a coefficient depending on the curvature of filtration channels in a porous medium (  0 ≤ θ ≤ 1  ). The mass of the radionuclide entering a unit volume of groundwater per unit time is denoted as  ϑ ; obviously, outside the borehole,  ϑ  = 0. If the condition     ( x −  x i  )  2  +  y 2  <  r w 2    is satisfied for some   1 ≤ i ≤  N b   , then


  ϑ =   2 J  γ 0     r w  ρ φ   exp   − χ t    








where    γ 0    is mass fraction of the radionuclide in the waste form when loaded into the GDF; and  J  is leaching rate of the waste form. According to Arrhenius’ formula,


  J =  J 0  exp   −    E a    R ( T + 273.15 )     = exp   A + B / ( T + 273.15 )    



(7)




where    J 0   ,   A , B   are constant coefficients;    E a    is the activation energy;  R  is the gas constant.



The expression (7) is in a good agreement with the experimental data on the leaching of borosilicate glasses with water [8] with the coefficients  A  = 1.47 and  B  = −6950 (if  J  is expressed in kg/(m2 s)). During leaching, the radius of the waste block decreases:


    d  r w    d t   = −  J   ρ m     








where    ρ m    is density of the waste form.



Taking into account the mirror symmetry of the system about the y axis and the low permeability of the underlying rocks, the boundary conditions for Equation (4) can be written as


      x = 0 ,       ∂ p   ∂ x   = 0 ;   x → ∞ ,       ∂ p   ∂ x   = 0 ;       y = 0 ,       ∂ p   ∂ y   + ρ g = 0 ;   y =  y  lim   ,     p =  p a  ,      



(8)




where    p a    is atmospheric pressure.



The boundary and initial conditions for Equations (5) and (6) take the form


      x = 0 ,     ∂ T   ∂ x   = 0 ,     ∂ C   ∂ x   = 0 ;   x =  x  lim   ,   T =  T 0  + Γ (  y  lim   − y ) ,   C = 0 ;       y = 0 ,     ∂ T   ∂ y   = Γ ,     ∂ C   ∂ y   = 0 ;   y =  y  lim   ,   T =  T 0  ,     ∂ C   ∂ y   = 0 ;       t = 0 ,   T =  T 0  + Γ (  y  lim   − y ) ,   C = 0 .      



(9)







To visualize two-dimensional flows, it is convenient to use streamlines. Since Equation (2) is satisfied, we can introduce a stream function  ψ  such that


   v y  =   ∂ ψ   ∂ x   ,    v x  = −   ∂ ψ   ∂ y   .  



(10)







In this case, the Equation (2) is satisfied automatically.



Let us rewrite Equation (1) in the form


  −   μ  v x   k  =   ∂ p   ∂ x   ,   −   μ  v y   k  − ρ g =   ∂ p   ∂ y   .  



(11)







Let us differentiate the first of Equation (11) with respect to y, the second with respect to x and subtract one from the other. Substituting into the resulting equation of expression (10) the velocity component through the stream function, we obtain


   ∂  ∂ x      μ k    ∂ ψ   ∂ x     +  ∂  ∂ y      μ k    ∂ ψ   ∂ y     = − g   ∂ ρ   ∂ x   .  











Hence, with constant  k  and  μ  and a linearized dependence of density on temperature, we obtain


     ∂ 2  ψ   ∂  x 2    +    ∂ 2  ψ   ∂  y 2    =   k  ρ 0  g β  μ    ∂ T   ∂ x   .  



(12)







Since the impermeability conditions are set on the lower and side boundaries of the region, the zero Dirichlet conditions are valid for the stream function on these boundaries. To define completely the boundary problem for Equation (12), it remains to set the boundary condition at   y =  y  lim    , i.e., at the top of the modelling domain. Solving the boundary problem (4)–(8) and finding   p ( x , y )  , we can determine    ψ  s u r f   ( x ) = ψ ( x ,  y  lim   )  :


   ψ  s u r f   ( x ) = −  k μ     ∫ 0 x         ∂ p   ∂ x       y =  y  lim     d x     



(13)







Since   p ( x , y )   is known from the solution of problem (4)–(8), it is possible to calculate the values of the integral on the right-hand side of (13). Thus, for Equation (12), boundary conditions are specified in the form


      x = 0 ,   ψ = 0 ;   x =  x  lim   ,   ψ = 0 ;       y = 0 ,   ψ = 0 ;   y =  y  lim   ,   ψ =  ψ  s u r f   ( x ) .      



