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ABSTRACT
Ghana has adopted the Borehole Disposal System (BDS) for the permanent disposal of disused sources in storage. The design of the BDS incorporates the engineered barrier system (EBS) and natural barriers. The safety of the BDS requires confidence in the ability of the EBS on the host environment to provide containment of the disused sources for the requisite timescale. A scoping was used to demonstrate how stable the EBS would be under the conditions prevailing in the host environment for the long-term safety of the BDS. The failure times of the EBS were determined based on the hydrogeological and geochemical data from the site. Variations in the thicknesses of the engineered barriers and the order of the design of these barriers to contain the disused sources influenced the failure times. The required times for the decay of the radionuclides to exemption levels demonstrated that, the engineered barriers would provide enough containment for the disused sources for disposal under anaerobic conditions for the considered scenarios. 
1. INTRODUCTION
Radioactive sources are being used in Ghana in the areas of medicine, research, industry, agricultural and for teaching purposes. Sealed radioactive sources (SRSs) constitute most of these radioactive sources [1]. SRSs are usually small in sizes, ranging from a few millimetres to several centimetres. Despite their predominantly small physical size, high activity radionuclides are in the range of giga becquerel (GBq) to peta becquerel (PBq) [2]. 
After the intended lifespan of a sealed radioactive source, it becomes a disused sealed radioactive source (DSRS) [1, 3]. However, a DSRS could still be extremely radioactive and dangerous to human health and the environment as well as pose security threats. Hence, require proper management from predisposal to disposal to ensure their safety and security [4]. 
The safe and secure management of DSRSs and the optimum choice depends on the source strength and the half-life of the radionuclide that it contains [5]. The tried and tested management options adopted worldwide are: decay in storage, reuse or recycling, return to the vendor/repatriation, long-term storage and disposal. 
In Ghana, the radioactive waste produced is mostly DSRS. Ghana uses safe and secure storage as its current radioactive waste management practice. Although storage is an interim management step, long-term storage is unsustainable for several thousands of years due to the high risks posed by the high long-lived disused sources. Therefore, Ghana intends employing the IAEA's developed Borehole Disposal System (BDS) to dispose of its DSRSs in storage through the Ghana Atomic Energy Commission (GAEC). BDS requires limited resources which is in line with UN SDG7. The BDS consists of the engineered barrier system (EBS) and the natural barriers. A site had been selected and characterized for implementation.  
BDS is the first of its kind in the world and has not been practically implemented before. Therefore, there is the need to build confidence in the ability of the engineered barriers to provide containment for the disused sources for the requisite timescale. Hence, requires an adequate understanding of the behaviour of the EBS on the conditions that prevail in the environment. As a result, the stability of the engineered barriers thicknesses were demonstrated in ensuring a safe and sustainable disposal option for DSRS.


1.1 Conceptual Design of the BDS for The Study 

The BDS is a disposal system whereby the DSRSs are conditioned and emplaced in a facility that is drilled and engineered, and directly operated from the surface of the ground [5]. The BDS employs containers and capsules made of stainless steel and cement barriers for the containment and isolation of the DSRSs. The disposal borehole has a narrow diameter of 260 mm, lined with high density polyethylene (HDPE) casing. The casing has an inner diameter of 140 mm and outer diameter of 160 mm, resulting in a 10 mm casing thickness. The disposal borehole has three separate zones namely: the disposal zone, the closure zone and the disturbed zone. The schematic representation of the BDS for the study is shown in Figure 1.
 
[image: ]
FIG.1. Diagrammatic representation of the BDS for the study (diagram not drawn to scale)
 
 
2. Materials and Method 
 
2.1 Location of the Proposed BDS Site 
An area within the premises of GAEC was selected as the site for the BDS project. The selected site is situated in an area which was first prepared for a "Radon" facility in the 1960s for the potential storage of spent fuel and DSRSs. The area lies within latitude 506’7” N to 50 6’9” N and longitude 002’W to 0026’W, at an elevation of 64 m [6]. 
 
2.2 Materials 

2.2.1 Proposed Materials for Manufacturing of Engineered Barriers 

The engineered barriers ensure that the radionuclides are contained for thousands of years, so that they can decay to their exemption levels. The chosen materials for the barriers should be corrosion resistant under the conditions in the environment (such as temperature and chemistry). As such, the capsules and containers should be manufactured from corrosion resistant materials. Stainless steel of Type 316L was the preferred material because of its resistance to corrosion and heat. The cement barriers were also assumed to be that of sulphate-resistant cement. 
 2.2.2 Engineered Barriers and Their Dimensions 
The engineered barriers considered were the containers and capsules as well as cement barriers referred to as backfill and containment barrier cement. The overall safety of the BDS could have an impact on the thickness of the engineered barriers for the containment and isolation of the DSRSs. Hence, the thickness was used to demonstrate how stable the engineered barriers would be to provide the required level of safety. To demonstrate the influence of the thickness and assist in the cost benefit analysis in their manufacture, the reference design thicknesses of the capsule and container were varied, and the corresponding dimensions were calculated as presented in Tables 1 to 3. 

