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ABSTRACT: Substantial amounts of post-consumer scrap are exported to other regions or 24 

lost during recovery and remelting, and both export and losses pose a constraint to desires for 25 

having regionally closed material cycles. To quantify the challenges and trade-offs associated 26 

with closed-loop metal recycling, we looked at the material cycles from the perspective of a 27 

single material unit and trace a unit of material through several product life cycles. Focusing 28 

on steel, we used current process parameters, loss rates, and trade patterns of the steel cycle to 29 

study how steel that was originally contained in high quality applications such as machinery or 30 

vehicles with stringent purity requirements gets subsequently distributed across different 31 

regions and product groups such as building and construction with less stringent purity 32 

requirements. We applied MaTrace Global, a supply-driven multiregional model of steel flows 33 

coupled to a dynamic stock model of steel use. We found that, depending on region and product 34 

group, up to 95% of the steel consumed today will leave the use phase of that region until 2100, 35 

and that up to 50% can get lost in obsolete stocks, landfills, or slag piles until 2100. The high 36 

losses resulting from business-as-usual scrap recovery and recycling can be reduced, both by 37 

diverting postconsumer scrap into long-lived applications such as buildings and by improving 38 

the recovery rates in the waste management and remelting industries. Because the lifetimes of 39 

high-quality (cold-rolled) steel applications are shorter and remelting occurs more often than 40 

for buildings and infrastructure, we found and quantified a tradeoff between low losses and 41 

high-quality applications in the steel cycle. Furthermore, we found that with current trade 42 

patterns, reduced overall losses will lead to higher fractions of secondary steel being exported 43 

to other regions. Current loss rates, product lifetimes, and trade patterns impede the closure of 44 

the steel cycle. 45 

KEYWORDS  46 
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1. INTRODUCTION 49 

1.1. The determinants of material recycling 50 

Recycling is a key strategy to reduce dependency on mineral resources, GHG emissions in 51 

primary material production, and other negative impacts in the mining and material industries 52 

(Damgaard et al., 2009; Ignatenko et al., 2008; Johnson et al., 2008).  Recycling can lead to 53 

closed material cycles, where little or no primary material production is needed, and it is 54 

therefore a central aspect of paradigms for a sustainable economy, including industrial ecology 55 

(Ehrenfeld, 2002; Jelinski et al., 1992) and the circular economy (European Commission, 2015; 56 

Ghisellini et al., 2015; Yuan et al., 2006). The extent of metal recycling is constrained by the 57 

amount of available end-of-life (EoL) products, from which postconsumer scrap can be 58 

recovered. Three factors therefore determine the contribution that recycling can make to closed 59 

material cycles: the growth rate of in-use stocks, which determines to a large degree how much 60 

material has to be produced from virgin resources (Gordon et al., 2006; Müller et al., 2006); 61 

the ability of the waste management industries to recover scrap of sufficiently low 62 

contamination (Reuter et al., 2006a); and the ability of the remelters to produce secondary 63 

materials of high quality and with low loss rates (Reuter et al., 2006b; van Schaik et al., 2002).  64 

1.2. System models to study material recycling 65 

To study the impact of stock growth and technological change in the waste management and 66 

remelting industries on material flows, resource use, emissions, and environmental product 67 

footprints in a systematic manner, a detailed and balanced description of the industrial 68 

metabolism is necessary (Majeau-Bettez et al., 2014). Such a description would have to respect 69 

multiple balances for the different materials and chemical elements so as to serve as a sound 70 

empirical basis for the computation of the different process and product indicators (Schmidt et 71 

al., 2012). Such a detailed and balanced description of the industrial metabolism does not exist 72 

yet, but several of its physical and monetary aspects are accounted for and assessed by the 73 

methods material flow analysis (MFA), life cycle assessment (LCA), and Markov chain 74 

modelling. Each of these methods offers a certain perspective on the industrial system and uses 75 
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specialized databases. Thus the methods contribute to the comprehensive description of the 76 

industrial metabolism (Figure 1), and allow for the study of recycling in particular. 77 

 78 

Figure 1: Overview of the different perspectives on the industrial system offered by MFA, LCA 79 

(Leontief IO), and MaTrace. [To be printed in grayscale] 80 

 81 

Dynamic material flow analysis (MFA) is used to model the impact of stock growth and the 82 

deployment of different recycling technologies on the material cycles. Within MFA, stock 83 

growth is studied by prospective dynamic stock models that relate population growth and 84 

lifestyle to levels of in-use stocks and that apply stock-driven modelling (Müller, 2006) to build 85 

scenarios for future metal cycles, including the levels of primary and secondary production 86 

(Liu et al., 2012; Oda et al., 2013; Pauliuk et al., 2013, 2012). The impact of scrap recovery 87 

and remelting technologies on future material cycles is studied by prospective dynamic 88 

material cycle models as well (Davis et al., 2007; Hatayama et al., 2010; Liu et al., 2012; 89 