(14)







When choosing methods for solving boundary value problems (4)–(8), (12)–(14) and integrating transport Equations (5) and (6) under conditions (9), it should be borne in mind that the borehole radius is much smaller than the size of the modelling domain. However, to achieve an acceptable accuracy of the solution, both the domain boundaries and the borehole boundaries should be taken into account by the numerical methods. This is possible only when using a distribution of nodal points that is irregular in terms of density of points in the modelling domain. To integrate Equations (5) and (6), it is advisable to use finite difference methods. The application of the finite element method is significantly complicated by the fact that the matrix of a set of equations, the solution of which the integration process is reduced, becomes asymmetric due to the presence of convective terms. However, to solve the Poisson Equations (4) and (12), the use of finite difference methods in the case of an irregular distribution of nodes is inefficient. These equations are usually solved by the method of successive overrelaxation [48], which converges slowly at essentially irregular grids. Equations (4) and (12) have to be solved at each integration step of Equations (5) and (6) with respect to time. This increases significantly the duration of the calculations. Therefore, a combined method was used for numerical simulation: boundary value problems (4)–(8) and (12)–(14) were solved by the finite element method based on the Galerkin method in a weak formulation [49], and Equations (5) and (6) were integrated taking into account the boundary and initial conditions (9) by the method of alternating directions according to the Douglas scheme [48].




3. Calculations Results and Discussion


Consider six horizontal boreholes (   N b    = 6) with a diameter of 0.2 m; the distance between adjacent boreholes is 250 m. The boreholes are located at a depth of 1000 m in a 2 km thick rock massive. Rock permeability (k) is taken as 10−16 m2, which corresponds to the minimum value for fractured rocks [50]. The waste form is a B-Si glass with a density of 2600 kg/m3, mass fraction of actinides (241Am, 244Cm) is 0.015 (in the 2/1 proportion), and mass fractions of 137Cs and 90Sr are taken as 0.0225 and 0.006. Dependence (7), which determines the leaching rate of the borosilicate glass matrix with water, is obtained by processing of data from [8]. According to [46], the dispersion coefficients    α L  ,    α T    in dense crystalline rocks are comparable and have the order of 100–300 m. In natural experiments in sedimentary rocks, values of    α L    are about 10 m [51]. We used the value of    α L    = 100 m. Porosity used corresponds to typical values for volcanic rocks,  φ  = 0.01. The storage time before disposal to reduce heat generation rate in HLW was 75 years. The migration of 241Am was considered (its half-life is 433 years, thus  χ  = 0.00231 1/year).



Monitoring at sites of radioactive pollution showed that many radionuclides, including actinides, are found in groundwater mainly in a highly mobile colloidal form [52,53]. This makes it possible to consider radionuclide-bearing colloids as a neutral tracer which is not sorbed by rocks [54,55]. In experiments on the leaching of alumino–phosphate glasses, it was found that REE-simulants of minor actinides pass into the aqueous medium mainly in a colloidal form [56]. The results of the leaching of borosilicate glasses indicate that in this case, too, a significant part of the actinides passes into water in a colloidal form [57]. This effect was particularly pronounced if the borosilicate glass was leached by water which was for a long time in contact with bentonite (which could be used as a buffer in the GDF). Therefore, a variant of migration was calculated in which americium is not sorbed by rocks; i.e., the distribution coefficient    K d    of 241Am in the water–rock system was specified as 0.



Let us assume that horizontal boreholes are located at a depth of 1 km, and that the value of the geothermal gradient is 0.025 K/m. The streamlines of thermal convection in 1 year after HLW loading are shown in Figure 3a. Development of thermal convection forms typical cells with ascending branches near the borehole and descending flow at its periphery. These descending branches involve surrounding groundwater downward and form a weak general descending flow of the groundwater around the boreholes.



