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ABSTRACT 

 The results from this study show that it is possible to obtain data series on the steel scrap 

collection based on mass balance model on the crude steel production figures by steelmaking 

reactor type and additional knowledge on process metallurgy as well as information on 

inputs and outputs into the reactors with an area correlation coefficient of 0,91 compared to 

data obtained from trade statistics. Furthermore, the study shows that based on a new method 

it is possible to calculate the time duration of mass flows on a continuous basis. Furthermore, 

two complementary statistical dynamic material flow models that can be used to calculate 

the societal recycling rates of steel were constructed. These statistical models contribute to 

a standardized way of obtaining consistent results. The new models are able to segregate the 

non-recirculated amounts of steel into the hibernating steel stock available for future 

collection from the amounts of losses based on statistics. The results show that it is possible 

to calculate the amounts of steel scrap available for steelmaking at a given point in time. In 

addition, based on the new models it is possible to calculate recycling trends in society. Also, 

the models are able to calculate robust forecasts on the long-term availability of steel scrap, 

and test if forecast demand of steel scrap exceeds a full recovery. This due to that the steel 

scrap generation is a function of the collection rate of steel scrap. Also, a method for 

obtaining representative samplings on the alloy content in steel scrap called random 

sampling analysis (RSA) was developed. The results from the RSA show that it is possible 

to optimize the recovery of valuable elements in the production process of steelmaking based 

on the information on the composition of steel scrap.  

 

Keywords: Recycling rate, lifetime, steel scrap, scrap reserve, dynamic material flow modelling, 

environmental analysis, greenhouse gas emissions, energy, alloy content, forecasting, backcasting
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Nomenclatures 

 

Steel consumption - Finished steel products production in society corrected 

for the export and import of the same product groups. 

Scrap collection - Collected domestic old and new steel scrap available 

for the steel industry as commercial scrap. 

Hibernating steel stock - The societal steel scrap reserve. The end-of-life steel 

containing products and applications that is available 

for collection. 

Losses - The hibernating steel stock that has been redundant for 

more than a lifetime of steel and that is not recoverable 

due to statistics. Specifically, the losses are the 

redundant steel that is not economically feasible to 

collect for recycling purposes.  

Viable steel stock - The economically feasible amounts of steel scrap 

available for collection including the stock at the waste 

management companies. The viable steel stock is a part 

of the hibernating steel stock in society. 

Workable losses - The amounts of losses that potentially could be 

recycled in the future based on new technology. The 

workable losses are the reversible amounts of losses and 

are included in the total amounts of losses in society.  

In-use steel stock - The total amounts of steel consumed in countries to 

build up the infrastructure and the steel consumed in 

products and applications. The in-use steel stock is the 

functional amounts of steel that is used for its 

application purpose.  

Recycling rate (RR) - The ratio of the scrap collection divided by the sum of 

the amounts of losses and scrap collection (RR). 100% 

minus the RR value corresponds to the ratio of the 

losses.  

Recycling rate of the 

theoretical scrap (RR-TS) 

- The ratio of the scrap collection divided by the sum of 

the losses, hibernating steel stock and scrap collection 

(RR-TS). 100% minus the RR-TS value corresponds to 

the ratio of the hibernating steel stock and amounts of 

losses.  

Full lifetime - The time duration between the steel consumption and 

scrap collection. 

True lifetime - The time duration between the steel consumption 

subtracting the hibernating stock and the collected 

scrap. The service lifetime of steel. 
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Theoretical scrap generation 

(TSG) 

- The sum of the hibernating steel stock, amounts of 

losses and collected scrap. 

Potential scrap generation 

(PSG) 

- The sum of the hibernating steel stock and collected 

scrap. 

Workable scrap generation 

(WSG) 

- The sum of the viable steel stock, amounts of 

workable losses and collected scrap. 

Viable scrap generation 

(VSG) 

- The sum of the viable steel stock and collected scrap. 
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List of symbols 

Greek: 

)(t  Recycling rate of the theoretical- or potential- scrap generation 

(collected old and new scrap / (Losses and or only hibernating stock + 

collected old and new scrap)), shortening RR-TS and RR-PS. 

)(3 t  Recycling rate of steel (collected old and new scrap / (Losses + collected 

old and new scrap)), shortening RR.  

)(t  Recovery rate of the workable- or viable- scrap generation (collected old 

and new scrap / (Workable losses and or only viable stock + collected 

old and new scrap)), shortening RR-VWS and RR-VS.  

)(3 t  Recovery rate of steel (collected old and new scrap / (workable losses + 

collected old and new scrap)), shortening RR-WS.  

)(t  The potential- or theoretical- scrap generation, shortening PSG and TSG.  




t

ti

t
1

)(  The viable- or workable- scrap generation, shortening VSG and WSG. 

)(t  Full or True lifetime of end of life steel 

)(t  Full or True lifetime of steel usage 

upper  Hibernating steel stock 

upper  Losses of steel 

)(t  In-use steel stock per capita 

lower  Viable steel stock 

lower  Workable losses 

)(t  Upper limit of in-use steel stock per capita 

 

Latin: 

EOL  End of life  

t  Current year 

 

Function: 

)(th  The steel consumption in society 

)(tf  The steel scrap collection in society 
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1 INTRODUCTION 

 Recycling of steel is of great importance for society to decrease the environmental impact 

associated with steelmaking. Recycling considers melting of steel scrap into new products, 

which substitutes natural resources used for steelmaking. Thus, steel scrap is an important 

raw material used for steelmaking. The scrapbased steelmaking process uses less energy and 

emits less CO2 emissions to the environment compared to the integrated steelmaking process 

[1]. By utilizing steel scrap it is possible to save natural resources and to reduce the 

greenhouse gas emissions and energy usage associated with steelmaking. It is thereby of 

great importance to optimize the collection of steel scrap in society. Thus, the focus in this 

study is both on material flow modelling of the steel scrap flow and methods to analyze the 

alloy contents in steel scrap.  

 Dynamic material flow models have been widely used as a tool to calculate the societal steel 

scrap reserve and amounts of losses [2]. Based on the information on the available amounts 

of steel scrap assets it is possible to ease future structural plans of installations of waste 

management facilities and scrap consuming steelmaking mills. Thereby, it would be possible 

to keep the collection rate of steel scrap on a continuous high level. However, the 

information on the available amounts of recyclable metals as a resource for the industry are 

not commonly available. On the other hand, analyses on the available amounts of natural 

resources are commonly available statistics. These are referred to as reserves and resources, 

dependent on exploration and are then divided into measured (proved reserves), indicated 

(probable reserves) and inferred resources, dependent on how assessable they are due to 

geological knowledge and confidence [3-5]. To secure the raw material assets of recyclable 

metals as a sustainable resource for the industry, similar long-term robust analyses on the 

available amounts of metal scrap are needed.  

 The recycling rate of steel is used as a parameter to evaluate the magnitude of replacing 

natural resources with recycled scrap. The End of life recycling rate (EOLRR) is defined as 

the ratio between the collected old steel scrap to the potential scrap generation in society [6]. 

The EOL-RR of steel has been difficult to calculate due to amongst other things that 

continuous data series on the scrap collection has not readily been available [7-8]. This is 

due to that it is difficult to keep track of the scrap flows, since steel contained in end of life 

products arouse all over society in a wide range of different products and applications as 

waste. Also, due to that steel scrap has a relatively low economic value compared to other 

commodities it has not readily been registered for taxation. The steel scrap dealers are many 

and there exists a black market for selling and buying of scrap. Thereby, it is a need for 

alternative ways to obtain continuous data series on the steel scrap flow in society. One of 

the supplements in this thesis is a study to find an alternative way to obtain data on the steel 

scrap collection in society than trade statistics (supplement I).  

 The denominator of the EOL-RR of steel, the potential scrap generation, can be calculated 

based on dynamic material flow models by postponing the steel consumption a lifetime of 

steel and by distributing the steel volumes based on a probability distribution function [2,9-

12]. Previous studies on material flow models have used single value data of the lifetime of 

steel as the basis for the calculations [2,9-12]. Also, the lifetime of steel data has been 
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obtained based on experimental measurements on products and applications in society. The 

experimental measurements have been application specific, but not always country specific. 

Due to the single value data on the lifetime of steel, the EOL-RR has been calculated for an 

average over several years [6]. This has further raised the question to what magnitude the 

rate can be influenced and what the absolute losses in society are? To be able to compare 

recycling rates for countries as well as evaluate recycling trends over time, country specific 

data on the lifetime of steel is needed on a successive annual basis. Therefore, a supplement 

in this thesis is focused on a new method called the volume correlation model to calculate 

continuous data series on the time-durations of mass flows (supplement II).  

 In material flow modelling, the lifetime of steel data represents a weighted average value. 

The restrictions and limitations of usage of the parameter in material flow modelling has not 

been distinguished, where different distribution functions and minimum and maximum 

lifetimes have been used [2,9-12]. Due to the uncertainty related to the lifetime of steel data 

and the distribution functions used, the outflow on the steel scrap generation has been 

varying up to 30% of the mean value [2,9-12]. In addition, due to the single value data on 

the lifetime of steel, the forecast available amounts of steel scrap has only been able to be 

calculated for a few upcoming years. It has thereby been difficult to compare the recycling 

rate of metals in different countries and to calculate long term outlooks on the availability 

of recyclable metals. Thus, an understanding of the fundamentals of the lifetime of steel data 

is the underlying key in performing MFA studies. In this study it was investigated if it is 

possible to construct statistical dynamic material flow models (supplement III). These 

models would only be based on, internal time-varying parameters on the lifetime of steel 

data. Furthermore, they use no additional external adjustable parameters to assess the 

amounts of hibernating stock and losses. It was further investigated if the models could 

calculate the statistical range of the possible outcomes of the upper and lower limits on the 

available steel scrap (supplement IV). These, statistical models would further contribute to 

a standardized way of obtaining consistent results. Furthermore, possible types of 

assessments that can be made from the models were studied (supplement V).  