Milford et al., 2013; van Ruijven et al., 2016; Wang et al., 2015). The existing models have in 90 

common that they describe national, regional, or global material cycles at their respective scale 91 

for the different model time steps; they can quantify recycling levels, loss rates, and the levels 92 

of application of recycled material in different product categories for the entire system. They 93 

do not, however, trace back the origin of secondary material to its source products and can 94 

therefore not be applied to research questions pertaining to the distribution of scrap from 95 

different products onto different applications. In addition, MFA does not allow to trace the 96 



 5 

different primary and secondary materials embodied in final consumer products. To quantify 97 

embodied recycled materials and to understand how a certain unit of recycled material passes 98 

through different products, regions, and stages of the material cycle a different perspective on 99 

the industrial metabolism is necessary.  100 

Embodied materials and the generation of recycled materials from end-of-life products are 101 

studied by taking a life cycle perspective on products and services. This is the research domain 102 

of life cycle assessment (LCA), and calculations of embodied materials and emissions are 103 

based on a Leontief input output model (Heijungs and Suh, 2002). A third systems perspective 104 

on recycling is offered by tracing a specific unit of material that participates in the life cycles 105 

of different products. This supply-driven perspective is taken by the Ghosh-input-output (IO) 106 

model (Guerra and Sancho, 2011), absorbing Markov chains (Duchin and Levine, 2013; 107 

Eckelman and Daigo, 2008; Eckelman et al., 2012; Yamada et al., 2006), and MaTrace 108 

(Nakamura et al., 2014). The supply-driven perspective is complementary to the life cycle 109 

perspective. The full-scale, life cycle, and material unit perspectives are complementary and 110 

they allow researchers to look at material cycles from different angles (Figure 1). 111 

1.3. The closure of the steel cycle and the research gap 112 

Steel is the most widely used metal by far and due to the importance of steel for industry, trade, 113 

resource use, and emissions to the environment the steel cycle and steel-containing products 114 

have been studied extensively from an MFA perspective, e.g., (Cullen et al., 2012; Müller et 115 

al., 2006; Wang et al., 2007) and an LCA perspective, e.g., (Kim and Wallington, 2013; 116 

Worldsteel Association, 2011, 2010). The MaTrace perspective (Nakamura et al., 2014), has 117 

to this day only been applied to Japan, and there is currently no model that allows to physically 118 

trace a certain unit of a recycled material through global supply chains. (There are applications 119 

of monetary IO tables to the problem, e.g., Moran et al. (2014)). Moreover, a quantitative 120 

indicator for the contribution of a certain unit of material to the closure of a material cycle is 121 

lacking. 122 

 123 
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1.4. Goal and scope of this work 124 

MaTrace allows for tracing a certain unit of a recycled material through the supply chain 125 

(Nakamura et al., 2014). The model combines a dynamic stock model of the use phase of metal 126 

with a linear model of the waste management industries, the remelting processes, the 127 

manufacturing sectors, and the markets for EoL products, scrap, secondary metals, and final 128 

products. The modelling principle of MaTrace is closely related to absorbing Markov chains 129 

(Yamada et al., 2006) and the Ghosh IO model (Duchin and Levine, 2013, 2010). The original 130 

version of MaTrace was applied to Japan and thus it disregards the distribution of steel scrap 131 

onto different regions via trade. A detailed scenario analysis with MaTrace to investigate the 132 

impact of different technological options on keeping steel service at high levels throughout the 133 

21st century is lacking. To fill this gap we formulated the following research questions: 134 

 How does the product and regional distribution of a unit of steel consumption change 135 

over time under different improvement options in steel recycling? 136 

 How big is the loss of steel in the recycling loop under different recycling technology 137 

deployment scenarios? 138 

 How can the contribution of a certain unit of material to the closure of a material cycle 139 

be quantified and what can do we learn from this indicator? 140 

 141 

To answer these questions, we present and apply the methodology of MaTrace Global, a 142 

multiregional extension of MaTrace with global scope. We then present scenario results for the 143 

regional and product distribution of steel in passenger cars and machinery consumed in 2015 144 

in different countries, including the US, Japan, China, and Germany, until 2100. We propose a 145 

performance indicator for the circularity of material use throughout several life cycles, 146 

Circ(2100), that can be calculated from the scenario results of MaTrace Global. We analyze 147 

how current and anticipated technological options can change the product distribution of the 148 

steel in the future and reduce losses to landfills and slag piles und thus improve circularity. 149 

Finally, we discuss the technological and political implications of our work. 150 
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2. METHODOLOGY 151 