The weak descending flow induces formation of general ascending currents. The general ascending flow is formed above the descending flow inducing it. This feature of the water flow will limit the migration of radionuclides from the borehole to the Earth’s surface. Already after 10 years, the general downward flow weakens and shifts to the outermost borehole (Figure 3b). At the final stage of the thermos-convective process (after 100 years), the temperatures in the near field of each borehole decreases due to a decrease in heat generation in HLW, but due to conductive heat transfer, rocks outside the near-field are heated. Therefore, the general flow of water becomes only ascending (Figure 3c); however, the velocities of this flow will be lower by orders of magnitude than the velocities in local cells of thermal convection at the beginning of the process.



Thermal convection initiates an ascending flow of groundwater above the heat source; therefore, the domain of polluted groundwater must lengthen out upwards from the HLW packages. Due to the nature of the thermal convection at the beginning of the process, when the flow rates are at their maximum, the effect of ascending thermal convection currents for horizontal boreholes will be less than for vertical boreholes [42]. Hence, the reliability of HLW isolation in a horizontal borehole is higher than in a vertical borehole, in which the upper boundary of the loaded part coincides with the depth of the horizontal borehole. Let us consider as an example a vertical borehole 3 km deep, in the lower part of which waste packages are loaded 2 km long, and a horizontal borehole 2 km long, located at a depth of 1 km. In the vertical borehole, only the upper packages are separated from the biosphere by a rock layer of the same thickness as all packages located in a horizontal borehole. The remaining (lower) packages in a vertical borehole are separated from the Earth’s surface by a thicker layer of rocks and, at the first glance, should be better isolated from the biosphere than in a horizontal borehole. However, the greater extent of the heat source in the case of a vertical borehole causes greater driving forces of thermal convection, dimensions of convective cells and velocities of thermo-convective currents. In the case of horizontal boreholes, the convective cells are not only much smaller, but they also initiate a general downward flow in the overlying at the beginning of the process (Figure 3a). The temperature in the boreholes first increases under the influence of heat generation in the HLW, then decreases due to a decrease in the content of relatively short-lived radionuclides (90Sr, 137Cs, 244Cm). For the basic variant of GDF, this dependence is shown in Figure 4.



The GDF safety is characterized by the concentration of radionuclides in groundwater at the Earth surface, i.e.,   C ( t , x ,  y  lim   )  . It varies from point to point along the Earth’s surface and is more above the borehole than at a distance from it, so a more informative safety characteristic at a time t is the maximum value C in the water near the Earth’s surface for a given t:


   C  max   ( t ) =   max   0 ≤ x < ∞   C ( t , x ,  y  lim   ) .  











 C  is the mass concentration of a radionuclide (in the both dissolved and colloidal forms). Since C is dimensionless, then    C  max     is also a dimensionless quantity. The time dependence of    C  max     is shown in Figure 5 for the basic set of GDF parameters which corresponds to the variant No. 1 in Table 1.



Until the polluted groundwater reaches the surface,    C  max   ( t )   = 0. Then, as the pollution extends due to convection and hydrodynamic dispersion, the    C  max   ( t )   increases and reaches its maximum. Then    C  max   ( t )   decreases due to radioactive decay and convection attenuation due to a decrease in heat generation in the HLW. The highest    C  max   ( t )   characterizing the maximum level of water pollution at the surface during the lifetime of the GDF is denoted as    C  sup   =   max   0 ≤ t < ∞    C  max   ( t ) =  C  max   (  t  max   )  , and    t  max     is the time at which Cmax(t) is at its maximum. In order to assess the influence of GDF parameters on    C  sup    , calculations were carried out at their different values as shown in Table 1.



