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Abstract  
The efficient exploitation of valuable resources in both natural and urban mines is of great importance for 
effective resource governance. Material flow analysis (MFA) and derived indicators such as total material 
requirement (TMR) provide a basis for evaluating resource efficiency. Authors have proposed a novel method to 
evaluate the recyclability of a material from urban resources using two kinds of TMR. The first is the TMR to 
obtain 1 kg of material from a natural ore (natural ore TMR, NO-TMR, kg/kg). The other is the TMR to recycle 
1 kg of material from an urban “ore,” such as end-of-life products (urban ore TMR, UO-TMR, kg/kg). By 
comparing these two TMRs, the recyclability of a material in both ores can be evaluated on an equal condition. 
However, no evaluation has been made considering landfilling processes in terms of TMR, especially for the 
landfilling of toxic substances in urban tailings. Thus the aim of this study is to develop a framework to evaluate 
a recyclability of material from urban ore considering landfilling processes.  
 
In this study, third TMR indicator will be defined; the TMR to landfill 1 kg of a substance in recycling residue (or 
urban tailings) (landfilling TMR, LF-TMR, kg/kg) which corresponds to the amount of soil etc. to dilute the 
target substance to meet a criterion. Examples of criteria are the concentration in Earth’s crust or environmental 
regulation. For the evaluation of recyclability of the substance, its UO-TMR is compared with the summation of 
LF-TMR and NO-TMR. The term of NO-TMR guarantees a functional unit; a production of the target 
substance. 
 
In this study, indium from a laptop PC and phosphoric acid from steelmaking slag are chosen as a case study. 
The UO-TMR and NO-TMR of indium from laptop PC and natural resource are reported to be 17000 and 
12000 kg/kg, respectively. In the case of indium, two criteria for practical (15 ppm) and ultimate (0.049 ppm) 
cases are used. The other is 0.049 ppm which is abundance of indium in Earth’s upper continental crust (ultimate 
case). Concentration of indium in residue of liquid crystal display, which is subjected to a landfilling process, is 
examined to be 250 ppm (n = 3, coefficient of variation < 10%) by ICP-MS. As the results, the summations of 
NO-TMR and LF-TMR for the practical and ultimate cases are estimated 12020 and 17100 kg/kg, respectively. 
The former is still less than the UO-TMR (17000 kg/kg) but the latter is almost same as the UO-TMR. Although 
the suitability of used criteria should be carefully considered, the recycling of indium is enough worth doing. In 
the case of phosphoric acid, the LF-TMR is roughly estimated to be 2.0 ± 0.2 kg/kg, that is, assuming simple 
dilution to meet US-EPS limit. Thus, the summation of NO-TMR and LF-TMR is 14 ± 0.2 kg/kg. Comparing 
this result with the UO-TMRs of 29.5, 12.5, 8.0 and 5.5 kg/kg for 4 cases; U1: only phosphoric acid is recycled 
from the phosphorous rich phase in steelmaking slag, U2: phosphoric acid and phosphogypsum are recycled 
from the PR phase, U3: phosphoric acid and phosphogypsum are recycled, and iron rich phase in the slag is 
recharged into a blast furnace, U4: other residue generated during phosphoric acid production is recharged into a 
blast furnace, as well as that in case U3, the summation becomes greater than case U2. 
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1 Introduction 

The efficient exploitation of valuable resources in both natural and urban mines is of great importance for 
effective resource governance. Material flow analysis (MFA) and derived indicators such as total material 
requirement (TMR). The TMR can be regarded as the comprehensive indicators of resource intensity, as it 
includes not only direct and indirect material flows in supply chain but also hidden material flow, such as unused 
extraction(Wuppertal Institute 2011). Building upon the concept of TMR, Halada et al.(Halada et al. 2001) and 
Nakajima et al. (Nakajima et al. 2006) developed and indicator of material’s resource intensity.  
We have proposed a novel method to evaluate the recyclability of a material from urban resources using two 
kinds of TMR(Yamasue et al. 2010). The first is the TMR to obtain 1 kg of material from a natural ore (natural 
ore TMR, NO-TMR, kg/kg) which is similar to the original TMR. The other is the TMR to recycle 1 kg of 
material from an urban “ore,” such as end-of-life products (urban ore TMR, UO-TMR, kg/kg). In the 
framework of NO-TMR and UO-TMR, the urban ore is regarded as part of environment, which is different 
from the original TMR. By comparing these two TMRs, the recyclability of a material in both ores can be 
evaluated on an equal condition(Yamasue et al. 2009; Yamasue et al. (in print)-b).  
 
However, no evaluation considering landfilling processes, especially for the landfilling of toxic substances in 
urban tailings, has been made in above method. It is probable in some cases that although the environmental 
impact of recycling of a material in an urban ore (UO-TMR) is higher than that of production from natural 
resource (NO-TMR), the landfilling of urban tailings without recycling the material reverses the relationship. In 
such the case, the recycling process is worthwhile doing. Thus the aim of this study is to develop a framework to 
evaluate a recyclability of material from urban ore considering landfilling processes. 
 