2.1.MaTrace Global 152 

We extended the regional scope of the MaTrace model (Nakamura et al., 2014) to cover the 153 

whole world economy in 25 regions. The model equations, the assumptions for the parameters, 154 

and the data sources used are presented in detail in the supplementary information (SI1). The 155 

complete model (Python script with the model calculations and Excel file with the data and 156 

scenario parameters) is available as supplementary material (SI2). Here we describe the main 157 

characteristics of MaTrace Global and propose a metric for assessing the circularity of material 158 

use from the perspective of a unit of metal passing through different applications throughout 159 

its life cycle. 160 

 161 

Figure 2: System definition and dimensions of system variables of MaTrace Global. [To be printed in 162 

grayscale] 163 

 164 
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MaTrace Global contains eight processes, four of which are transformation processes (1, 3, 5, 165 

and 7, including the use phase), and four of which are markets (2, 4, 6, and 8) (Figure 2). The 166 

model considers 86 model years t and age-cohorts t’ (2015 ≤ t ≤ 2100, 2015 ≤ t’ ≤ 2100, t’≤t), 167 

distinguishes between 10 product groups (p), 25 regions (r), two types of scrap (s, fabrication 168 

and postconsumer scrap), and two types of secondary steel making (m, electric arc furnace 169 

(EAF) and basic oxygen furnace (BOF)). In the case of scrap going into the BOF-steel route 170 

we only traced the recycled fraction in the BOF steel and disregarded the primary component. 171 

We compiled available data on trade of three sample EoL products (EoL passenger car de-172 

registered in the US, Japan, and Germany), as well as trade of scrap, secondary metal, and final 173 

products, to derive multiregional distribution matrices (market shares or sales coefficients) 174 

whose coefficients tell the percentage of an incoming EoL product/scrap/metal/final product in 175 

region r that goes to the waste management industries/remelters/manufactures/use phase in 176 

region r’. EoL product trade data for the passenger vehicles E were directly obtained from 177 

national statistical offices and trade of scrap metal B was extracted from BACI, a refined 178 

version of the UN Comtrade database (Gaulier and Zignago, 2010). For the multiregional sector 179 

split D and the product distribution matrix M data from the EXIOBASEv2 multiregional supply 180 

and use table (Wood et al., 2014) were used. As with the single-region version of MaTrace 181 

(Nakamura et al., 2014) D was calculated from the material content of products C and the final 182 

demand vector, and C was determined using EXIOBASE data and the WIO-MFA approach 183 

(Nakamura et al., 2007). Process data including product lifetimes, the loss rates during the four 184 

transformation stages, the recovery rates of postconsumer scrap in the waste management 185 

industries, and the recovery rates of fabrication scrap in the manufacturing industries were 186 

compiled from previous work (Murakami et al., 2010; Oguchi et al., 2010; Pauliuk et al., 2013) 187 

and aggregated or disaggregated to fit the regional classification of MaTrace Global. 188 

A baseline scenario that extrapolates current process parameters and trade patterns until the 189 

end of the century was constructed, albeit some anticipated improvements in the recovery of 190 
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postconsumer scrap were included (WorldSteel Association, 2008). We do not consider the 191 

baseline case as particularly likely or unlikely; it merely shall serve as reference case. In the 192 

baseline we included the observation that postconsumer scrap, whose largest contributors are 193 

steel scrap flows from vehicles and machinery (Allwood et al., 2012; Ohno et al., 2014) is 194 

remelted in the EAF route and subsequently used in construction only (Cullen et al., 2012), 195 

which is a consequence of the relatively high concentration of tramp elements, especially 196 

copper and tin, in the scrap flows and the higher tolerance levels for these elements in 197 

construction steel compared to steel for vehicle and machinery applications (Hatayama et al., 198 

2014; Savov et al., 2003). 199 

Starting from the baseline, we constructed a set of improvement scenarios, some of which are 200 

listed in Table 1 and all of which are described in SI1. Improvement options include the 201 

previously identified material efficiency strategies such as lifetime extension (Milford et al., 202 

2013), fabrication yield improvements (Milford et al., 2011), and the assumption that due to 203 

better sorting and disassembly routines most postconsumer scrap can be recycled in the BOF 204 

route. We also analyzed the impact of changing the coefficients that allocate steel to different 205 

products by using coefficients that distinguish between applications for primary and secondary 206 

steel. These coefficients were obtained by disaggregating steel flows in EXIOBASE into BOF 207 

and EAF steel, using detailed Japanese data on the share of the EAF and BOF routes in the 208 

steel consumption of the different sectors (Ohno et al., 2015) as a proxy for all world regions. 209 

Table 1 lists the different improvement options used for the sensitivity analysis (results shown 210 

in SI1) and for a set of combined scenarios, which are analyzed below.  211 

 212 

2.2. The circularity indicator of metal use 213 

In the circular economy, the “value of products, materials and resources is maintained in the 214 

economy for as long as possible, and the generation of waste [is] minimised” (European 215 

