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Abstract	  

 

Finite resources and an ever-growing population coupled with higher resource 

demands have triggered substantial research in the field of metals and their 

anthropogenic life cycles. Due to their manifold appliances in today’s society, the 

elements copper and zinc have always been of special interest to policy-makers and 

scientists alike. Great work has been done to assess the flows and fluxes of these 

two elements and to look at their anthropogenic non-dissipative losses. Little 

attention, however, has so far been given to the metals’ anthropogenic dissipative 

losses, which, we believe, are far greater than the non-dissipative losses and hence 

require further investigation. The results show that the ratio of anthropogenic 

dissipative losses for zinc and copper are less than 1 over a period of one year with 

a metals’ distribution rate of 1%. Over a lifetime of 100 years, however, the ratio of 

anthropogenic over geogenic concentrations rises to more than 27 for zinc and 5 for 

copper, thus proofing that dissipative losses of these metals in the long run exceed 

their natural concentrations when distributed over 1% of the land mass. This is a first 

estimate of global anthropogenic dissipative losses for copper and zinc and should 

inspire further research to assess the metals’ actual global distribution and their 

possible impact on human and plant life.  
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1. Introduction	  
 Historically, environmental pollution was usually caused through production 

processes, such as emissions from factories. Thanks to stringent environmental 

laws and continuously improving technologies, emissions from point sources could 

be reduced to a minimum. (Rebernig, 2007: 2f)  

 

 In the early 1990s, it was found that emissions arising from the use of 

products were greater than emissions caused during the production process of the 

same, making the product itself and not the production process a problem (Bergbäck, 

1992). Making the product a source of emission, however, means that there is a 

great number of sources, each with small emission quantities. Studies in the 1970s 

already showed that metal emissions from diffuse sources contributed more to the 

pollution of the Hudson-Raritan Basin (U.S.) than point sources. (Rebernig, 2007: 2f)  

 

 Early on, it was recognized that buildings and outdoor constructions are 

potential sources of diffuse metal emissions, which has led countries like Sweden, 

Germany, Switzerland and some states in the U.S. to take legal actions to limit the 

use of copper in outdoor constructions and its subsequent release. (Hedberg et al., 

2013) 

 

 Although copper and zinc, in small doses, are vital nutrients for human and 

plant life alike, excess concentrations of these can have severe adverse effects. On 

the one hand, copper is important for many of our life essential body functions, such 

as cellular respiration, connective tissue biosynthesis, neurotransmitter function, free 

radical defence, and cellular iron metabolism (Landner and Reuther, 2004: 336). On the 

other hand, fish and algae are 100 – 1.000 times more sensitive to the toxic effects 

of copper than mammals, and as a heavy metal copper bio-accumulates and ends 

up in the human food chain.  

 

 Zinc is as controversial as copper. While according to the WHO in 2002, zinc 

deficiency was the number 5 risk factor for cause of disease in developing countries, 

and number 11 in the world, already in 1994, the Swedish Government set zinc on 

the so-called Sunset List as a “candidate for risk reduction”. (Landner and Reuther, 

2004: 338), (Landner and Lindeström, 1998: 8).  
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Zinc, albeit being one of the lesser toxic heavy metals, was chosen because of its 

“[…] wide distribution and relatively high mobility, and […] its very high toxicity to 

several aquatic organisms and its moderate to very high bioaccumulation potential. 

Regarding health, serious aspects of some zinc compounds are their genotoxic 

effects and the fact that zinc chromate probably has carcinogenic effects.” (Landner 

and Lindeström, 1998: 8)  

 

 The aim of this thesis, however, is not to discuss the health effects of copper 

and zinc. The metals’ ambiguous effects are what trigger our research, trying to 

assess their quantitative dissipative losses. Although little attention has been given 

to dissipative losses on the grounds that common belief still holds that in terms of 

quantity they are negligible, it is those losses, which could pose the greatest threat 

to the environment. Once we know how much copper and zinc actually dissipates 

into the environment, we can compare those losses to the metals’ natural geogenic 

concentrations and see if their anthropogenic contribution is in excess. This lays the 

cornerstone for future debates of whether or not anthropogenic copper and zinc 

concentrations are too high and perhaps need to be reduced.  