Table 1:  Reference Design Thickness [7]

	Engineered Barrier 
	Length (mm) 
	Inside Diameter (mm) 
	Outside Diameter (mm) 
	Thickness (mm) 

	Capsule 
	150 
	55 
	61 
	3 

	Disposal Container 
	199 
	103 
	115 
	6 

	Containment Barrier 
	187 
	61 
	103 
	21 


 

Table 2: Reference Design Thickness Halved 

	Engineered Barrier 
	Length (mm) 
	Inside Diameter (mm) 
	Outside Diameter (mm) 
	Thickness (mm) 

	Capsule 
	147 
	55 
	58 
	1.5 

	Disposal Container 
	193 
	103 
	109 
	3 

	Containment Barrier 
	187 
	58 
	103 
	22.5 


 

Table 3: Doubling the Reference Design Thickness  

	Engineered Barrier 
	    Length (mm) 
	Inside Diameter (mm) 
	Outside Diameter (mm) 
	Thickness (mm) 

	Capsule 
	156 
	55 
	67 
	6 

	Disposal Container 
	211 
	103 
	127 
	12 

	Containment Barrier 
	187 
	67 
	103 
	18 


 

2.3 Disposal Zone of Interest 
 
Based on the water table at the site which lies at a depth of between 2 to 8 m depending on the season, it was assumed that disposal would take place in the saturated zone under aerobic and anaerobic conditions. Tables 4 and 5 present the hydrogeological and geochemical values from the site. 
 
Table 4: Hydrogeological Values from Site

	Parameter  
	Value  
	Source  

	Hydraulic Conductivity  
	4.49 m/y  
	Report on site drilling   

	Hydraulic Gradient  
	0.034 m/m  
	Calculations on drilling report  

	Porosity 
	0.04 
	(1) 


      
              (1) was not able to be measured from site, so a generic value was employed [7,8] 
 







Table 5: Geochemical Values from Site

	Parameter  
	Aerobic Value 
	Anaerobic Value 
	Source 

	 pH 
	6.68 
	6.68 
	From site 

	Eh 
	24.3 mV 
	-300 mV 
	(2) 

	Chloride Con. 
	1800 mg/l 
	1800 mg/l 
	From site 

	Sulphate Con. 
	238 mg/l 
	238mg/l 
	From site 

	TIC 
	415.58 mg/l 
	42.52 mg/l 
	(2) 



            (2) were not able to be measured from site, so generic values were employed [7,8]


 2.4 Activities of Radionuclides and their Allocation into Containers 

Ten (10) containers were assumed to be used to condition the DSRSs for disposal based on the considered inventory and dimensions for disposal. Table 6 displays the distribution of the DSRSs and their activities into the containers. 
 
Table 6: Distribution of DSRSs and Activities into Containers

	Radionuclides 
	No. of Sources 
	Total Activity (Bq) 
	No. of Capsule(s) 
	No. of Container(s) 

	Am-241 
	126 
	5.56E+10 (1) 
	2
	2 

	Co-60 
	84 
	3.27E+13 (2) 
	4
	4 

	Sr-90 
	32 
	6.92E+09 
	1
	1 

	Cf-252 
	12 
	2.22E+10 
	1
	1 

	Cs-137 
	53 
	1.14E+11 
	1
	1 

	Ra-226 
	6 
	9.93E+09 
	1
	1 

	Total 
	313 
	3.29E+13 (3) 
	               10
	                   10



1. Americium activity (both Am-241 and AmBeCs) 
2. Cobalt-60 activity (includes category 2 and 3-5 sources)
3. Overall activity of all radionuclides for disposal.
3.      Methodology
3.1 The Scoping Tool Software
 
The software was used to determine the failure times of the considered engineered barriers. The model for the degradation of cement as well as the corrosion model for the containers and capsules were implemented in the software. Based on the hydro-chemical parameters of the site, the software indicated the times the engineered barriers would fail as well as the potential suitability of the site. 
 
3.2 Cement Degradation Model
 
The process of cement degradation is quite complicated but was represented in a simple model in the software used [8, 9]. The degradation of cement proceeded through four phases according to the study conducted by Berner as follows [10]:  
· Stage 1: Porewater pH about 13.5; due to high levels of NaOH/KOH; 
· Stage 2: Porewater pH slightly reduced to 12.5; due to the presence of Ca(OH)2; 
· Stage 3: Porewater pH decreased to background groundwater; due to Ca(OH)2;  
· Stage 4: pH returned to background water, and cement completely deteriorated. 
 