Commission, 2015). While the circular economy concept is gaining traction in the business 216 
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world and among policy makers, there is no established metric to characterize the circularity 217 

of the economic system or a subset thereof. Each of the three perspectives shown in Figure 1, 218 

the MFA, LCA, and MaTrace perspectives, can contribute circularity indicators that provide 219 

specific insights into the structure of material cycles. In MFA a number of well-defined 220 

recycling metrics exist (Graedel et al., 2011), and these are static material cycle indicators that 221 

in most cases do not distinguish between different material qualities. The recently proposed 222 

Material Circularity Indicator (Ellen MacArthur Foundation, 2015) also assumes a static 223 

perspective, but from a product life cycle point-of-view, and it can therefore be seen as LCA-224 

type indicator. To add the MaTrace perspective and to overcome the limitations of the hitherto 225 

proposed circularity metrics, we propose a material-based circularity indicator that refers to a 226 

certain amount of material originally consumed in a product at a time t0.  227 

To assess the circularity of metal use one needs to know the purity, quality, and recoverability 228 

of the metal in the use phase, which is the source of future scrap flows. We therefore propose 229 

to simply use the mass of the material in the system, broken down into the shares xU of different 230 

product applications and sinks, and weighted by a factor w that measures purity, quality, and 231 

recoverability (0≤w≤1). The share of the material that is present in form of functional and 232 

highly recoverable applications is assigned w=1, whereas losses in landfills or slag piles are 233 

weighted at w=0 (equation 1).  234 

 (1) 235 

 236 

We can then define the circularity index Circ(T) as a relative measure of the cumulative mass 237 

of steel present in the system over a certain time interval in terms of an ideal reference case, 238 

where all steel remains in functional applications throughout the entire accounting period 239 

(equation 2, cf. also SI1). 240 

1,  use phase

0,  losses
w
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 241 

  (2) 242 

 243 

The bracket operator denotes the scalar product of xU and w, as both are vectors whose elements 244 

are indexed by the different application and loss categories of steel. Circ(T) assumes its 245 

maximal value 1 if no losses occur over the entire calculation period. Similar to the global 246 

warming potential, Circ(T) depends on the time horizon T, and the indicator adds a temporal 247 

perspective to complement the material cycle performance indicators based on annual 248 

snapshots (Graedel et al., 2011; Jiu-ju et al., 2008). In this paper we calculate Circ(2100) for 249 

each scenario (Table 1 and Figure 5). 250 

Table 1: Scenario definition and the Circ(2100) indicator for a passenger vehicle in the US consumed 251 

in 2015. The first block of scenarios lists examples of the sensitivity analysis and the second block 252 

describes the scenarios analyzed below in Figures 3, 4, and 5. The scenarios analyzed in Figures 3 and 253 

4 are highlighted. The complete list of scenarios and the results of the sensitivity analysis are presented 254 

in SI1.  [To be printed in b/w, colours can be removed] 255 

 256 

Scenario name Description Circ(2100)* 

Baseline Present loss rates and trade patterns, EoL scrap through EAF route 0.87 
 

Sens_Lifetime Baseline + lifetime increase of 30% 0.90 
Sens_Scrap_BOF Baseline + EoL scrap through BOF route 0.78 
Sens_SectorSplit Baseline + alternative sector split for fabrication and EoL scrap 0.81 
Sens_FabYield Baseline + gradual increase of fabrication yield to 95% 0.87 
Sens_YieldLossRec Baseline + gradual increase of fabrication yield loss recovery to 95% 0.88 
Sens_RemeltingYield Baseline + decline of remelting yield loss from 6% to 3%. 0.89 
Sens_EoL_Recovery Baseline + gradual increase of EoL recovery to 95% 0.87 
Sens_NoTrade Baseline + all flows are processed within the initial country, no trade 0.87 

 

HighRecovery 
Baseline + FabYield + YieldLossRec + EoL_Recovery (all to 95%) + 
HighRemeltingYield 

0.90 

HighRecovery_lifetime HighRecovery + 30% lifetime increase 0.93 

ClosedLoop Baseline + EoL scrap through BOF route + alternative sector split 0.77 

ClosedLoop_HighRec ClosedLoop + HighRecovery 0.84 

ClosedLoop_lifetime ClosedLoop + 30% lifetime increase 0.83 

ClosedLoop_Lt_HighRec ClosedLoop + HighRecovery + 30% lifetime increase 0.89 

NoTrade_LowLoss Baseline + no trade + HighRecovery + HighRemeltingYield 0.90 

No_EoL_Scrap_Trade Baseline + no trade of EoL products and metal scraps 0.87 

No_Metal_Product_Trade Baseline + no trade of secondary metals and consumer products 0.87 
*) Values apply for a passenger vehicle, consumed in the US in 2015. 257 