 Recycling of steel also includes the sorting of scrap based on composition. Since some 

metals are not separated from ordinary steel scrap during the processing and upgrading stage 

at the waste management companies, valuable alloys and harmful tramp elements enter the 

steel melt. By obtaining an increased knowledge on the composition of scrap metal, it is 

possible to optimize the sorting based on the alloy content. Furthermore, based on the 

information on the composition of steel scrap classes it is possible to increase the yield in 

the steelmaking reactors. Thereby, it is possible to save valuable ferroalloy additions and to 

decrease the carbon footprint of steel. Another study in this thesis was focused on the 

investigation of a method to obtain a representative sampling on the alloy content in steel 

scrap classes (supplement VI).  

 This thesis is based on 6 supplements: I) KTH steel scrap model – the iron and steel flow 

in the Swedish society 1889-2010, II) Use of volume correlation model to calculate the 

lifetime of end of life steel, III) A novel methodology of dynamic material flow modelling 

– Part 1. Time-delays of mass flows and the Progressing and Backcasting model, IV) A 

novel methodology of dynamic material flow modelling – Part 2. The societal steel scrap 
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reserve and amounts of losses, V) A novel methodology of dynamic material flow modelling 

– Part 3. Forecasting recycling trends and the environmental savings due to an improved 

scrap utilization and VI) Random sampling analysis of alloy content in steel scrap and its 

impact on the electric arc furnace. An overview of the supplements and their objectives are 

summarized in Table 1. 

Table 1. Overview of the 6 supplements in this thesis  

 Study: Objective: Approach: Parameters: 

I 

KTH steel scrap 
model – iron and 
steel flow in the 
Swedish society 
1889-2010 

Method to obtain 
continuous data 
series on the steel 
scrap collection 

Mass balance 
calculation by 
reactor type and 
knowledge on 
process metallurgy 

Crude steel 
production, raw 
material inputs 
and outputs in the 
reactors 

I I 

Use of volume 
correlation model to 
calculate the 
lifetime of end of 
life steel 

Method to calculate 
the lifetime of EOL 
steel on an annual 
basis 

Evaluate time 
differences between 
the consumption 
and collection of 
steel 

Continuous data 
series on the 
inflow and 
outflow of steel 
(steel 
consumption and 
scrap collection 
data) 

 
I I I 

A novel 
methodology of 
dynamic material 
flow modelling – 
Part 1  

Statistical MFA 
models which 
contributes to a 
standardized way of 
obtaining consistent 
results 

Statistical models 
using internal time-
varying parameters 
on the lifetime of 
steel (calculated 
based on the 
volume correlation 
model) to segregate 
the hibernating 
steel stock from the 
amounts of losses 
based on statistics 

I V 

A novel 
methodology of 
dynamic material 
flow modelling – 
Part 2 

To calculate the 
societal steel scrap 
reserve and 
amounts of losses 
on an annual basis 

V 

A novel 
methodology of 
dynamic material 
flow modelling – 
Part 3 

Recycling rates of 
steel, in-use steel 
stock per capita and 
environmental 
savings by scrap 
utilization 

VI 

Random sampling 
analysis of alloy 
content in steel 
scrap and its impact 
on the electric arc 
furnace 

Method to obtain 
composition of steel 
scrap classes to 
optimize process in 
reactors 

Create network with 
random cross points 
over distributed 
scrap delivery 

Benchmark, 
ropes, markers 
and analysis of 
alloy content in 
OES 
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2 MODEL PROCEDURES 

2.1 Mass balance model on steel scrap 

 Continuous data series on the steel consumption are readily available on a regional level 

from the early beginning of the 1900th century for most countries [8]. On the other hand, 

continuous data series on the steel scrap collection are not readily available [7]. Therefore, 

it is interesting to find other ways to estimate consumption figures at steel mills and 

foundries. Based on knowledge on process metallurgy as well as information on raw material 

inputs and outputs into the reactors, it is theoretically possible to calculate the steel scrap 

consumption based on the type of a steelmaking reactor. A mass balance model to calculate 

the amounts of steel scrap consumption was constructed based on data on crude steel 

production by reactor type (supplement I). The study was performed focusing on Swedish 

iron and steel mills between 1889 and 2010.  

 The external scrap consumption in Sweden is calculated based on the raw material analysis 

for the following scrap consuming processes; Martin converters, EAF, EAF stainless, 

oxygen blowing processes and foundries. The external scrap usage ratios are calculated per 

reactor type and are defined as the external scrap divided by crude steel production. 

External scrap usage ratio (%) = external scrap / crude steel production                           (1) 

 The ratios are calculated for different years and approximated between data points. The 

external scrap consumption in Sweden is calculated by applying the external scrap usage 

ratios on the crude steel production figures. The external scrap usage ratios were also 

compared to the internal scrap amounts generated at the steel mills and foundries. This due 

to that the internal scrap amounts have a large influence on the amounts of purchased steel 

scrap. The internal scrap amounts were calculated by subtracting the finished steel product 

deliveries from the crude steel production data. The accuracy of the results are dependent on 

reliability of production statistics and the amount of raw material data points. 

 For the Martin converter, EAF, oxygen blowing processes and foundries; one data point, 

three data points, three data points and one data point on the external scrap usage ratios were 

obtained, respectively. The external scrap usage by reactor types were calculated based on 

data obtained by literature studies and interviews with steelmaking companies [13-18]. 

Therefore, the steel scrap collection was corrected for import and export of steel scrap to 

calculate the amounts of scrap collection [19]. 

 The model results on the purchased amounts of steel scrap and collected amounts of steel 

scrap were then compared to trade data on the steel scrap flow from Jernkontoret between 

1980 and 2009 to evaluate the accuracy of the model calculations [19].  

2.2 Backcasting model 

 The dynamic material flow models in this study were constructed by using Excel. Also, the 

extended calculations were done using MATLAB® [20], which is a program that can be 

used to analyze data, develop algorithms as well as create models and applications. The 
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methodology and calculation procedures for the Backcasting and Progressing models are 

described in supplement III. The models in this study are integrated with the volume 

correlation model that can be used to calculate the lifetime of steel on an annual basis and 

are described in supplement II [21].  

 The Backcasting model calculations were performed on input data for the Swedish steel 

consumption and the Global steel consumption between 1900 and 2012 [7-8,19,22]. 

Furthermore, the model calculations were performed on forecasted data on the steel 

consumption and by assuming two scenarios on the same- and a higher- scrap collection rate 

between 2013 and 2060 [23-24].  

 The outlook on the Swedish steel consumption was calculated by assuming that Sweden 

had reached a steel saturation level at around 2012. Furthermore, the only increase in the 

steel consumption is due to a forecasted population growth in Sweden [25]. The outlook on 

the high scrap collection rate in Sweden was forecasted to reach the same level as the steel 

consumption in 2060. The outlook data was used to calculate if the models could be used to 

test if the steel scrap demand exceeded a full recovery. The outlook on the Global steel 

consumption was calculated by assuming that the in-use steel stock per capita would increase 

at the same pace as it has done historically. Also, the outlook on the high scrap collection 

rate was forecasted to reach the potential scrap generation calculated based on the 

Backcasting model for the same scrap collection rate as in 2012. The historical and 

forecasted input data are presented in supplement III. 

 In this study, the in-use of steel that reaches end-of-life (EOL) was assumed to become 

either i) collected steel scrap, ii) hibernating steel stock, or iii) losses in society. These phases 

were segregated apart based on statistical relations between the steel consumption and scrap 

collection data. The above mentioned phases of steel are illustrated in Figure 1. 
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Figure 1. Illustrating the model procedures for calculating the potential scrap generation χ1, theoretical 

scrap generation χ2, viable scrap generation χ3 and workable scrap generation χ4 based on the Full and 

True lifetimes of steel data (λFull and λTrue). Where the difference in quantities between the steel scrap 

generations represents the amounts of losses γ and hibernating steel stock ω. Based on given historical 

distributions (Backcasting) and a normal distribution function (Progressing), the upper and lower limits 

of the quantities were calculated. The rest of the steel consumption is then in-usage θ. The scale 

parameters of the distribution functions were determined based on the annual data on the lifetime of 

steel.  

 The Backcasting and Progressing models are based on input data on the steel consumption 

and the scrap collection. The models can be used to calculate the upper and lower limits on 

the amounts of in-use of steel (Ѳ), hibernating steel stock (𝜔) and amounts of losses (𝛾). 

These phases are shown as white boxes in Figure 1. Both models uses internal time-varying 

parameters on the lifetime of steel data, called the Full and True lifetimes of steel, to 

segregate the hibernating steel stock (𝜔) from the amounts of losses (𝛾), as seen in Figure 

1. 