2 Methods 

2.1 Definition of LF-TMR 

In this study, third TMR indicator (landfilling TMR, LF-TMR, kg/kg) will be defined; the TMR to landfill 1 kg of 
a substance in recycling residue (namely urban tailings) after appropriate detoxification methods, which for 
instance corresponds to the amount of soil to dilute the target substance to meet a criterion. Examples of criteria 
are the concentration in Earth’s crust or environmental regulation. For the evaluation of recyclability of the 
substance, its UO-TMR is compared with the summation of LF-TMR and NO-TMR. The term of NO-TMR 
guarantees a functional unit; a production of the target substance. Namely, if the UO-TMR for a target material 
is less than the summation of LF-TMR and NO-TMR, the recycling of the material is worth considering even if 
UO-TMR is greater than NO-TMR. Figure 2-1 shows the system boundary. 
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Figure 2-1: System boundary for the evaluation using LF-TMR. 

 



 

 

Sinks a Vital Element of Modern Waste Management 
2nd International Conference on Final Sinks 
16 – 18 May 2013 
Espoo, Finland 

 

  

 

 

2.2 Case study 

In this study, indium from a laptop PC and phosphoric acid from steelmaking slag are chosen as case studies, 
where the UO-TMRs of both are reported to be higher than the NO-TMR. Indium is recently used in flat panel 
displays and solar panels as a transparent conductive film (indium-tin oxide, ITO). Some semiconductors also 
contain InAs or InP. Recent studies have found that ITO (Lison et al. 2009; Homma et al. 2003) exposure is 
associated with lung disease and that InAs (Van Hulle et al. 2005) or InP (Kirby et al. 2009) may be carcinogenic. 
In addition, In was detected in the hair of an Indian recycler (Ha et al. 2009). These observations suggest health 
risks from ingesting In compounds from formal dust derived from fragments of high-tech e-waste. Phosphoric 
acid is generally produced from natural phosphate ore, which sometimes contains natural occurring radioactive 
materials (NORMs). During the production process, the NORMs are concentrated into by-produced 
phosphogypsum beyond given criteria. 
 
The UO-TMR and NO-TMR of indium from laptop PC and natural resource are reported to be 17000 and 
12000 kg/kg, respectively. In the case of indium, two criteria for landfilling are selected; one is 15 ppm in weight 
(practical case) which is same as mercury regulation of soil in Japan (soil contamination countermeasures act) 
because high toxicity of indium and environmental pollution by indium (Fujimori et al. 2012) were reported. The 
other is 0.049 ppm which is abundance of indium in Earth’s upper continental crust (ultimate case) (Hans 
Wedepohl 1995). Concentration of indium in residue of liquid crystal display, which is subjected to a landfilling 
process, is examined to be 250 ppm (n = 3, coefficient of variation < 10%) by ICP-MS. 
 
In the case of phosphoric acid, the NO-TMR of phosphoric acid from natural phosphate ore was estimated to 
be 12 kg/kg by authors, while the UO-TMR from steelmaking slag consisting of iron rich (IR) phase and 
phosphorous rich (PR) phase is reported to be as shown in the following table (Yamasue et al. (in print)-a); 
 

Table 2-2: Case studies of UO-TMR of phosphoric acid (Yamasue et al. (in print)-a). 

Case UO-TMR Details 

Case U1 29.5 kg/kg Only phosphoric acid is recycled from the PR phase 

Case U2 12.5 kg/kg Phosphoric acid and phosphogypsum are recycled from the PR phase 

Case U3 8.0 kg/kg Phosphoric acid and phosphogypsum are recycled, and the IR phase is 
recharged into a blast furnace 

Case U4 5.5 kg/kg Other residue generated during phosphoric acid production is recharged into a 
blast furnace, as well as that in case U3. 

 
Although US-EPS limit for Ra-226 in soil is 10 pCi/g (370 Bq/kg), Abril et al. found that the averaged Ra-226 

concentrations for the stack of phosphogypsum were 730 ± 60 Bq/kg (Abril et al. 2009).  
 
 

3 Results and Discussion 

In the case of Indium, the summations of NO-TMR and LF-TMR for the practical and ultimate cases are 
estimated to be 12020 and 17100 kg/kg, respectively, as shown in Fig 3-1. The former is still less than the UO-
TMR (17000 kg/kg) but the latter is almost same as the UO-TMR. Although the suitability of used criteria 
should be carefully considered, the recycling of indium is enough worth doing.  Hence it should not be recycled 
even considering the impact of landfilling in terms of TMR.  
 

In the case of phosphoric acid, the LF-TMR is roughly estimated to be 2.0 ± 0.2 kg/kg, that is, assuming simple 

dilution to meet US-EPS limit. Thus, the summation of NO-TMR and LF-TMR is 14 ± 0.2 kg/kg, which is 
greater than the UO-TMR for case U2, as shown in Fig. 3-2. Only case U3 is allowed without consideration of 
LF-TMR, while case U2 can be done considering the LF-TMR. As was mentioned in our report, since the grade 
of phosphate ore is gradually deteriorated, the recycling of steelmaking slag becomes more and more important. 
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Figure 3-1: Results of the evaluation for Indium. 
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Figure 3-2: Results of the evaluation for phosphoric acid. 

  

4 Conclusions 

In this study, we have proposed the framework of to evaluate the recyclability of material from urban ore 
considering landfilling processes, LF-TMR. It is found that, by the analyses of indium and phosphoric acid 
recycling as case studies, the introduction of LF-TMR leads to partly different results from conventional ones. 
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