Since the specific activity of 241Am is equal to 129 × 1012 Bq/kg, the groundwater activity of 1 Bq/L corresponds to the value C = 7.75 × 10−15. We obtained C = 4.45 × 10−20 for the variant No 1 from Table 1. This guarantees the isolation of 241Am from the biosphere even without delay by rocks due to sorption (i.e., if the radionuclide is transported by the groundwater as a neutral tracer). The half-lives of 90Sr, 137Cs and 244Cm are 15–25 times shorter than those of 241Am; therefore, this variant of the GDF should also ensure isolation of these radionuclides. Sorption of radionuclides and mechanical retention of colloids during the movement of the groundwater through rocks will serve as additional safety factors. An increase in the permeability of the GDF rocks by an order of magnitude (Variant No. 2 of Table 1) will cause an increase in Csup by six orders of magnitude. Hence, Csup will exceed the permissible level for drinking water (1 Bq/L) by 23 times. This indicates the need to select a site for the GDF with minimal fracturing of the rocks, since the permeability depends significantly on fracturing. A decrease in the number of boreholes leads to a significant decrease in    C  sup    ; a decrease in the distance between boreholes from 250 to 100 m (and between the outer boreholes from 1250 to 500 m) reduces slightly    C  sup     (by 17%) due to a decrease in the volume of the hot rock. As a result, the general ascending currents of thermal convection from all boreholes of the GDF are weakened. This explanation is also supported by the decrease in    C  sup     with a decrease in the number of horizontal boreholes from six to four. When the depth of the borehole location decreases from 1000 m to 500 m, the level of 241Am concentration in the groundwater becomes unacceptably high. This is caused by the nature of the groundwater flow. Convection cells, which are formed near individual boreholes, adjoin the area of the ascending flow carrying radionuclides to the Earth’s surface (Figure 6).



The strong dependence of    C  sup     on the depth of the boreholes’ location indicates the possibility of creating a GDF even in fractured rocks by increasing the depth of disposal. With a decrease in the permeability of rocks by an order of magnitude,    C  sup     drops by six orders of magnitude, and an increase in the depth of boreholes with HLW by only a factor of two causes a decrease in    C  sup     by almost ten orders of magnitude. Therefore, doubling the depth of borehole location can compensate for the negative impact of higher rock permeability.



It is worthwhile to assess to what extent the process of radionuclide migration is sensitive to differences in the radionuclide composition of the waste. We assumed that radionuclides are contained in groundwater in a highly mobile colloidal form and can be considered as a neutral tracer. Thus, the geochemical features of individual radionuclides will not affect the simulation results in any way. Obviously, higher concentrations of any radionuclide in the HLW matrix will also lead to higher concentrations of this radionuclide in groundwater that comes to the surface. However, it should be borne in mind that the boundary problem (6)–(9), which models the transfer of radionuclides, is linear with respect to the concentration  C . Let us denote the actual content of the radionuclide in the matrix as    γ 1    and its maximum mass concentration in the groundwater at the Earth’s surface as    C  sup  1   . Owing to linearity,    C  sup  1  =      γ 1     γ 0       C  sup    , where    C  sup     is the value calculated for radionuclide content    γ 0    in HLW, which was used in our simulation.



An important characteristic of HLW, which depends on the radionuclide composition, is the heat generation rate. Variations of this characteristic cannot be arbitrary. This is due to the fact that the heat generation rate determines the temperature regime of HLW in the GDF. Since the rate of leaching of vitrified HLW by water increases significantly with increasing temperature, the maximum HLW temperature in the GDF is usually limited This imposes implicitly restrictions on the heat generation rate in HLW. Thus, with all the possible diversity of the radionuclide composition of HLW, the level of heat generation in them must comply with these restrictions. The composition used in the calculations satisfies this requirement and, therefore, is consistent from this point of view with another possible real HLW composition.