 The steel consumption represents the finished steel product deliveries adjusted for the 

exports and imports for the same category groups. The collected steel scrap represents the 

commercial scrap which consists of the old and new scrap. The collected steel scrap is ready 

to be used as raw materials at steel mills and foundries. The hibernating steel stock represents 

the amount of steel contained in EOL products that has not yet been collected for recycling 

purposes. The hibernating steel stock represents the societal steel scrap reserve. The in-use 

of steel represents the steel amounts that are still functional and used in applications in 

society. Also, the losses represent the quantity of steel that are non-recoverable due to that 

it is not economically feasible to collect them for recycling purposes. More specifically, the 

losses are the amounts of steel that has been redundant for more than a lifetime of steel and 

that are not recoverable from a statistical point of view.   

 The lifetime of steel was first calculated on an annual basis by using the volume correlation 

model (supplement II). For the Backcasting model the lifetime of steel data was normalized 

towards the collected EOL scrap amounts. The lifetime was first calculated by assuming a 

full scrap recovery, denoted the full lifetime of EOL steel. This value represents the time 

delay between the steel consumption and scrap collection, see Figure 1. Also, the full 

lifetime of steel is the longest average circulation time of steel in society. The lifetime of 

steel cannot be longer than the Full lifetime, and represents a boundary condition in the 

model calculations. The Full lifetime of steel was used to calculate the hibernating steel 

stock.  

 The recycling rate used for the Backcasting model was described using the following 

equation: 
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where )(t  stands for the steel scrap generation. The Backcasting model calculates the 

weighted average steel consumption over the scale parameter as the outcome of the steel 

scrap generation, see Figure 2. The model uses given historical distributions on the steel 

consumption over the given domain of two lifetimes of steel.  

 

Figure 2. Illustrating the Backcasting model calculating the weighted average steel consumption over 

the scale parameter with a length of two lifetimes of steel as the outflow of the steel scrap generation 

 The steel scrap generation calculated with the full lifetime of EOL steel was called the 

potential scrap generation, shown as 1  in Figure 1. This quantity represents the 
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hibernating steel stock and collected steel scrap f(t). The difference between the potential 

scrap generation and the collected steel scrap corresponds to the hibernating steel stock. This 

amount is illustrated as 𝜔upper in Figure 1. Thereafter, the hibernating steel stock was reduced 

from the steel consumption by multiply the recycling rate, using the full lifetime of steel, 

with the steel consumption. The recycling rate was multiplied with the steel consumption 

for the same year. This was done to displace the losses a lifetime of steel after the hibernating 

steel stock. The calculation was done by assuming that the losses were homogenously 

distributed in the steel consumption. The remaining steel volumes were then called the 

effective steel consumption g(t).  

 Thereafter, the true lifetime of EOL steel was calculated according to the volume correlation 

model by evaluating the time difference between the effective steel consumption g(t) and 

the scrap collection f(t). The true lifetime of steel represents the average circulation time of 

the collected steel scrap. The time difference between the Full and True lifetimes of steel 

corresponds to the amounts of losses. Furthermore, this quantity was displaced a lifetime of 

steel after the hibernating steel stock by multiplying the recycling rate, using the full lifetime 

of steel, with the steel consumption for the same year.  

 Thereafter, the recycling rate with the true lifetime of steel was calculated by using Equation 

2. The denominator of the recycling rate when the true lifetime of steel is used, corresponds 

to the theoretical scrap generation, shown as 2 in Figure 1. Also, the theoretical scrap 

generation corresponds to the sum of the hibernating steel stock 𝜔upper, collected steel scrap 

f(t) and amount of losses  𝛾𝑢𝑝𝑝𝑒𝑟.  

 The difference in quantity between the collected steel scrap and the theoretical scrap 

generation, corresponds to the hibernating steel stock 𝜔upper and amount of losses 𝛾𝑢𝑝𝑝𝑒𝑟 in 

society. The difference between the theoretical- and potential- scrap generation corresponds 

only to the losses, 𝛾𝑢𝑝𝑝𝑒𝑟 , in society. Based on the model results, the recycling rate of steel 

was calculated according to the following equation: 
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 where )(3 t  stands for the recycling rate of steel (RR) and )(t  stands for the amounts 

of losses. 100% minus the recycling rate of steel represents the ratio of the losses. Also, the 

in-use steel stock per capita was calculated by using the following equation: 
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where )(t  stands for the in-use steel stock per capita, )(t  stands for the population 

growth and )(t stands for the amounts of hibernating steel stock. The in-use steel stock 

per capita represents the total amount of steel consumed in infrastructure, products and 

applications divided by the population.  

2.3 Progressing model 

 The Progressing model was based on the same methodology as used in the Backcasting 

model in section 2.2 and both models are complementary. The methodology and calculation 

procedures for the Progressing model are described in supplement III. Both models are based 

on the same input data on the steel consumption and scrap collection. Based on the 

Progressing model, the lower limit on the steel scrap generation and amounts of losses were 

calculated. These amounts are referred to as the viable steel scrap and workable losses, 

respectively. These quantities are parts of the hibernating steel stock and amounts of losses 

calculated based on the Backcasting model, respectively.  

 The lifetime of steel was first calculated on an annual basis, by using the volume correlation 

model [21]. For the Progressing model, the lifetime data was normalized towards the steel 

usage instead of the EOL scrap amounts. The lifetime of steel usage was first calculated for 

a full recovery of steel, denoted the full lifetime of steel usage. Thereafter, the steel scrap 

generation was calculated by pushing forward the steel consumption a full lifetime of steel 

usage and by distributing the steel volumes based on a normal distribution function, shown 

in Figure 3. For the Progressing model the steel scrap generation was calculated according 

to the following equation: 

)(t =
h(t)

σ√2π
e−

(𝑡−𝜇)2

2𝜎2                                  (6) 

 where )(t  stands for the height of the normal distribution function, �̅�(𝑡) stands for the 

lifetime of steel usage, μ stands for the mean value corresponding to 𝜇 = 𝑡 + �̅� and σ stands 

for the standard deviation which was put to three sigma, which accounts for approximately 

99.7% of the input volumes. The sum of the heights of )(t for every year were equal to 

the steel scrap generation )(
1

t
t

ti




 .  
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Figure 3. Illustrating the progressing model displacing the steel consumption a lifetime of steel forward 

in time and distribute the steel volumes based on a normal distribution function over the scale parameter 

with a length of two lifetimes of steel 

 The steel scrap generation calculated based on the full lifetime of steel usage is called the 

viable scrap generation, which is shown as 3  in Figure 1. The calculation method to 

obtain the viable scrap generation is illustrated in Figure 3. This quantity represents the most 

commonly available amounts of steel scrap assets in society. The curve of the viable scrap 

generation is well adapted to the curve of the scrap collection. This is due to that the normal 

distribution function are more sensitive to the outcome of the steel scrap generation around 

the mean value. In addition, due to that the mean value represents the time delay between 

the steel consumption and scrap collection. The difference in quantity between the viable 

scrap generation and the collected steel scrap corresponds to the viable steel stock amount, 

which is shown as  𝜔𝑙𝑜𝑤𝑒𝑟 in Figure 1. The viable steel stock is the amount of steel that is 

redundant and economically feasible to collect for recycling purposes. 

 The recovery rate of steel used in the Progressing model are shown in the following 

equation: 
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 where )(t  stands for the recovery rate of steel and )(
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 stands for the steel scrap 

generation.  
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 The viable steel scrap stock was then reduced from the steel consumption. This was done 

by multiply the recovery rate, using the Full lifetime of steel usage, with the steel 

consumption for the same year. This was done based on the assumption that at an initial 

stage the losses were homogenously distributed in the steel consumption. The remaining 

steel volumes is called the effective steel usage. Note, that for the Progressing model, this 

effective mass is larger than for the Backcasting model calculation. Thereafter, the true 

lifetime of steel usage was calculated according to the volume correlation model by 

evaluating the time difference between the effective steel usage and the scrap collection. 

 The steel scrap generation was then calculated by pushing forward the steel consumption a 

true lifetime of steel usage and by distributing the steel volumes with a normal distribution 

function, according to Equation 6. This is illustrated in Figure 3. The sum of the heights of 

the steel scrap generations for every year was equal to the workable scrap generation. The 

workable scrap generation represents the workable losses 𝛾𝑙𝑜𝑤𝑒𝑟, viable steel scrap 𝜔𝑙𝑜𝑤𝑒𝑟  

and collected steel scrap f(t). This quantity is shown as 4  in Figure 1. 

 The difference between the workable and viable steel scrap generations corresponds only 

to the workable losses, shown as 𝛾𝑙𝑜𝑤𝑒𝑟 in Figure 1. Also, the recovery rate of the workable 

steel was calculated according to the following equation: 
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                             (8) 

where )(3 t   stands for the recovery rate of the workable losses and )(t  stands for the 

amounts of workable losses. In addition, the upper limit on the in-use steel stock per capita 

was calculated by the following equation: 
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                           (9) 

where )(t  stands for the upper limit on the  in-use stock of steel per capita and )(t  

stands for the population growth. The upper limit on the in-use steel stock per capita 

represents the total amount of steel consumed in countries to build up the infrastructure and 

the steel used in products and applications and also some parts of the hibernating steel stock 

and amounts of losses in society, divided by the population. 
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3 EXPERIMENTAL PROCEDURES 

 Two different scrap classes, auto bundle and old steel scrap, were evaluated based on a 

random sampling analysis (RSA) at Uddeholm steelwork in Sweden (supplement VI). The 

selected two scrap classes were expected to have the highest variance in analysis out of the 

scrap classes consumed at the steel mill. A total amount of 6 steel scrap deliveries, out of 3 

auto bundle and 3 old steel scrap deliveries consisting of approximately 30 ton each were 

evaluated. During a plant trial, each delivery was spread out at an open field on a rectangular 

area for evaluation. Thereafter, a network consisting of 100 cross points was created over 

the rectangular area of the scrap delivery. This was done by using a benchmark, ropes, 

markers and a cutter. The width and both lengths of the distributed area was measured and 

divided into 11 sections. This, to create a network of 100 cross points over the steel scrap 

delivery, as seen in Figure 4.  