 

1.1 Problem	  Definition	  	  

 Copper and zinc are the third and fourth widely used industrial metals, only 

after iron and aluminium. Those metals have shaped human development and in 

small quantities are also indispensable for any form of life. Nowadays, modern life 

cannot be imagined without those metals any more, whose applications range from 

electronics and communications and construction to transportation, agriculture and 

consumer products. Yet, precisely because of their numerous applications and 

subsequent losses, copper and zinc have become subjects of discussion. So far, it 

is unknown if the concentrations of anthropogenic dissipative losses of copper and 

zinc are significant enough to pose a threat to the environment and humans alike.  
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1.2 	  Hypothesis	  

      The hypothesis is that the anthropogenic dissipative losses, which “arise as a 

natural consequence of product use (…) and cannot be recovered for recycling” 

(Lifset et al., 2002: 25) are a hitherto neglected waste flow of copper and zinc and 

may be significantly higher than these metals’ natural concentrations in the soil for a 

given area.  

 

1.3 	  Research	  Goal	  

      The aim of this thesis is to look more closely at the anthropogenic dissipative 

losses of copper and zinc, and compare them to the natural (non-anthropogenic) 

concentrations of these metals in the environment. It is not the scope of this thesis 

to quantify the actual global distribution of the metals in question, but rather to find 

out if for any limited small area x the anthropogenic copper and zinc content in the 

soil is by any rate significantly higher than the natural concentrations. If this is the 

case, then further investigation can be done to assess what the actual global 

distribution of anthropogenic copper and zinc is and whether these figures may give 

reason for concern. The results will allow us to draw possible implications of these 

losses to the environment and should encourage further research in this field.  

 

1.4 	  Research	  Questions	  	  

  The aim of this thesis is to answer the following questions:   

1. How much of the copper and zinc entering the anthroposphere is lost to the 

environment through dissipative losses? 

2. How big is the share of anthropogenic dissipative losses in comparison to 

other flows of the metals?  

3. How big are these anthropogenic dissipative losses in comparison to the 

metals’ natural concentrations in the soil?  
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2. Methods	  and	  Data	  

2.1 Methodology	  	  

      In order to quantify the anthropogenic dissipative concentrations of copper and 

zinc and potentially analyze their implications, one has to first look where these 

losses come from. Global mining and refined consumption statistics are readily 

available and set the basis for a material flow analysis (MFA) for the metals in 

question. Dissipative losses, as will be explained later, arise from the consumption 

of metals. Therefore, it is vital to not only know the metals’ flow from the geosphere 

into the anthroposphere, but also within the anthroposphere. In order to be able to 

answer the questions of How much copper dissipates from roofs? or How much zinc 

dissipates from car tires?, one first needs to know how much copper is globally used 

for roofs, and how much zinc is worldwide in car tires. Deriving these specific goods, 

especially on a global scale, is not as straightforward as it may seem. Initially, a 

bottom-up approach was used, looking on national level for specific copper and zinc 

goods, which could then be extrapolated to the world. We tried to gain data by 

regions and/or by the most important consumer countries, such as China, the U.S., 

and Germany. These however, were efforts in vain. Although we could find end-

sectors for which the metals are used (i.e. building and construction), statistics often 

were not comparable between the countries because they used different categories, 

making it impossible to compare numbers. As for the U.S., numbers were not even 

comparable on a national level because each organisation used different (copper) 

definitions and categories, which was more confusing than helpful. For copper, we 

were able to find a global division by sectors and specific goods, which we used for 

our calculations. For zinc a lot more effort had to be done. Once a global division by 

end-use sectors had been established, a more detailed categorization was required. 

Looking closer at the production processes of zinc narrowed the range of products 

to a minimum. From literature we could find the main products produced from 

galvanization, die-casting and zinc-rolling, for example. In order to assess 

dissipative losses, one needs to know the corrosion and runoff behaviour of metals 

over time, and of course figures of how much metal is in the product, such as the 

average zinc coating thickness in a roof sheet.  