3. RESULTS  258 

0
0

1
( ) ( ),  

( )

T

U

t

Circ T x t w dt
T t
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Under business-as-usual (BAU) assumptions most of the high quality steel (cold-rolled steel) 259 

initially produced for automotive or machinery applications will be recycled into concrete 260 

reinforcement bars or other hot-rolled construction steel throughout large parts of the 21st 261 

century, while up to about 20% will get lost during the recovery and remelting stages (Figure 262 

3, left side). This finding is consistent for all regions, and two examples are shown in Figure 3. 263 

More steel can be kept in higher-quality applications (Figure 3, middle), provided that the waste 264 

management industries will be able to extract scrap of sufficiently high quality from EoL 265 

products. Losses will more than double, though, because the typical lifetime of high quality 266 

applications is only between 30% and 50% of the typical building lifetime, and thus, the steel 267 

needs to be remelted more often. Figure 3 illustrates the trade-off between low losses, which 268 

favors application of secondary steel in construction, and the desire to keep steel in high-quality 269 

applications.  270 

 271 

Figure 3: Tracing of 1 ton of steel consumed in 2015 until 2100. Breakdown of the ton into 10 product 272 

categories and 4 loss categories. a) Steel in passenger vehicles consumed in the US in 2015. b) Steel in 273 

machinery consumed in China in 2015. Left: Baseline scenario, middle: ClosedLoop scenario, right: 274 

ClosedLoop_Lt_HighRecovery scenario. [To be printed in grayscale] 275 

 276 
Material efficiency strategies, such as lifetime extension and higher scrap recovery rates, can 277 

alleviate the situation. In the best case that we found, which includes a reduction of remelting 278 
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yield losses by 50%, 20-22% of the steel will get lost by 2100, 38-42% will be used in 279 

construction, and 35-40% will remain in high-quality applications (Figure 3, right side). 280 

 281 

Figure 4: Tracing of 1 ton of steel consumed in 2015 until 2100.  Breakdown of the ton of steel into 10 282 

aggregated regions, where hatched areas indicate losses that accumulate within the different regions. a) 283 

Steel in passenger vehicles consumed in the US in 2015. b) Steel in machinery consumed in China in 284 

2015. Left: Baseline scenario, middle: ClosedLoop scenario, right: ClosedLoop_Lt_HighRecovery 285 

scenario. [To be printed in grayscale] 286 

 287 

The future regional distribution of the presently consumed steel depends on the region of 288 

consumption and its trade patterns at the different stages of the recycling loop (Figure 4). With 289 

current trade patterns, for the US only 40–50% of the steel in registered passenger cars will 290 

still be in the country by 2100, and the fraction of the metal that still provides useful service 291 

can be lower than 20% (Figure 4a middle). Most of the losses will accumulate in the US, and 292 

the products that contain the remelted steel are distributed across the world regions, where 293 

Africa, Other Europe, and China receive roughly equal shares of about 15%. In relative terms 294 

the Chinese recycling loop is less connected to the rest of the world that the US steel cycle, and 295 

therefore, between 75 and 85% of the steel consumed in a machine in China in 2015 will still 296 

be in the country by 2100 under the assumption of constant trade patterns. Most of the losses, 297 

between 20 and 30 % by 2100, will also accumulate in China. SI1 contains analogous graphs 298 

for a passenger car consumed in Japan and Germany that show similar results.  299 
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For the combination scenarios presented in Table 1, Figure 5 contains two snapshots from 300 

the time series area plots, one for 2050 and one for 2100 that show the product and regional 301 

composition of the steel stock. Similar plots for the results of the sensitivity analysis of 302 

individual parameter variations are displayed in SI1.  303 

Changing only the recovery rates or the product lifetimes leads to smaller losses and a shift 304 

from buildings to cars of not more than 10 percentage points in 2050 (scenarios HighRecovery 305 

and HighRecovery_lifetime). The low sensitivity of the baseline scenario to improvement in 306 

the recovery rates has two reasons: First, the improvements were assumed to happen gradually 307 

until 2050, which means that by the time the vehicle will be scrapped, around 2030, the 308 

improvement potential, which is modest anyway, will have been seized by less than 50%. The 309 

second reason is that once the steel ends up in construction there is not much additional turnover 310 

before 2100. Only if there is a combined change in the recycling route and the allocation of 311 

secondary steel to new products, one can expect a substantial increase of the share of the steel 312 

remaining in high-quality applications (scenarios whose names start with ‘ClosedLoop’). The 313 