 

Figure 4. Illustrating the network created over the steel scrap delivery with 100 cross points for statistical 

selection of samples to analyze for their composition to obtain representative analysis 

 At each cross point a sample was cut out and sent to the lab for a determination of the 

chemical composition of the steel substrate using the Optical Emission Spectroscopy (OES). 

The remaining steel scrap was then gathered and molt in the Electric arc furnace to evaluate 

the accuracy of the RSA. The alloy content in the steel scrap deliveries was assumed to have 

a student’s t-distribution, which means that the population has an unknown mean and 

variance. The average, variance and standard deviation was calculated for the auto bundle 

and old steel scrap. The margin of error was calculated by assuming a 95% confidence level.  

 A sample preparation before an Optical Emission Spectroscopy (OES) measurement 

removes the surface layer of Zn on galvanized sheets in the auto bundle steel scrap 

deliveries. Due to that RSA underestimates coatings, a separate study to evaluate the Zn 

content in the auto bundle scrap was also performed. The input of Zn will contribute to a 
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loss in the reactor due to that Zn will evaporate during processing. Thus, Zn will end up in 

the EAF dust. Thereby, it is of great importance to evaluate the Zn content in the steel scrap 

to optimize the process. Also, the solubility of Zn in the steel substrate is very low, whereby 

the Zn is contributed from the coating. Therefore, the Zn content in galvanized sheet can be 

calculated by measuring the thickness of the Zn layer and the thickness of the galvanized 

sheets. 

 A total amount of 100 scrap pieces were randomly taken from each auto bundle delivery. 

The total amount of 300 samples were measured to determine the thickness and weight. Out 

of the 300 samples measured, 30 samples were chosen to be evaluated by using the Optical 

Spectroscopy (OS) to measure the average thickness of the Zn coatings. The densities of Zn 

and steel are 7140 kg/m3 and 7900 kg/m3 respectively. Since the Zn layers are thin compared 

to the thickness of the galvanized sheets, the density of the sheets was assumed to be the 

same as that of steel.  

 Out of the 6 steel scrap deliveries that were evaluated with RSA, 3 melts were created by 

mixing the old steel scrap and auto bundle scrap. In addition, limestone, flux, MoO, mills 

scales, carbon powder were also added in the reactor. Note that 1 ton of rest melt remained 

in the furnace from the previous heat. The average quantaties of inputs and outputs materials 

in the Electric arc furnace are illustrated in Figure 5.  

 

Figure 5. Inputs and outputs of materials after a direct melting of the scrap deliveries in the EAF  

 The total amount of material inputs and outputs in the reactor after a direct melting of the 

analyzed scrap deliveries was calculated according to the following equations; 

mlnput = mscrap + mLimestone&flux + mMoO + mMill scales + mrest melt + mcarbon powder  

                       (10) 

mOutput = msteel + mslag + mdust + mgas                                (11) 
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 where m stands for the masses of the inputs and outputs of materials in the reactor. However, 

in reality the quantities and compositions of input and output material are not exactly the 

same. The difference in quantity could be due to that the alloy composition does not add up 

to 100% in total. The margin of error for each element in the input and output analysis was 

calculated with a confidence interval of 𝜎 = 0.1. However, with a minimum error of 1 kg.
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4 RESULTS & DISCUSSION 

4.1 The demand of steel scrap 

 A study to obtain continuous data series on the steel scrap flow based on mass balance 

calculation by steelmaking reactor type was performed (supplement I). Results on the steel 

scrap flow from the KTH steel scrap model [22] were compared to trade data from 

Jernkontoret for the timeline between 1980 and 2009 in Sweden [19]. For the total external 

scrap consumption in the Swedish steel mills, the trend correlation coefficient between the 

KTH steel scrap model and Jernkontoret´s analysis was 0,83 while the area correlation was 

0,91, as seen in see Figure 6.  
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Figure 6. A comparison between model calculations and trade data on the external scrap consumption 

in Swedish steel mills between 1980 and 2009 [19,22] 

 The trend correlation coefficient for Swedish scrap collection was 0,95 and the area 

correlation was 0,91, as seen in Figure 7. The result shows that mass balance and mass flow 

calculations do area wise correlate well to consumption figures based on trade data. The 

difference in trend is assumed to mainly be due to stocking effects. Deviations are also 

assumed to be due to uncertainties in estimating internal scrap arising by process type, Fe 

bearing substitutes and amounts of losses over time. Overall, the conclusion is therefore that 

mass balance models could be used as tools to calculate the apparent scrap consumption 

based on crude steel production data for different process types. In addition, mass balance 

models could be used to complement statistics where no trade data are available.  
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Figure 7. Comparison between model calculations and trade data on the Swedish scrap collection 

between 1980 and 2009 [19,22] 

4.2 The lifetime of steel 

 The lifetime of steel was calculated on an annual basis based on a new method called the 

volume-correlation model (supplement II). The lifetime data was normalized with respect to 

the steel consumption as well with respect to the End-of-life (EOL) scrap amounts, called as 

the lifetime of steel usage and the lifetime of EOL steel, respectively. The annual data on 

the lifetime of EOL steel and the lifetime of steel usage for the Swedish steel consumption 

and the Global steel consumption, based on historical data between 1900 and 2012 and 

outlooks between 2013 and 2060, are shown in Figures 8-11.  

 The results show that the lifetime of steel is not a constant value nor a linear function over 

time. The results on the lifetime of steel show that the values represents fluctuating 

parameters over the years. This indicates that the lifetime of steel in society is too a large 

extent influenced by socioeconomic factors. In addition, the results show that the lifetime 

expectancy of products are not the same as the lifetime of discarded end of life products. 

This is shown by the divergence between the Full and True lifetimes of steel, see Figures 8-

11. The results also show that the lifetime of steel data are individual for different countries. 

Furthermore, country specific data on the lifetime of steel enables the possibility of 

evaluating the societal steel scrap reserve and amounts of losses in countries towards its own 

industrialization stage.  

 Previous studies on the lifetime of steel have been calculated for an average time over 

several years. This, based on experimental measurements on products and applications [9-

12]. Based on previous studies, the Full lifetime of steel was calculated to be 31 and 35 years 

for the years 2000 and 2006 [2,26], respectively. Based on the volume correlation model the 

Full lifetime of EOL steel in Sweden was calculated as 34 and 37 years for these two years 

[21]. This indicates that the lifetime of EOL steel from the volume correlation model is in a 
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similar range, but slightly higher, compared to previously reported data. The results show 

that the divergence between the Full and True lifetimes of steel are larger for the Global steel 

consumption compared to the Swedish steel consumption. This indicates that the losses are 

relatively high in the World. 

 The model results show that it is possible to calculate the lifetime of steel for the steel usage 

as well as for the EOL scrap amounts on an annual basis. Thus, enabling the construction of 

statistical dynamic material flow models. The calculated values on the lifetime of steel data 

were used in both the Progressing and Backcasting models to determine the scale parameters 

of the distribution functions used on an annual basis.  
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Figure 8. The full and true lifetimes of Swedish end-of-life (EOL) steel based on historical data between 

1910 and 2012 and outlook between 2013 and 2060 with two different outcomes for a forecast high rate 

and for the same scrap collection rate as in 2012 

1900 1920 1940 1960 1980 2000 2020 2040 2060

0

10

20

30

40

50

60

High

Y
ea

rs

Year

 Full lifetime steel use Sweden

 True lifetime steel use Sweden

Same collection

Same
High

 



18 
 

Figure 9. The full and true lifetimes of Swedish steel usage based on historical data between 1910 and 

2012 as well as an outlook between 2013 and 2060. Data are given for two different outcomes for a 

forecasted high scrap collection rate and for the same scrap collection rate as in 2012 
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Figure 10. The full and true lifetimes of Global end-of-life (EOL) steel based on historical data between 

1910 and 2012 and an outlook between 2013 and 2060 with two different outcomes for a forecasted 

high scrap collection rate and for the same scrap collection rate as in 2012 
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Figure 11. The full and true lifetimes of Global steel usage based on historical data between 1910 and 

2012 and an outlook between 2013 and 2060. Data are given for two different outcomes for a forecasted 

high scrap collection rate and for the same scrap collection rate as in 2012 
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4.3 The societal steel scrap reserve 

 Two complementary statistical models called the Backcasting and Progressing models were 

constructed and presented. The models use time-varying internal parameters on the lifetime 

of steel data and a normal distribution function (Progressing model) and given historical 

distributions (Backcasting model) to calculate the lower and upper limit of the steel scrap 

generations, respectively (Supplement IV). These quantities in the order of magnitudes are 

referred to as the theoretical scrap generation (TSG), potential scrap generation (PSG), 

workable scrap generation (WSG) and viable scrap generation (VSG). The model results on 

the steel scrap generations are illustrated in Figure 12. The difference between the TSG and 

collected amounts of steel scrap corresponds to the hibernating steel stock and amounts of 

losses, as seen in Figure 12 Backcasting graph. The difference between the WSG and the 

collected amounts of steel scrap corresponds to the viable steel stock and workable losses, 

shown in Figure 12 Progressing graph. The outlook on the scrap collection are calculated as 

for the steel scrap demand to reach the same level as the steel consumption in 2060. The 

outlook was used to evaluate if the models can be used to calculate robust forecasts on the 

available amounts of steel scrap.  
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Figure 12. Swedish steel consumption, scrap collection, theoretical scrap generation (TSG), potential 

scrap generation (PSG), workable scrap generations (WSG) and viable scrap generations (VSG) for 

historical data between 1900 and 2012 as well as for an outlook on the high scrap collection rate between 

2013 and 2060  

 

 The Progressing model results show that the steel scrap generations calculated with a 

normal distribution function are well adapted and follows the trend of the curve of the scrap 

collection. This is illustrated in Figure 12 Progressing graph. This is due to that the 

calculations are based on a high bias distribution function, whereby the probability of 

outcome are more intense around the mean value. In addition, due to that the lifetime of steel 

data represents the time delay between the steel consumption and scrap collection. The 

adaptation of the curve validates the volume correlation model as a new method for 

calculating the time duration of mass flows on a continuous basis. Furthermore, the lifetime 

of steel data is of importance for dynamic material flow modelling.  