 

 After calculating the dissipative copper and zinc losses, the sum of these 

dissipative losses was compared to the metals’ natural geogenic concentrations in 

the soil.  
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Although over the past two decades the investigation of dissipative losses has 

gained more attention, further work needs to be done to raise awareness about 

these losses on political and economical level. Global studies on metal flows have 

been around for decades, but they either neglect or underestimate dissipative losses.  

Therefore, it would be desirable to see future research on global dissipative losses 

emerge and adequately analyse their magnitude.  

 

2.2 Definitions	  and	  Data	  Used	  	  

      Throughout relevant literature it seems that so far no uniform definitions of the 

terms dissipation and dissipative losses have been coined. Lifset et al. (2011: 139) 

sum this up best by stating “[a] modest number of studies have examined and 

quantified dissipative flows of materials, but consensus about the nomenclature has 

yet to emerge and syntheses of knowledge about dissipative flows are quite limited”. 

Zimmermann et al. (2013: 775) conducted a screening study on dissipative losses of 

critical materials and came up with the following definition1: “Dissipative losses are 

losses of material into the environment, other material flows, or permanent waste 

storage that result in concentrations in the receiving medium such that a recovery of 

these materials is technically or economically unfeasible”. This thesis, however, 

does not consider losses to other material flows or landfills as dissipative losses, 

following Ayres (1994: 31, 37) argument that “[t]here are only two possible long-run 

fates for waste materials: recycling and reuse or dissipative loss. (…) Surface 

landfills, no matter how well designed, are hardly permanent repositories, although 

little consideration has been given to the long-run disposal of leachates.” In that 

same paper, Ayres (1994: 31) distinguishes between “inherently dissipative uses and 

uses for which the material could be recycled or reused, in principle, but is not”. 

Throughout this thesis dissipative loss(es) therefore refers to materials use, “for 

which recycling is inherently not feasible” (Ayres, 1994: 31). Or as Baccini and 

Brunner (2012) aptly put it: “Dissipation [is] [a] [f]low of materials from the 

anthroposphere to the environment in a way that makes it impossible to recover the 

material by a finite amount of energy“.  

 

                                                

1 The authors state that this definition applies to dissipative losses of metals and 
might or might not apply to other materials (Zimmermann et al. 2013: 775). 
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	   	   2.2.1	  Copper	  	  

 Copper is one of the oldest metals known to humans and has been used 

throughout human history for thousands of years with increasing importance in our 

every day lives. Since the mid-1960s the demand for refined copper has increased 

by more than 250% from 5 to 20 million tons. It has become a major industrial metal 

and in terms of quantities consumed ranks third only after iron and aluminium. 

Copper is a trace element and the 28th most common element in the earth crust. In 

its pure form copper has a red colour and due its many good properties, such as 

high malleability, ductility, thermal and electrical conductivity and resistance to 

corrosion this transition metal finds application in numerous different sectors: it is 

used as a conductor in cables, transformers and generators in the electroindustry; it 

is used as construction material in the building sector for roofs, gutters, façade 

material and pipes. Furthermore, copper serves as a pesticide and fungicide in 

agriculture, and finds application in vehicle fluids, brake pads, animal feed and anti-

fouling marine paint, amongst others. (Lifset et al., 2011), (Copper Development 

Association Inc., 2013), (Deutsches Kupfer Institut, 2014a), (U.S. Geological Survey, 

2014b), (Landner and Reuther, 2004: 145).  

 

 According to the U.S. Geological Survey (2014a: 48f) the world mine 

production of copper in the year 2013 amounted to 17,9 million tons, with Chile 

being by far the largest producer accounting for nearly 32% (5,7 million tons) with 

more than a quarter of the world’s estimated copper reserves. Other significant 

reserves are to be found in Australia, Peru, Mexico, China, the USA, Indonesia, 

Russia, Canada, Congo (Kinshasa), Zambia, Poland and Kasachstan. At the 

moment, the biggest mine producers of copper are Chile, China (~10%), Peru (~8%) 

and the US (~7%) together accounting for 57% of global production. This is in line 

with the figures of the International Copper Study Group (2014a), which estimated 

that the world mine production of copper in 2013 was approximately 18 million tons.  