NoTrade_LowLoss scenario shows a possible situation where the steel stays within the US, 314 

and closed-loop recycling remains at a high level. Trade in EoL products and scrap are the two 315 

main routes of steel leaving the US (scenario No_EoL_Srap_Trade), while product and 316 

secondary metal trade play a minor role (No_Metal_Product_Trade). 317 

The baseline scenario has a Circ(2100) indicator of 87%, which means that the cumulative 318 

residence time of the ton of steel in the use phase from 2015–2100 amounts to 87% of the 319 

theoretical maximum cumulative use time. The sensitivity analysis does not lead to large 320 

changes in the Circ(2100) metric, with two exceptions: For Sens_Scrap_BOF and 321 

Sens_SectorSplit the indicator decreases to about 0.8 because both cases entail an increased 322 

use of secondary steel in high quality applications, which have relatively short lifetimes and 323 

thus lead to higher cumulative losses. Assigning specific weighting factors to the different steel 324 

qualities during calculation of the Circ(2100) metric would allow analysts to better take into 325 

account the benefits of high quality steel (cf. page 26 of SI1). Only the scenarios that focus on 326 
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subsequent construction application and that increase recovery rates or reduce scrap show a 327 

Circ(2100) of 0.9 or more. The scenarios where secondary steel is diverted into high quality 328 

applications score lower on the Circ(2100)-scale because of the higher losses due to shorter 329 

lifetimes. The indicator values thus reflect the trade-off between the two strategies of trying to 330 

keep as much steel in the use phase as possible and trying to keep steel in high quality 331 

applications. Another important finding is that due to the trade structure of the US, secondary 332 

steel that gets diverted away from construction applications into automobiles and machinery 333 

has a higher change of being exported. This means that the in the ClosedLoop scenarios, not 334 

only will the losses be higher but also the fraction of the steel remaining in the US will be lower 335 

compared to the scenarios where secondary steel is applied mostly in construction. Similar 336 

findings were made for Japan and Germany (cf. SI1, figures S8 and S9). These results hint at 337 

an additional trade-off between strategies for keeping steel in high-quality applications and 338 

strategies for keeping steel within the region. 339 

 340 

 341 
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Figure 5: Tracing 1 ton of steel, consumed as passenger vehicle in the US in 2015, until 2100. Product 342 

category (top) and regional breakdown (bottom), for 2015 (Baseline), and 2050 and 2100 for the 343 

combination scenarios described in Table 1. [To be printed in grayscale] 344 

 345 

4. DISCUSSION 346 

The scenario results show that with current product lifetimes, recycling technology, and trade 347 

patterns the cumulative loss for a unit of steel during the 21st century can be as high as 50% 348 

and up to 95% of the steel can leave the region of original consumption. Losses are significantly 349 

lower if steel is ‘down-cycled’ to construction steel. If the steel is to stay in high-quality 350 

applications, the loss fraction can be reduced to 20-25% by higher scrap recovery rates, longer 351 

product lifetimes, lower scrap remelting yields, and increased use of the steel scrap in the BOF 352 

route. Loss shares below 20% can only be achieved if steel scrap from EoL vehicles is used in 353 

buildings and infrastructure with prolonged lifetime. The trade-offs between strategies aiming 354 

at low losses, strategies for keeping steel within the region, and strategies for keeping steel in 355 

high-quality applications put a severe limit to closed metal cycles. We discuss the technological 356 

and political implications of this finding and give an outlook on future research on the 357 

circularity of material use. 358 

 359 

4.1. Uncertainty and reliability of the results of MaTrace Global 360 

The scenarios generated by MaTrace global build on assumptions and scenario values for the 361 

future development of the different model parameters. The model results exhibit both, 362 

parameter uncertainty and scenario uncertainty. Unlike parameter uncertainty, which describes 363 

the variance of the true parameter values around the reported mean value, scenario uncertainty 364 

implies that the mean values themselves are subject to significant change over time. Due to its 365 

magnitude, the scenario uncertainty of the model parameters has the largest impact on the 366 

scenario results, and we applied a sensitivity analysis to quantify its effect on the results.   367 
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Because scenario uncertainty, for which a probability distribution cannot be established, 368 

dominates the variance of the model results, one cannot assess the likelihood of the different 369 

scenarios produced by MaTrace Global. 370 

Second to the scenario uncertainty, the parameter uncertainty needs to be kept in mind when 371 

interpreting the results. While there is reasonably accurate data for the industrial processes and 372 

trade patterns related to scrap, steel, and final products, only few data and estimates are 373 

available for the formation of stocks and the trade of obsolete or end-of-life products. In 374 

Germany, for example, in some years the fate of up to 50% of EoL cars was not reported 375 