 The Progressing and Backcasting model results show that the adaptation of the curves of 

the steel scrap generations, trend wise as well as area wise are highly dependent on the 

distribution function used. This indicates that not only the lifetime of steel data, but the 

distribution function over the given domain have a great influence on the accuracy of the 

calculations of the societal steel scrap reserve. To use given historical distributions over the 

scale parameter are thereby a suitable method for calculating the available amounts of steel 

scrap in society based on what has historically been consumed. Based on the Backcasting 

model, both the scale parameter and the distribution function used are given for every year. 

Furthermore by using the Backcasting model, there exists no variance in outcome on the 

steel scrap generation.  

 The model results show that the hibernating steel stock and viable steel stock was 

significantly high between 1969 and 2010. This can be explained by the implementation of 
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an export ban of steel scrap between 1927 and 1998 in Sweden, which contributed to an 

increased societal steel scrap reserve in society. This amount of hibernating steel stock are 

forecasted to be generated as losses in around 2021. This is shown as the divergence between 

the TSG and PSG values. The model results demonstrates that an increased hibernating steel 

stock is accompanied by increased amounts of losses in society. This suggests that to 

decrease the amounts of losses, the collection rate of steel scrap needs to be on a continuous 

high level. In addition, the model results suggests that to optimize recycling in countries 

export bans of steel scrap should be heaved. 

 By better map the available amounts of steel scrap it is possible to avoid supply bottlenecks 

and to reduce the volatility effects of the prices of raw materials used in steelmaking. Based 

on the Backcasting model it is possible to calculate the long term availability of steel scrap 

in society. Based on the information on the societal steel scrap reserve it is possible to ease 

future structural plans of scrapbased steelmaking mills and waste management facilities. 

Thereby, to keep the collection rate of steel scrap on a continuous high level and optimize 

the overall supply of recyclable metals. However, the societal steel scrap reserve is 

assessable to different extents and amounts. This is dependent on how economically feasible 

the steel containing end of life products are to collect and process into recyclable scrap.  

 The Progressing model can be used to calculate the lower limit on the available amounts of 

steel scrap. This amount of steel scrap can be interpreted as the economically feasible 

amounts of steel scrap available for collection. Based on the information on the viable steel 

stock, it is possible to harmonize the supply and demand of steel scrap and to help to stabilize 

the volatility effect on the scrap prices. The forecasted high demand of steel scrap are shown 

to continuously exceed the viable scrap generation between 2013 and 2060, see Figure 12 

Progressing graph. The results show that the Progressing model can be used to evaluate if 

forecasted scrap demand exceeds a full recovery. Thereby, it is possible to calculate robust 

forecasts on the availability of steel scrap.  

 The Backcasting and Progressing models are able to calculate the steel scrap generations as 

a function of the collection rate of steel scrap. This due to that the models are based on 

internal time-varying parameters on the lifetime of steel data. This differs from previous 

material flow models that have used external parameters on single value data on the lifetime 

of steel as the basis for the models. Thereby, the forecasted steel scrap generation has been 

at the same level regardless of the increase in the demand of steel scrap over the years. This 

due to that an increased scrap collection has not decreased the lifetime of steel data used in 

the model calculations. Previous material flow models have thereby been static and 

continuous, while the Progressing and Backcasting models are dynamic material flow 

models. The results show that the new models can be used to calculate robust forecasts on 

the long term availability of steel scrap. This information is of importance to plan future 

installations of scrap consuming steelmaking mills and waste management facilities. In 

addition, for evaluating future demand of steel to industrialize countries and calculate 

resource limitations associated with steelmaking. 

 The lower and upper limits on the Global available steel scrap assets with historic data 

between 1910 and 2012 and outlook between 2013 and 2060 are shown in Figure 13. The 
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results show that the potential scrap generation will increase to 2 010 Mt in 2060. This shows 

that the World will consume double the amount of steel up to year 2060 compared to the 

total historical consumption until today. Furthermore, dependent on what production process 

the steel will be produced by, it will have a huge impact on the environment. Therefore, it is 

of great importance to assess the raw material of steel scrap in society. This can further be 

achieved by using dynamic material flow models. 
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Figure 13. The Global steel consumption, scrap collection, theoretical scrap generation (TSG), potential 

scrap generation (PSG), workable scrap generation (WSG) and viable scrap generations (VSG) for 

historical data between 1900 and 2012 as well as for an outlook on the high scrap collection rate between 

2013 and 2060  



23 
 

 The results in Figure 13 show that for a whole century, between 1910 and 2012, the TSG 

and PSG values have been higher than the scrap collection. Between 1910 and 1987 the 

amounts of losses have also been higher than the collected amounts of steel scrap. In 

addition, the hibernating steel stock has increased during the last four decades. Overall, the 

model results show that the hibernating steel stock and amounts of losses are high in the 

World. This indicates that there is a need for a drastic increase as well as a better utilization 

of steel scrap on a country basis. This can be achieved by increased installations of the EAF 

route of steelmaking. In addition, by improved collection systems and increased installations 

of waste management facilities. Therefore, it is important to locate the societal steel scrap 

reserves on a country basis. Also, the Global recycling rate are directly related to the ratio 

of the installed capacity of scrap consuming steelmaking mills. This is due to that it is not 

economical to melt steel scrap to a large extent in the BOF converter. Thereby, the Global 

scrapbased steelmaking capacity needs to significantly increase in the future to obtain a 

sustainable industry development. 

 Due to that steel scrap is a scarce resource, supply bottlenecks can occur. This further causes 

sudden changes of the prices of raw materials used for steelmaking. The collection rate of 

steel scrap in the World have previously not hit the roof of its limitation of reserve. This is 

true except for temporarily and local situations, when countries have implemented export 

bans of steel scrap to secure their domestic scrap supply. To avoid supply bottlenecks, it is 

of great importance to assess the amounts of available steel scrap reserves in society. This 

will help to stabilize the volatility effect on the price of scrap and to obtain a sustainable 

industrial development as well as a circular economy. 

 The model results demonstrates that it is possible to assess the steel scrap generation in 

society based on material flow models. Also, based on the new Progressing and Backcasting 

models it is possible to calculate robust forecasts on the long term availability of steel scrap 

in society. The new models improves the existing methods to forecast the available amounts 

of recyclable materials.  

4.4 Recycling rates of steel 

 The EOL-RR values of metals have been calculated for an average time over several years. 

Moreover, they have been calculated as total amounts of hibernating steel stock and losses 

added as the non-recirculated amounts of steel [2,27]. This has been done since the lifetime 

of steel data used for the calculations, has only been for the service lifetime of steel in society 

[2,27]. Based on the single value data of the EOL-RR value, it has been difficult to evaluate 

the potential of increasing recycling in society. Previous studies on the EOL-RR values of 

steel have been calculated based on different methods, which are summarized in Table 2.  
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Table 2. Overview of previous studies on the recycling rate of steel 

References 
Recycling 

rate of steel 
Definition Country Year 

M. D Fenton et al, 

(U.S. Geological 

survey) [27] 

47%X 

Old scrap collected / 

theoretical old scrap 

generation (𝜆=19) 

United States 1998 

J. Davis et al. [2] 70%Y 

Old scrap collected / 

theoretical old scrap 

generation (𝜆=28) 

United 

Kingdom 
2001 

T. E. Graedel 

(Global Metal 

Flows working 

group) [6] 

70-90%Z 

Recycled EOL metal / 

theoretical old scrap 

generation (𝜆 vary) 

Global 

average 
2010 

 

 The EOL-RR value of steel has previously been calculated to be between 47% in 1998 to 

70-90% in 2010 [2,6,27]. The average recycling rate of steel is around 70% with a 

divergence of 20%, as shown in Table 2. The large difference in the recycling rates of steel 

can partly be explained by the lifetime of steel data λ that has been used to calculate the 

rates, which were between 19 and 28 years [2,27].  