According to the ICSG (ibid.), world refined usage of copper in 2013 was estimated 

to be 21,3 million tons. On different sites the ICSG gives slightly diverging numbers 

for world refined production and usage of copper (see Table 2.1). However, due to 

greater data availability and consistency, and because of the almost negligible 

difference (125 kt for the world refined usage in 2012), The World Copper Factbook 

2013 will be used as reference henceforth, and serve as a basis for the MFA of 

copper.  
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Table 2.1: World refined production and usage for copper in 2012 and 2013 (in kt) 

 
Sources: 1 ICSG (2013: 55), 2ICSG (2014a).   
 

Due to different data sources the following table (Table 2.2) gives an overview of 

current literature on stocks and flows. Where figures exist from more than one 

source the most recent will be used for the MFA and the subsequent calculations.  

 

 

 

 

 

 

 

 

 

 

 

 

2012/13 
Cu Statistics World Refined Production (kt) World Refined Usage (kt) 

Year 2012 2013 2012 2013 

ICSG – The 
World Copper 

Factbook 20131 
 

20.118 n.d. 20.511 n.d. 

ICSG2 20.128 20.995 20.386 21.267 

Deviation 10 - 125 - 
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Table 2.2: Copper stocks and flows (in 1.000 kt)  

 
Copper Stocks and Flows (in 1.000kt)  

 
 

USGS 

ICSG –
World 
Copper 
Factbook 

Glöser et 
al. 2013 

Rauch et 
al. 
(2009) 

IWCC 

Mined Copper 16.900     

Refined Production  20.118    

Refined Consumption  20.511    

In-use stock  360.000   350.000  350.000  

Fabrication of 
semifinished goods 
(incl. all primary + 
secondary copper) 

 25.150 
(2011) 

25.150 
(2011)  26.998 

Waste Streams 
(leaving use phase)  11.100 

(2011) 
10.850 
(2010)   

Waste Stock    
175.000 
– 
225.000 

 

Recycling of new and 
Old scrap 

 30% of 
demand 
(new and 
old scrap) 

   

Sources: USGS (2014a: 48), ICSG (2013), Glöser et al. (2013), Rauch et al. (2009), IWCC 

(2014).  

The IWCC gives an estimate of total copper use in 2012, which is similar to the 2011 

figures given by the ICSG (2013) and Glöser et al. (2013: 2), who explain in their 

paper that total copper use “is set to be equal to the fabrication of semifinished 

goods”. Total copper is used to produce copper and copper alloy products and 

includes primary and secondary copper.  
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	   	   2.2.2	  Zinc	  	  

 Zinc is a bluish-white metal and the fourth most widely used metal after iron, 

copper and aluminium. It is also the fifth best electricity conductor after silver, 

copper, gold and aluminium. Adding small quantities of other metals suffices to 

substantially increase the metal’s hardness. At room temperature zinc is brittle, but 

at 100° to 150° C it becomes malleable and can be rolled to metal plates and pulled 

to thin wires. Zinc is most frequently used to galvanize other metals and protect 

them from corrosion. Examples for this are the galvanization of steel girders, metal 

worked goods, serial parts, containers and many more. Other important applications 

include brass products, zinc semifinished products, as well as the production of 

wires and anodes. Like copper, its production and use has been increasing over the 

past decades: in 1980 the production rate was at 5,9 million tons, rising to 6,7 million 

tons in 1990 and up to 9,0 million tons in 2000. (Hillenbrand et al., 2005: 20ff), (U.S. 

Geological Survey, 2013). The USGS (2014a: 187) estimated that the global zinc mine 

production in 2012 and 2013 was 13,5 million tons. In 2013, the biggest zinc mine 

producers in descending order were China with 5.000 kt accounting for 37%, 

Australia with 1.400 kt (10%), Peru (9,6%), India and the US with approximately 6% 

each. The countries with the greatest estimated reserves are Australia (64.000 kt), 

China (43.000 kt), Peru (24.000kt) and Mexico (18.000 kt) (U.S. Geological Survey, 

2014a: 187).  