(Kohlmeyer, 2012), and trade patterns of EoL vehicles change rapidly from one year to the 376 

next one due to changing political circumstances and changes in export regulations. More 377 

complete and reliable EoL product statistics will help to produce more robust (rather than just 378 

plausible) scenarios for MaTrace and other prospective material flow models. The assumption 379 

of constant technology and trade patterns is a major limitation that MaTrace shares with other 380 

bottom-up approaches, especially attributional LCA. An option to overcome this limitation is 381 

discussed in section 4.4. 382 

 383 

4.2.Technical aspects of closing material cycles 384 

Resource shortage is not a pressing issue for steel, but every gram of steel lost needs to be 385 

replaced by primary production, as global stocks keep growing (Milford et al., 2013). It is 386 

therefore worthwhile to investigate a wide spectrum of options to increase the circularity of 387 

steel use. Moreover, steel has an established recycling system and secondary steel can accept 388 

higher levels of impurities than for example aluminium (Gaustad et al., 2012; Løvik et al., 389 

2014). The steel cycle can therefore serve as a test case for a closed material cycle. Losses of 390 

metal through dissipation, sorting, and remelting are unavoidable consequences of the second 391 

law of thermodynamics (Reuter et al., 2006b). Still, there is some potential for further reducing 392 

these losses through better value chain and in-use stock management. WorldSteel, for example, 393 

expects EoL recovery rates of steel to increase from present levels and this assumption is part 394 
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of our baseline scenario (WorldSteel Association, 2008). Additional improvements may be 395 

possible, especially if shredding and subsequent sorting is displaced by dismantling and design 396 

for disassembly (Ferrão and Amaral, 2006), or replaced by advanced sensor-based sorting 397 

systems (Gaustad et al., 2012). Economic incentives such as scrap premiums can help to reduce 398 

the formation of obsolete product stocks and increase fabrication yield loss recovery. Detailed 399 

empirical research on the effectiveness and optimal design of such incentives is necessary. For 400 

some metals, including aluminium, the potential for applications of lower material quality is 401 

limited (Modaresi and Müller, 2012) and it is worth investigating under which circumstances 402 

future climate and resource policy should discourage low-quality applications of secondary 403 

metals. The development of remelting processes with lower loss rates or the fine-tuning of 404 

existing ones is a central contribution the steel industry can make to close the steel cycle. 405 

Material efficiency strategies that avoid remelting, including re-use and remanufacturing, are 406 

an alternative (Allwood et al., 2012; Milford et al., 2013). These strategies are thus part of the 407 

spectrum of strategies to close metal cycles. Multi-material recycling systems, which allow for 408 

separating and recovering large pure fractions of not only one but many of the materials 409 

contained in modern consumer products, would be the next logical step.  410 

 411 

4.3. MaTrace Global, the Circ(2100) metric, and resource policy 412 

Due to the long lifetime of steel-containing products the steel cycle changes slowly and it may 413 

take long before resource policies will show a measureable effect. To facilitate policy 414 

development and deployment it is therefore important to identify useful steel cycle 415 

performance indicators that can bridge the gap between the need of policy makers for setting 416 

short- and mid-term targets (2020–2030) and the long-term response of the steel cycle. The 417 

loss rates in the use phase, the waste management industries, steel remelting, and 418 

manufacturing may represent such indicators.  419 

Moreover, resource policy makers should be aware of the trade-offs between low losses and 420 

high quality applications and between regional dispersion and high quality applications in the 421 



 19 

steel cycle, which were identified during the scenario analysis. The existence of these trade-422 

offs suggests that there is no ‘silver bullet’ for the transition to closed metal cycles. Instead, a 423 

wider spectrum of strategies needs to be explored, including the six material efficiency 424 

strategies identified earlier (Allwood et al., 2012; Carruth et al., 2011; Milford et al., 2013), 425 

material-efficient remelting technologies, and incentives to reduce formation of obsolete stocks 426 

and losses during scrap recovery.  427 

In developing countries the infrastructure for EoL treatment is known to be less material-428 

efficient than in developed ones (Li et al., 2013; Secretariat of the Basel Convention, 2011). It 429 

could be possible to prolong the useful life of a material by improving the EoL infrastructure 430 

of countries that are the final destination of EoL product trade. From a policy point of view, a 431 

quantification of the impact of improved EoL treatment infrastructure and an identification of 432 

the final destinations itself could be of importance.  433 

Dynamic material cycle models like MaTrace Global can be applied to both questions as they 434 

can assess the impact of the different development paths for loss rates and material efficiency. 435 

From their results indicators on the circularity of steel use, including the Circ(2100) metric, 436 

can be derived. In this paper only the most basic version of Circ(2100) was applied. In a next 437 

step, one could distinguish between material use in high-quality applications including 438 

vehicles, machines, and appliances, denoted as case (a), applications of lower quality, here 439 

construction steel, case (b), and losses at the different stages of the system (c). One would then 440 

set the high-quality applications as reference and define w[a] = 1, set w[c] = 0, and set w[b] 441 