 Based on the Backcasting model, it was possible to segregate the hibernating steel stock 

from the amounts of losses based on the Full and True lifetimes of steel. Thereby, it was 

possible to calculate two different values on the recycling rates of steel (Supplement V). The 

historic results on the recycling rate of the theoretical scrap (RR-TS) and the recycling rate 

of steel (RR) for the Swedish steel consumption between 1900 and 2012 as well as the 

outlook on the high scrap collection rate between 2013 and 2060 are shown in Figure 14. A 

value of 100% minus the RR-TS value represents the ratio of the hibernating steel stock and 

losses and a value of 100% minus the RR value represents the ratio of the losses. The RR-

TS and RR value of steel considers the old scrap and new scrap added as the steel scrap 

collection. The EOL-RR value only considers the old scrap as the nominator of the recycling 

rate. However, the new scrap can be assumed to be fully recovered and it does not have any 

large effect on the calculated results.   
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Figure 14. The recycling rate of the theoretical scrap (RR-TS) and the recycling rate of steel (RR) for 

the steel consumption in Sweden for historical data between 1900 and 2012 and an outlook between 

2013 and 2060 for a high scrap collection reaching the same level as for the steel consumption in 2060 

 

 The results for the RR-TS values show that the curve has a similar trend as the steel scrap 

collection curve, where the rate is divided between 0% and 100%, see Figure 14. The model 

results show that the recycling rate of steel is highly dependent on the magnitude of the scrap 

collection data. The RR value has successively increased from 54% in 1900 to 90% in 2012. 

This shows that the losses have significantly decreased over the century. The decreased 

amounts of losses could be explained by increased installations of the electric arc furnace 

(EAF) route of steelmaking, which has increased the demand of steel scrap for steelmaking. 

Furthermore, it can be explained by early installations of the continuous casting technique 

in Sweden, which decreased the amounts of internal scrap. This, in turn, increased the 

demand of external scrap usage in the reactors. 

 The results also show that the RR value reached the highest value of 94% in 2007. This 

indicates that the absolute losses of steel was 6% in Sweden in 2007. The results from this 

study show that the RR-TS value has significantly increased with double its magnitude over 

the last two decades. Specifically it was calculated to be 82% in 2012. This correlates with 

the magnitude in increase of the input data on the steel scrap collection data, as seen in 

Figure 12. The increased scrap collection can be explained by the abolition of an export ban 

for the steel scrap in Sweden in 1993. In addition, due to the increased production and 

consumption of workshop scrap in Sweden. This, in turn, is due to the increased domestic 

production of finished steel products.  

 The Global results in Figure 15 show that the RR value has successively increased from 

37% in 1910 to 72% in 2012. The Global RR values of the steel consumption in 2012 are 

18% lower than the rate in Sweden. Furthermore, the World is as good at recycling steel 

today as an industrialized country such as Sweden was in 1963.  
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Figure 15. The recycling rate of the theoretical scrap (RR-TS) and the recycling rate of steel (RR) for 

the Global steel consumption for historical data between years 1910 and 2012 as well as for an outlook 

between years 2013 and 2060 for a high scrap collection rate 

 The Global RR-TS value was calculated to be 58% in 2012. The low RR and RR-TS values 

in the World can be explained by several factors, such as that the Global BF route of 

steelmaking has increased the last decade [8]. Furthermore, due to that the largest steel 

consuming countries, such as China and India, are still being industrialized [8]. In addition, 

it can also be explained by that countries with no domestic demand of steel scrap has not 

collected the hibernating steel stock available for collection. From the environmental point 

of view, this should suggestively be taken into account when planning future installations of 

steelmaking mills. Furthermore, by a better mapping of the societal steel scrap reserve, it is 

possible to ease trade of steel scrap across country borders. Hence, it is possible to optimize 

the Global supply of steel scrap for steelmaking. 

4.5 In-use steel stock per capita 

 The in-use steel stock per capita can be used as a parameter to evaluate the demand of steel 

to industrialize countries. Based on the in-use steel stock per capita it is possible to calculate 

the forecasted demand of steel and thereby also to evaluate resource limitations associated 

with steelmaking. A summary with reported results on the in-use steel stock per capita based 

on previous studies are shown in Table 3.  

 The reported data on the in-use steel stock per capita for the industrialized countries, named 

a to j [10,11,26,28,29], were compared to the model results for the Swedish steel 

consumption. The Swedish in-use steel stock per capita between 1900 and 2012 and outlook 

between 2013 and 2060 for a high scrap collection rate and the same scrap collection rate as 

in 2012 are shown in Figure 16. The reported data on the Global in-use steel stock per capita, 

named k to l [11,28], were compared to the model calculations for the Global steel 

consumption. The Global in-use steel stock per capita between 1910 and 2012 and outlook 
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between 2013 and 2060 for a high scrap collection rate and the same scrap collection rate as 

in 2012 are shown in Figure 17. The previously reported data on the in-use steel stock per 

capita were manually added into the figures. 

Table 3. Overview of previous studies on the in-use steel stock per capita based on progressing models 

using high bias distribution functions 

Top-down approaches on in-use steel stock in tons per capita 

References In-use stock Country/Region  Year 

S. Pauliuk et al. [10] 13a ± 2 OECD countries 2008 

H. Hatayama et al. [28] 9.1b, 7.3c, 9.1d Japan, North America,  

United states 

2005 

T. Hirato et al. [29] 7.9e  Japan 2005 

R. Gyllenram et al. [26] 7f  Sweden 2006 

D. B. Muller et al. [11] 10.5g, 12h, 9.2i , 8j  United States, Canada,  

Sweden, United Kingdom 

2005 

D. B. Muller et al. [11] 2.7k  World 2005 

H. Hatayama et al. [28] 2.5l  World 2005 

 

 The upper limit on the Swedish in-use steel stock was calculated to be between 13 and 13.5 

ton per capita in 2005, 2006 and 2008, respectively. The lower limit on the Swedish in-use 

steel stock was calculated to be between 6.9 and 7.3 ton per capita for the same years. The 

previous reported data on the in-use steel stock per capita for the industrialized countries are 

within the range of the model results from the Progressing and Backcasting models. 

Specifically, they are between 13 and 7 ton per capita, as seen in Figure 16. This shows that 

the Progressing and Backcasting models are able to calculate the statistical range of the 

possible outcomes on the available steel scrap and the amounts of losses. 

 The upper and lower limits on the Global in-use steel stock per capita were calculated to be 

3.2 and 1.8 ton per capita in 2005. This corresponds to an average value of 2.5 ton per capita. 

This coincides with previous reported data on the Global in-use steel stock per capita, which 

was calculated to be 2.7 and 2.5 ton per capita in 2005 (see Figure 17). The results show that 

the complementary Backcasting and Progressing models are able to calculate robust data on 

the available steel scrap assets and amounts of losses in society (Supplement V). 
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Figure 16. The in-use steel stock per capita for the Swedish steel consumption (black line) and the 

Global steel consumption (grey line) for a historical outlook between 1900 and 2012 and for an 

outlook between 2013 and 2060 for a high scrap collection rate 

 The new models are able to distinguish between the interaction between the parameters of 

the lifetime of steel data, in-use steel stock and the recycling rate of steel. Furthermore, due 

to that the Backcasting model uses given historical distributions and time-varying internal 

parameters on the lifetime of steel data, the outcome on the steel scrap generation has no 

uncertainty of outcome. The results show that using given historical distributions to calculate 

the recycling rate of steel is a good method. From a statistical point of view, Progressing 

models using high bias distribution functions overestimates the in-use steel stock per capita 

and underestimates the recycling rate of steel. Based on the new statistical models, no 

external parameters are needed to assess the amounts of losses in a system consisting of 

continuous data series on the inflow and outflow of masses.  
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Figure 17. The in-use steel stock per capita for the Global steel consumption (black line) and the Global 

steel consumption (grey line) for historical data between 1900 and 2012 and an outlook between 2013 

and 2060 for a high scrap collection rate and the same scrap collection rate as in 2012 

4.6 Environmental savings due to an improved scrap utilization 

 The forecasted Global steel consumption data are calculated to reach a level of 2 010 Mt in 

2060. The calculations are based on the assumption that the in-used steel stock per capita 

will increase at the same pace as it has done historically. Furthermore, with the same increase 

of the in-use steel stock per capita, the World would be as industrialized as Sweden was in 

year 2012 around year 2100. Dependent on what production process the forecasted steel 

demand will be produced by, it will have a huge impact on the environment in form of a 

degradation of the landscape, greenhouse gas emissions and energy usage. Based on the 

potential scrap generation it is possible to plan investments in installations and new 

technologies to be able to handle the amounts of steel contained in EOL products that are 

forecasted to be generated in the future. By maximizing the EAF route compared to the BF 

route of steelmaking it is possible to save energy and CO2 emissions due to steelmaking 

(Supplement V).  

 By keeping the collection rate of steel scrap on the level of the potential scrap generation 

instead of the same scrap collection rate as in 2012, the energy reduction would be 283 EJ 

and the CO2 emissions would be reduced with 28 Gt globally by 2060 [1,30]. This indicates 

that it is possible to save almost 12 times the amount of energy and 11 times the amounts of 

the direct CO2 emissions generated from the iron and steel works during year 2006 [30-31], 

by establishing an improved scrap utilization. Furthermore, the forecasted index of the 

energy usage due to iron and steelmaking in year 2060 was calculated to increase by between 

50% and 28% compared to year 2012 dependent on the same scrap collection rate as in 2012 

or an optimized recycling strategy, respectively. Furthermore, the forecast index of the 

Global CO2 emissions due to iron and steelmaking in 2060 was calculated to increase by 

between 38% and 5% in 2060 compared to the situation in 2012. These results are based on 

if the forecasted steel consumption will be produced by optimized EAF route of steelmaking 

contra BF route of steelmaking until 2060. [30] 

 The forecasted iron ore demand with an iron ore content of 62% was calculated to decrease 

with 26% in 2060 compared to year 2012. This is due to an implemented scrap utilization 

and installments of EAF capacity. This indicates that the Blast Furnace process has to 

increase the usage of steel scrap as a raw material for steelmaking to maintain the same 

capacity as exists today. On the other hand, if the scrap collection rate will be the same as in 

2012, the forecasted iron ore demand will instead increase with 34% in 2060 compared to 

2012. This increase is mainly due to the forecasted increase of the amounts of losses, where 

the recycling rate of the theoretical scrap are calculated to reach a level of 40% in 2060. [30] 

 The results show that the Global CO2 emissions and energy usage due to steelmaking will 

not decrease only due to a better scrap utilization, based on the forecasted steel demand. The 

results show that there is a clear need for additional measures to achieve an overall CO2 

emission and energy reduction in the future. One measure to decrease the environmental 

burden of steel could be a more intense use of high strength steels in applications. High 
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strength steels could reduce the material usage with up to 40% for the same service 

performance and application [32]. This could further potentially reduce the steel demand in 

the future as well as reduce the overall CO2 emissions and energy usage due to steelmaking. 