Thus, the basic version of the GDF will provide safe conditions for the placement of HLW. Calculations show to what extent this result depends on the variation of the governing parameters of the GDF. It should be noted that the assumptions underlying the model underestimate the insulating properties of the GDF’s protective barriers. It was assumed that the permeability of the rocks of the massif is uniform, but it is advisable to choose the site for the creation of the GDF so that the layer of rocks enclosing horizontal boreholes is overlapped by a water-resistant layer of rocks with low permeability [28,33]. It was assumed in the calculations that minor actinides enter the groundwater during the leaching of HLW matrices in colloidal form, and they can be considered as a neutral tracer. The assumption is based on the results of experiments on the leaching of borosilicate glasses with radionuclide simulators. The leaching solution contains at least half of the minor actinide simulators in particles with sizes from 25 nm to 450 nm. However, it must be borne in mind that the transverse dimensions of the pore-fracture channels through which groundwater moves in rocks can be smaller than these particles. This will lead to mechanical retention of colloidal particles carrying radionuclides [58] and increase the protective properties of rocks. Migration of radionuclides from the repository will be prevented by a corrosion-resistant container with a service life of 1000 years [59,60]. Replacing the glass matrix with more stable materials [6,16,47,61] will increase the safety of the GDF. In the above example, the capacity of a GDF with six horizontal boreholes can be estimated as 1–2 thousand tons of HLW, or approximately 10–20% of the potential capacity of a typical shaft-type GDF. A more rational use of borehole GDF is to immobilize the HLW in a compact matrix with the highest possible content of radionuclides, but taking into account the limitations on heat generation as well as on detrimental radiation-induced effects [62,63].




4. Conclusions


The growing demand of the global economy for energy requires a sustainable development of nuclear power engineering (NPE), at least for the next several decades. In the open nuclear fuel cycle of NPE, spent nuclear fuel (SNF) is unloaded from reactors and considered as a waste, whereas in a closed cycle, the SNF is reprocessed to extract actinides and make new fuel. The sustainable development of nuclear power engineering requires safe management of HLW from the closed cycle. According to international consensus, the most effective strategy by now is disposal of solidified HLW in underground repositories of shaft or borehole type in deep geological formations. The advantages of borehole-type GDFs result from smaller volumes of mining operations, a simpler construction technology, shorter construction time and cost. This allows us to consider them as an alternative to shaft-type GDFs. The parts of the boreholes in which waste containers should be placed can be both vertical and horizontal. Mathematical modelling of the migration of radionuclides from a group of parallel horizontal boreholes into the biosphere made it possible to conclude that horizontal GDF boreholes have significant advantages over vertical ones. This is due to the low velocities of regional groundwater flow at depths of the order of a kilometer. That is why the release of radionuclides from the GDF can be caused mainly by thermoconvective flow. The intensity of thermal convection and the scale of the convection cells depend on the vertical size of the heat source. In the case of a horizontal borehole, it is equal to the diameter of the borehole, which is four orders of magnitude less than the length of the vertical borehole loaded with HLW packages. Therefore, the thermo-convective removal of radionuclides from horizontal boreholes is also less. The second advantage of horizontal boreholes is that the temperature of the rocks increases with depth due to the geothermal gradient. In the case of vertical boreholes with a depth of 3–5 kilometers, such an increase in rock temperature will limit the allowable level of waste heat generation rate due to the requirements for the stability of the container and waste forms when accounting for interaction with groundwater, the rate of which increases significantly with increasing temperature. Hence, again, the big advantage of horizontal boreholes is their smaller vertical size.



The objective of future studies is an analysis of radionuclides migration in layered rocks, in particular in the presence of a screen of low-permeable rocks which overlap the GDF boreholes with disposed HLW, as well as an analysis of radionuclides migration from vertically stacked groups of horizontal boreholes.
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Figure 1. Placement of containers in a group of parallel horizontal boreholes: (a) extending from one vertical borehole and (b) a vertical section of the GDF, perpendicular to the horizontal boreholes with waste. Red dashes denote containers with HLW. 
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Figure 2. Two-dimensional modellig area. (1) Rocks containing the GDF; (2) Earth’s surface; (3) underlying low-permeability rocks; (4) positions of horizontal boreholes with HLW. 
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Figure 3. Groundwater flow lines 1 year (a), 10 years (b) and 100 years (c) after the placement of the HLW. 
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Figure 4. Time dependence of centerline temperature of the HLW container after its placement in the GDF. 
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