= x, where x is the relative weight of the down-cycling application in terms of the original 442 

applications (a). The choice of x would be subjective to a large extent but could be defined by 443 

industry best practice based on extensive research and sensitivity analysis. The choice of 444 

subjective weighting factors is also common in life cycle assessment, especially for the 445 

determination of endpoint indicators in life cycle impact assessment. Contrarily, weighting is 446 

not necessary in most material flow analysis-related research. As soon as aggregate 447 

performance indicators for materials or material cycles are to be derived, however, weighting 448 



 20 

may become necessary also in MFA. A good example for weighting in MFA is the criticality 449 

metric developed by Graedel et al. (Graedel et al., 2015, 2012), who present a basic version of 450 

their criticality indicator in their publications and mention that industrial users of the 451 

methodology are free to choose their own weighting factors between the different components 452 

of the metric. 453 

For a more differentiated determination of the Circ(2100) indicator the weighting factors could 454 

be derived in an objective manner directly from the physical properties of the material in its 455 

different applications. Possible properties include: the main metal content (e.g., for copper), 456 

the yield strength, (for steel), the tramp metal content (for steel and aluminum), or the ductility 457 

(for aluminum). Eligible properties need to be evaluated by experts for the recycling of the 458 

different metals. 459 

4.4. MaTrace Global and other prospective assessment models 460 

MaTrace Global is a supply-driven model that distributes the material in a given quantity of 461 

EoL products onto refinement processes, products, and regions. It complements demand-driven 462 

assessments based on the Leontief-IO approach, including LCA, that estimate the total 463 

industrial activity required to produce a unit of consumption. While LCA allows modelers to 464 

study different material inputs for a single product, MaTrace studies how a single material is 465 

distributed across different products. MaTrace thus helps modelers to depict the complexity of 466 

the recycling network. MaTrace faces similar limitations as LCA regarding the indeterminacy 467 

of future technological and trade pattern developments and regarding scalability. Both models 468 

deal with these challenges in different ways. While attributional LCA considers recent process 469 

data to determine a timeless life-cycle inventory, even if a product’s life cycle extends far into 470 

the future, MaTrace explicitly considers time and deals with the indeterminacy through 471 

scenario and sensitivity analysis. As LCA is increasingly being linked to macroeconomic 472 

scenarios generated, for example, by integrated assessment models (IAM) (Daly et al., 2015; 473 

Hertwich et al., 2015; Wiebe, 2016), MaTrace Global could also benefit from using trade 474 
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patterns and technology choices from such scenarios as part of its database. This link between 475 

MaTrace and IAM scenarios could help to overcome a central limitation of MaTrace Global, 476 

the fixed technology assumption. The current setup of MaTrace Global allows for applying the 477 

model to small amounts of metal only, as a supply-driven model implicitly assumes that there 478 

is a sufficiently high demand to ‘absorb’ the different target products. On the large scale this is 479 

often not the case, and especially the sector split parameter D should then be modified 480 

according to future demand scenarios. This way, the features of supply- and demand-driven 481 

models could be combined to study linkages in socioeconomic metabolism in a more consistent 482 

manner which would make future material cycle scenarios more robust. 483 

To facilitate evaluation and interpretation MaTrace results for a given year can be visualized 484 

using material stock demographics (Cabrera Serrenho and Allwood, 2016) to show the vintage 485 

structure of a unit of material in a future year.  486 

 487 

4.5.MaTrace Global for multiple products and materials 488 

Metal cycles are coupled at several places: the mining stage (Graedel et al., 2015; Tisserant 489 

and Pauliuk, 2016), the alloying stage (Johnson et al., 2008; Ohno et al., 2016; Reck et al., 490 

2010), the product stage, and the waste management stage (Allwood et al., 2011; Reck and 491 

Graedel, 2012; Reijnders, 2016). For the steel cycle the study of several metals in parallel is 492 

important to understand the recycling and losses of steel alloying elements (Nakajima et al., 493 

2013; Reck et al., 2010), the accumulation of copper and tin in recycled steel (Nakamura et al., 494 

2012; Savov et al., 2003), co-use of metals (Daigo et al., 2014), and the substitution between 495 

different materials (Kim and Wallington, 2013; Modaresi et al., 2014). Studies of coupled 496 

material cycles are an upcoming topic in MFA (Løvik et al., 2015, 2014; Nakajima et al., 2013; 497 

Ohno et al., 2014), and future versions of MaTrace Global should cover different metals and 498 

their alloying elements to allow for studying the interrelations between different recycling 499 

systems. Such studies should apply the findings of criticality assessment, especially regarding 500 

the substitutability of materials (Nuss et al., 2014), and in turn, they could inform dynamic 501 
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criticality assessments or criticality scenarios. Challenges that can be better understood with 502 

multi-material modelling include changing embodied carbon emissions associated with 503 

material substitution and their impact on emissions reduction targets for specific materials, the 504 

co-production of metal ores in mines, and the optimal recovery of materials and alloys from 505 

the waste streams. 506 

 507 

 508 
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