Other measures could be using alternative energy sources and carbon capture storage.  

4.7 The composition of steel scrap 

 Results from the RSA (supplement VI) on steel scrap deliveries showed that both scrap 

classes of auto bundle and old steel scrap fulfilled the requirements on the alloy content 

according to the Swedish Scrapbook [33]. The analysis also showed that old steel scrap had 

a higher variance with respect to the chemical composition compared to the auto bundle 

scrap, namely on average 0,11% and 0,02% respectively. Furthermore, the results showed 

that RSA evaluations underestimates the content of different coatings and the amount of 

pickable pure metals of Cu. Therefore, these values should be measured in a separate study 

from the RSA or be reduced from the population before performing a RSA. 

 A summary with the input and output composition in the reactor are shown in Table 4. The 

RSA data were accurate or close enough with respect to the chemical compositions of the 

steel, slag, dust and gas for the following elements; Mn, P, Cr, Ni, Ti, Nb, Co, N, Sn and Fe, 

as seen in Table 4. The results also showed that the RSA underestimates the quantities of 

the following elements; Cu, Si, S, W, V and Al. The Cu content is underestimated due to 

that it contains in narrow cables, with small surface fractions as well as in large weight pieces 

containing Cu. The RSA also underestimates the content of different coatings, due to sample 

preparation before an analysis using the OES method. The Zn content in the galvanized sheet 

was determined in a separate study and it was 3.1% in the auto bundle scrap. Furthermore, 

a possible source of the high amounts of Si, S, W, V and Al in the melt compared to the 

RSA could be due to additions of gravel and soil from the ground.  

 An analyzes of 100 scrap samples took approximately 2h to evaluate in OES. Thus, the 

RSA is a fast and cheap method compared to performing test melts. In addition, the Zn 

content in the existing auto bundle scrap deliveries were calculated to have a value of 3.1%, 

which is higher than in previous studies performed at the steelwork. This indicates that the 

Zn content in auto bundle steel scrap varies dependent on the raw material supplier as well 

as on the each delivery. 

 The overall conclusion from the results shows that RSA on steel scrap seems to be a good 

method to analyze the alloy content in auto bundle scrap and old steel scrap deliveries. This 

despite that these scrap classes were assumed to have the highest variance with respect to 

the chemical composition, out of the steel scrap classes consumed at Uddeholm steel work. 

 RSA could be used as a method to verify the alloy content of steel scrap deliveries at steel 

mill, which would narrow the margin in the input analysis to optimize the process in the 

reactors. The method also makes it possible to purchase steel scraps with unknown 

compositions. By obtaining a better knowledge of the alloy content in the raw material, steel 

mills would be able to optimize the process in the reactor and to use the optimal 

combinations of raw materials for each heat and to save valuable elements. In addition, RSA 

can be used to obtain better benchmark compositions for different scrap classes at waste 
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management companies and thereby it is possible for steel mills to purchase the right scrap 

for their specific steel grade.  

Table 4. Comparison between input and output quantities in kg of different elements for the three 

different melts created from the analyzed scrap deliveries [34] 

Input / Output analysis 

Input = Scrap, rest melt, mill scales, carbon powder, MoO, Flux and Limestone 

Output = Steel, slag, dust and gas 

Unit: 
kg Melt 1 Melt 2 Melt 3 Origin: 

Fe 62224/61543 59008/57433 60606/59502 scrap/steel,slag 

Mn 246/255 263/271 413/391 old scrap/slag 

Cr 270/278 179/191 123/132 scrap,melt/slag,steel 

Ni 36/43 26/34 18/24 scrap,melt/steel 

Ti 19/23 4/16 16/18 auto bundle/slag 

P 7/15 7/14 8/9 scrap/slag 

Nb 3/1 2/1 3/1 scrap/steel 

Co 4/5 7/7 3/3 scrap/steel 

N 4/2 5/3 4/2 scrap/steel,gas 

Sn 3/1 2/1 2/1 scrap/steel 

Si 106/348 64/314 95/277  Old scrap,melt/slag,dust 

Al 41/151 69/144 24/119 flux,old scrap/slag 

Cu 26/64 28/41 22/31 old scrap/steel 

S 10/41 7/40 6/36 scrap/steel,dust 

V 4/20 9/27 2/14 melt,old scrap/slag,dust 

W 7/17 3/17 6/14 auto bundle/steel 

Ca 2039/2098 1473/1856 2039/2098 lime,flux/slag,dust 

O 1094/2156 882/2326 1094/2399 MoO/slag,dust,gas 

Mo 1312/923 1309/902 1291/906 MoO/steel,dust 

Zn 1057/296 881/296 829/296 auto bundle/dust 

C 422/422 353/353 357/357 carbon powder/gas 

Mg 27/195 24/291 27/288 lime,flux/slag,dust 

F 0/15 45/17 0/16 flux/slag 
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5 CONCLUDING DISCUSSION 

 It was investigated if it is possible to obtain data series on the steel scrap collection by an 

alternative way than by using trade statistics. This due to that consistent trade data of 

recyclable metals is not readily available information. Thereby, it has been difficult to 

evaluate the recycling behavior in countries. The study resulted in a mass balance model to 

calculate the external steel scrap usage by reactor type based on crude steel production data 

as well as on knowledge on process metallurgy and data on inputs and outputs into the 

reactors. Overall, the results from this study show that it is possible to obtain continuous 

data series on the steel scrap collection based on mass balance models with an area 

correlation coefficient of 0,91 (supplement I). Therefore, the mass balance models could be 

used to complement trade statistics when no data on steel scrap are available. Thereby, it is 

possible to improve the evaluation of recycling of metals.  

 Another study was performed to investigate a new method that can be used to calculate the 

lifetime of steel data on an annual basis. The results show that the volume correlation model 

are able to calculate the lifetime of steel data on an annual basis (supplement II). This is 

based on input data on continuous time series on the steel consumption and scrap collection. 

The volume correlation model can be used on any stable consistent material flow, e.g. fluid 

flows, energy units or patients under medications to evaluate external factors that influences 

the time-duration of the units. The results show that the lifetime of steel data has fluctuated 

over the century. This due to that the parameter are influenced by socioeconomic factors. 

These lifetime of steel data are of importance for dynamic material flow modelling.  

 It has previously been difficult to assess the available amounts of steel scrap, due to 

uncertainty related to the lifetime of steel data. In this study, two complementary statistical 

models called the Backcasting and Progressing models were constructed (supplement III). 

The models represents a new methodology of performing dynamic material flow analysis. 

The results show that the models are able to calculate the available steel scrap for 

steelmaking at a given point in time (supplements III-V). The model results can be used to 

optimize the collection of steel scrap in society. The results show that the models are able to 

statistically determine the range of the upper and lower limit on the available steel scrap and 

amounts of losses (supplement IV). This since the model results on the in-use steel stock per 

capita coincides with reported data based on previous studies (supplement V). Both models 

represents a sensitivity analysis of the possible outcomes on the steel scrap generation, due 

to the lifetime data calculated based on the volume correlation model. Statistical models 

contributes to a standardized way of obtaining consistent results. From a statistical point of 

view, the Progressing type of material flow models that uses high bias distribution functions, 

overestimate the recycling rate of steel and in-use steel stock per capita. To use given 

historical distributions on the steel consumption were shown to be a good method to 

calculate the societal steel scrap reserve and amounts of losses. Also, based on material flow 

modelling it was possible to segregate the amounts of the hibernating steel stock from the 

amounts of losses. This makes it possible to evaluate the potential of increasing recycling in 

society. Based on the data from the Progressing and Backcasting models it is possible to 

make reliable forecasts on the available amounts of steel scrap. This due to that the steel 

scrap generation is a function of the collection rate of steel scrap.  
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 In this study the recycling rate of steel represents a parameter that can be used to evaluate 

the magnitude of replacing natural resources with recycled scrap. The recycling rate was 

thereby defined as the recovery of old and new scrap. The recycling rate of steel was 

calculated to be 90% in Sweden and 72% in the World in 2012 (supplement V). This 

coincides with the reported data from the United Nations Environmental report on the EOL-

RR of steel between 70-90% [6]. Furthermore, the results show that the World is as good at 

recycling steel as an industrialized country was in 1963. The results also show that the 

absolute losses were to be 6% in Sweden in 2007. This indicates that there exists a great 

potential to increase recycling of steel in the World. The forecast show that the Global steel 

scrap collection needs to be doubled until 2033 to maintain the recycling rate on the same 

level as exists in 2012. By utilize steel scrap, this would further contribute to energy savings 

and reductions of greenhouse gas emissions due to steelmaking. The results from this study 

show that it is possible to save almost 12 times the amount of energy usage and 11 times the 

amounts of CO2 emissions from the Global iron and steel works during year 2006, by 

establishing an improved scrap utilization during the period between 2013 and 2060 

(supplement V). 