3.3 Capsule and Container Corrosion Model 

The software implemented the corrosion model based on the description of the disposal borehole (Figure 1) and information on stainless steel corrosion available in literature. The failure times were determined by the corrosion model, considering how the cement barriers could affect the surrounding chemical environment [8, 9].  
3.4 Calculation and Presentation of Results  

The parameters of interest were fed into the software and the results computed. The displayed results indicated the failure times for the capsules and containers and the degradation times for the cement barriers. 
 
3.5 Radionuclide Decay Calculations 

Equation 1 was used to perform radionuclide decay calculations to determine the time it would take for the decay of the radionuclides to exemption levels. 
 
A(t)=Aoe−λt                     			                                          	(1) 

 A(t) is the activity which is the radionuclide’s exemption level [11], Ao is the activity at time of disposal, l is the decay constant, and t is the time it would take for a radionuclide to decay to its exemption level. 


[bookmark: _Toc111055200][bookmark: _Toc111055342][bookmark: _Toc134485555]4.       ANALYSIS AND DISCUSSION OF SCOPING TOOL OUTPUT
4.1 [bookmark: _Toc134485554]Processes that Accounted for the Failure/degradation Times of the Engineered Barriers
As illustrated in Figure 1, the times for failure and degradation of the engineered barriers followed the processes according to the order in which these barriers would be designed to contain the DSRSs. It is observed that, the disturbed zone backfill cement would be in direct contact with the groundwater, and this would cause it to deteriorate first. As such the backfill cement would degrade first followed by the disposal container, containment barrier with the capsule being last to fail.

4.2. Thickness of Reference Design on Stability of Engineered Barriers 
 
Table 7 presents the times of failure and degradation for the engineered barriers for the reference design scenario with 3 mm capsule and 6 mm container. 
 
Table 7: Times of failure and degradation for reference design thickness

	Engineered Barriers 
	Failure and degradation times (determined in years) following DSRSs disposal

	
	Aerobic Condition
	Anaerobic Condition

	
	Failure/Degradation
Start 
	Failure/Degradation
Completed 
	Failure/Degradation
Start
	Failure/Degradation
Completed

	Backfill Cement
	654.8        1133.7
	1788.5
	654.8           1133.7
	1788.5

	Disposal Container
	
5098.0 
	    3309.5
5098.0 
	
14448.0 
	     12659.5
14447.8

	Containment Barrier
	
5330.7     349. 5
	   582.2
5680.2
	
14680.5        349.5
	    582.2
15030.0

	Capsule
	
6575.5 
	    1795.3
6575.5 
	
21440.0
	    6410
21440.0 


 

From the failure/degradation times indicated in Table 7 above, it would take 1133.7 years for the degradation of the backfill cement in both aerobic and anaerobic conditions. Once the backfill cement is degraded, the container would take 3309.5 and 12659.5 years to fail under aerobic and anaerobic environments respectively. For the containment barrier, it would take 349.5 years for it to degrade in both conditions. As such, once the container fails, 582.2 years it would take for the containment barrier to degrade in both conditions. 
It is observed that it would take the same number of years for the degradation of the backfill and containment barrier cement in both conditions. This is because the model for cement degradation simply depends on the parameters of the site’s hydrogeology and is unaffected by the geochemistry of the site unlike that of the corrosion model. The times for the degradation of the backfill and containment barrier cement would be the same for aerobic and anaerobic conditions since the values of the hydrogeology of the site are the same in both conditions. 
 However, because the containment barrier is inside the container, it is noted that the degradation times would be different for both conditions. Because of the difference in the geochemical conditions at the site, the container fails in both conditions at different times. 
 For the capsule, it would take 1795.3 years to fail in aerobic condition and 6410 years in anaerobic condition once the containment barrier cement is degraded. 
It is realised from the failure and degradation times that; the capsule recorded the greatest value in terms of magnitude while the backfill cement recorded the lowest value for both conditions. However, it is seen from the processes that determine the failure times that a container would require considerably more time to fail than a capsule. In addition, though the containment barrier cement's degradation times are longer than that of the backfill cement, it would take a lot longer for the backfill cement to degrade. 

4.3. Effect of Reduction in Thickness of Reference Design on Stability of Engineered Barries  
 
Table 8 shows the times for the failure and degradation of the barriers under this scenario where the thicknesses of the capsule and container were halved. 