 The model results indicate that export bans to secure domestic markets of steel scrap can be 

harmful with respect to that they cause increased amounts of hibernating steel stock and 

amounts of losses (supplement IV). Based on the steel scrap demand model and the 

Progressing and Backcasting models it is possible to better evaluate the supply and demand 

of steel scrap. Thereby, based on this information it would be easier to plan trade of scrap 

dependent on the availability of scrap. This could further contribute to harmonizing the 

supply and demand of steel scrap and to help to stabilizing the prices of raw materials used 

for steelmaking.  

 The results from the RSA study show that the surface analysis was accurate or close with 

respect to the chemical compositions of the steel, slag, dust and gas for most of the elements 

(supplement VI). This indicates that the RSA method could be used to optimize the recovery 

of valuable elements in the production process of steelmaking. Thereby it is possible to 

increase the yield in the reactors and to decrease the cost associated with expensive 

ferroalloy additions. Furthermore, the RSA method could be used to increase sorting of steel 

scrap at the waste management companies. Hence, this would contribute to an overall 

increased yield in the reactors. In addition, this would contribute to a high quality of scrap 

based steelmaking. A summary of the supplement results and application of the studies are 

presented in Table 5.   
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Table 5. Overview of the results performed in this thesis with results and applications 

 Study: Results: Application: 

I KTH steel scrap model – 
the iron and steel flow 
in the Swedish society 
1889-2010 

Continuous data series on 
the steel scrap collection 

A steel scrap demand model. 
Offset statistics where no 
data are available. Obtain 
data on the scrap collection 
on a continuous basis.  

II Use of volume 
correlation model to 
calculate the lifetime of 
end of life steel 

Annual data on the 
lifetime of end-of-life steel 

To obtain country specific 
data and continuous data 
series on the lifetime of 
steel. 

III A novel methodology of 
dynamic material flow 
modelling – Part 1 

Annual data on the 
lifetime of steel usage and 
two complementary 
statistical models 

A new methodology of 
performing MFA. The 
statistical models 
contributes to a 
standardized way of obtain 
consistent results 

IV A novel methodology of 
dynamic material flow 
modelling – Part 2 

The societal steel scrap 
reserve and amounts of 
losses 

Map the available amounts 
of steel scrap and ease 
future structural plans of 
scrapbased steelmaking mills 

V A novel methodology of 
dynamic material flow 
modelling – Part 3 

The in-use steel stock per 
capita, recycling rates of 
steel and environmental 
savings by scrap utilization 

Future demand of steel to 
industrialize countries, 
evaluate resource 
limitations, environmental 
savings by scrap utilization 

VI Random sampling 
analysis of alloy content 
in steel scrap and its 
impact on the electric 
arc furnace 

Representative analysis on 
the composition of steel 
scrap 

Optimize the steelmaking 
process and save valuable 
ferroalloy additions 
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6 CONCLUSIONS 

 This thesis has focused on a new methodology of material flow analysis as well as on a 

method to obtain information on the composition of steel scrap classes. The purpose has 

been to create tools to evaluate the recycling potential of steel as well as to optimize 

recycling of steel in society. The overall conclusions in this thesis are the following: 

I. Mass balance models can be used as tools to calculate the apparent scrap 

consumption, based on crude steel production figures for the specific process type. 

In addition, based on the knowledge on process metallurgy and data on input and 

outputs into the reactors. The results showed an area correlation coefficient of 0,91 

between the calculated values and trade statistics between 1980 and 2009 in 

Sweden. This makes it possible to obtain continuous data series on the scrap 

collection as well as data for countries where no statistics are officially available.  

II. A new model that can be used to calculate the time-duration of mass flows on a 

continuous basis was constructed. The method can be applied on any stable 

consistent material flow e.g. steel flow, fluids or patients under medication. The 

lifetime data can be used to evaluate external factors that influences the time-

duration of the masses. Furthermore, based on the method the lifetime of end of 

life (EOL) steel as well as for the steel usage was calculated on a continuous 

annual basis. The lifetime of EOL steel was calculated to be 35 and 28 years for 

the Swedish and Global steel consumption in 2012, respectively. Country specific 

data on the lifetime of steel enables the possibility of evaluating the societal steel 

scrap reserve and amounts of losses in countries towards its own industrialization 

stage. 

III. A new methodology to perform dynamic material flow models was presented. 

Two complementary statistical models that can be used to calculate the hibernating 

stock and amounts of losses on an annual basis was constructed. The models are 

only based on continuous data series on the mass flow in and out of a system. In 

addition, the models uses calculated values on internal time-varying parameters 

on the lifetime of steel to segregate the quantities apart. The statistical models 

contributes to a standardized way of obtaining consistent results.  

IV. Based on the dynamic material flow models it is possible to calculate the amounts 

of steel scrap available for steelmaking at a given point in time. By a better 

mapping of the societal steel scrap reserves it is possible to ease future structural 

plans of scrapbased steelmaking mills and waste management facilities. Hence, 

optimize the collection of steel scrap.  

V. The Progressing type of material flow models that uses high bias distribution 

functions, overestimate the recycling rate of steel and in-use steel stock per capita. 

To use given historical distributions on the steel consumption were shown to be a 

good method to calculate the societal steel scrap reserve and amounts of losses. 

For the Backcasting model, the steel scrap generation has no uncertainty of an 

outcome. This is due to that for every year the distribution function and scale 

parameter are given.   

VI. For the Progressing and Backcasting models, the steel scrap generations were 

shown to be a function of the collection rate of steel scrap. Based on these models 

it is therefore possible to calculate robust outlooks on the long term availability of 

steel scrap assets. This further improves the forecasting of the availability of 
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recyclable metals. Hence, contributes to a sustainable industry development and a 

decreased environmental impact of steel.  

VII. The results show that export bans to secure domestic market of steel scrap are 

harmful in the sense of increasing the amounts of the hibernating steel stock and 

amounts of losses. Furthermore, the results show that to decrease the amounts of 

losses, the collection rate of steel scrap needs to be on a continuous high level.  

VIII. The hibernating steel stock was segregated from the amounts of losses based on 

statistics. Thereby, this enables the possibility to evaluate the potential of 

increasing recycling in countries. By segregating the non-recirculated amounts of 

steel into the hibernating steel stock and amounts of losses, it was also possible to 

calculate two different values on the recycling rate of steel. 

IX. The recycling rate of steel was calculated for two different values, the recycling 

rate of the theoretical scrap (RR-TS) and the recycling rate of steel (RR) values. 

The RR and the RR-TS values were calculated to be 90% and 82% for the Swedish 

steel consumption and 72% and 58% in the World, respectively. The model results 

show that the losses and hibernating steel stock are relatively high in the World.  

X. The recycling rates of steel were able to be calculated on an annual basis. Thus, 

enabling evaluating recycling trends and socioeconomic factors to enhance 

recycling in countries. The asymptote of the RR shows that the absolute losses are 

6% in Sweden in 2007. This indicates that there are a great potential of increasing 

the RR in the World.  

XI. The RR-TS value was shown to be highly dependent on the steel scrap collection 

data. The values were shown to follow the trend of the curve of the scrap collection 

data. However, the rate was shown to be between 0% and 100%.  

XII. The forecasted steel demand was calculated to reach a level of 2010 Mt in 2060. 

Furthermore, the Global scrapbased steelmaking capacity needs to be more than 

doubled until 2033 to maintain the RR value on the same level as in 2012. 

Furthermore, if the in-use steel stock per capita will increase in the same pace as 

historically, the World would be industrialized around 2100. 

XIII. In 2060 the iron ore demand could decease with 26% compared to 2012 based on 

an optimized collection of steel scrap and optimized installations of EAF. If the 

scrap collection rate will be the same as in 2012, the forecasted iron ore demand 

will instead increase with 34% in 2060 compared to 2012.  

XIV. The potential savings of energy usage and CO2 emissions due to an established 

scrap utilization between 2013 and 2060, was calculated to be almost 12 times the 

amount of energy and 11 times the amounts of CO2 emissions generated during 

year 2006. 

XV. Furthermore, the forecasted Global CO2 emissions due to iron and steelmaking in 

2060 was calculated to increase by between 38% and 5% compared to 2012 based 

on the same scrap collection rate as in 2012 or an optimized EAF route of 

steelmaking contra a BF route of steelmaking. This shows that there is a clear need 

for additional measures to achieve an overall reduction of CO2 emission and 

energy usage in the future. 

XVI. A new method to obtain representative sampling on the alloy content in steel scrap 

called the RSA was developed. The increased knowledge on the composition of 

steel scrap can be used to optimize the process in the reactor and save valuable 

elements. The RSA method could be used to increase sorting according to the alloy 

content at the waste management companies. In addition, it can be used to replace 

expensive test melts.  
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7 FUTURE WORK 

 Future work could be to investigate if it is possible to calculate the steel scrap generation 

based on the industrial group level. This would require continuous data series on the steel 

consumption for each industrial group. In addition, this would require continuous data series 

on the collection of steel scrap for the same industrial groups. This would further contribute 

to the information of the end of life products that will be generated in the future. Thus, this 

information could be used to prepare for techniques and processes that would be able to 

handle the end of life products. The model calculations could also be performed for other 

metals to evaluate recycling potentials in the World. Hence, these predictions could 

contribute to a more environmental and sustainable industrial development. 
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