Table 8: Failure/degradation times on reduction in thickness of reference design

	Engineered Barriers 
	Times of failure and degradation (determined in years) following DSRSs disposal

	
	Aerobic Condition
	Anaerobic Condition

	
	Failure/Degradation
Start 
	Failure/Degradation
Completed 
	Failure/Degradation
Start
	Failure/Degradation
Completed

	Backfill Cement
	673.5           1161.7
	1835.2
	673.5            1161.7
	1835.2

	Disposal Container
	
3105.3 
	         1270.1
3105.3
	
7944.5 
	     6109.3
7944.5

	Containment Barrier
	
3350.9         368.9
	       614.5
3719.8
	
8190.1           368.9
	     614.5
8559.0

	Capsule
	
4491.9 
	     772.1
4491.9
	
11692.0 
	     3133
11692.0


 
From Table 8, the cement barriers would require much longer time to deteriorate than they would under the reference design scenario. This is because with a reduction in the container’s thickness, the corresponding thicknesses of the cement grout for the backfill and containment barrier would be increased marginally. 
However, the overall impact of a reduction in thickness would be a decrease in magnitude for the values of the engineered barriers' failure times. This demonstrates how the durability and integrity of the barriers may be compromised if the appropriate thickness is not used. Consequently, the engineered barriers would take few years to fail and become less stable under this scenario. 

4.4. Effect of Thickness Doubled on Stability of Engineered Barriers  
 
Table 9 shows the times of failure and degradation for the engineered barriers for the scenario of doubling the thicknesses of reference design. 
  
Table 9: Failure/degradation times for doubling thickness of reference design

	Engineered Barriers 
	Failure and degradation times (determined in years) following DSRSs disposal

	
	Aerobic Condition
	Anaerobic Condition

	
	Failure/Degradation
Start 
	Failure/Degradation
Completed 
	Failure/Degradation
Start
	Failure/Degradation
Completed

	Backfill Cement
	614.5        1073.2
	1687.7
	614.5       1073.2
	1687.7

	Disposal Container
	
6046.9
	    4359.2
6046.9
	
17640.0 
	     15951.8
17639.5

	Containment Barrier
	
6272.5      338.9
	    564.5
6611.4
	
17865.0       338.9
	    564.5
18204.0

	Capsule
	
8918.8 
	    2307.4
8918.8
	
26253.0 
	    8049.0
26253.0


 
As indicated in Table 9 above, the number of years the cement barriers would take to degrade would be few compared to the two scenarios discussed above. This is also because if the container’ thickness is increased, there would be a marginal reduction in the corresponding thicknesses of the cement grout for the backfill and containment barrier. 
However, the combined effect of doubling the thicknesses would result in an increased in the failure times for the engineered barriers for both conditions. As a result, compared to the other two scenarios, it would take a lot more time for the barriers to degrade.  
 
4.5. Times for Decay of Radionuclides to Exemption Levels 
 
From the calculations on the radionuclides decay, the time required for the decay of radionuclides are given in Table 10 and Figure 2. For the scenarios considered, the times for the decay of the radionuclides to exemption levels were compared to the years required for the engineered barriers to fail. 
It is observed from the three scenarios that, the years required for the failure of the engineered barriers are above the required times for the decay of radionuclides to their exemption levels, especially in the case of disposal under anaerobic condition except Ra-226 with relatively longer half-life. This demonstrates that the barriers could contain the DSRSs apart from Ra-226. However, the activity of long-lived Ra-226 would have decayed significantly at the times the engineered barriers would fail, especially for disposal in anaerobic environment.
[bookmark: _Toc111056732]Table 10: Required time for radionuclides decay to exemption levels

	Radionuclide
	Initial Activity (Bq)
	Exemption Level (Bq)
	Decay Times (yrs)

	Cs-137 
	1.14E+11
	1.0E+04
	7.03E+02

	Sr-90 
	6.92E+09
	1.0E+04
	5.65E+02

	Co-60 
	3.27E+13
	1.0E+05
	1.49E+02

	Ra-226
	9.93E+09
	1.0E+04
	3.19E+04

	Cf-252
	2.22E+10
	1.0E+04
	5.57E+01

	Am-241
	5.56E+10
	1.0E+04
	9.71E+03






FIG.2. Required time for decay of radionuclides to exemption levels
5.     CONCLUSION
The scoping tool was used to demonstrate the stability of the engineered barriers of the BDS for the safe disposal of DSRSs in Ghana. The failure times for the engineered barriers compared to the time it would take for the decay of the radionuclides to exemption levels showed that, the engineered barriers would provide enough containment which ensures a safe and sustainable disposal option for DSRSs.
For the purposes of management of resources, including cost reduction in line with UN SDG7, the results of the study demonstrated that in the fabrication of the waste packages the reference design thicknesses of the capsule and container could be halved.
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