 As can be seen from Table 2.3, even within one and the same organization 

numbers and figures for global zinc production and consumption may differ and 

change over time. This, however, should not be discarded as inconsistent. As 

organizations continuously asses and re-asses their figures striving for the most 

accurate and precise data, small divergences have to be taken into consideration 

and are acceptable as long as the deviations are not too great.   
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Table 2.3: World refined production and usage for zinc in 2012 and 2013 (in kt) 
 
In kt Refined Zinc Production 

(metal production)  

Refined Zinc Consumption  

(metal usage) 

 2012 2013 2012 2013 

USGSa (Feb. 14) 12.621 13.000 12.286 12.900 

ILZSGb (Feb. 14) 12.526 13.138 12.290 13.198 

ILZSGc (Jun 14) 12.630 12.891 12.387 12.982 

 
Source: a USGS (2014a: 187),  b ILZSG (2014a),  c ILZSG (2014b). 
 

As for copper, a table with different sources was compiled and will be used for the 

MFA in 2.3 and ensuing calculations. Concerning production and consumption the 

most recent ILZSG (2014b) figures will be used.  

 

Table 2.4: Comparison of zinc stocks and flows  

 
Zinc Stocks and Flows (in 1.000kt) 

 

 USGS ILZSG Glöser et 
al. (2013) 

Rauch et 
al. (2009) 

Graedel et 
al. (2005) 

Zinc Mined 13.500 13.130    

Refined Production - 12.630    

Refined Consumption - 12.387    

In-use stock    
205.000 – 
280.000 
(2000) 

 

Zinc discards     
33% of 
refined 

use 
 
Source: USGS (2014a: 48), ILZSG (2014b), Glöser et al. (2013), Rauch et al. (2009), Graedel 
et al. (2005).   
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Below a table comparing the copper and zinc stocks and flows.  

Table 2.5: Comparison of copper and zinc stocks and flows 

2012 
 

Copper 
 

Zinc 

Mined Ore 
 

16.900 
 

13.130 

Refined Production 20.118 
 

12.630 
 

Refined Consumption 
 

20.511 
 

12.387 

In-use stock 
 

360.000 
 

280.000 

In-use stock and refined consumption in 2012 380.511 
 

292.387 
 

Fabrication of semifinished goods (incl. all 
primary + secondary copper) 
 

26.998 n.d. 

 
Discards 
 

≈ 53% of 
refined use 

≈ 33% of 
refined use 

 
Source: USGS (2014a: 48), ILZSG (2014b), Glöser et al. (2013), Rauch et al. (2009), Graedel 
et al. (2005), IWCC (2014), ICSG (2013: 55). 
 

 

2.3 Material	  Flow	  Analysis	  	  

 In order to be able to assess the dissipative losses of copper and zinc, we 

need to know the metals’ flows and fluxes, from the lithosphere into the 

anthroposphere. A common analytical tool among scientists is to conduct a so-

called Material Flow Analysis (MFA).  

An MFA is “a systematic assessment of the flows and stocks of materials within a 

system defined in space and time. It connects the sources, the pathways, and the 

intermediate and final sinks of a material. […] the results of an MFA can be controlled 

by a simple material balance comparing all inputs, stocks, and outputs of a process. It 

is this distinct characteristic of MFA that makes the method attractive as a decision-

support tool in resource management, waste management, and environmental 

management. “ (Brunner and Rechberger, 2004: 3) 
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 In the year 2012, 16.900 kt copper and 13.130 kt zinc were mined and 

entered the anthroposphere globally (U.S. Geological Survey, 2014a: 48), (ILZSG - 

International Lead an Zinc Study Group, 2014b). Although MFAs have been conducted 

for copper and zinc, the majority of these studies focus on national or regional 

levels.1 As Glöser et al. (2013: 1) conclude in their paper, “[…] there is currently no 

dynamic material flow model for copper at the global level”. The literature2 reviewed 

indicates that the last global MFA on copper was by Graedel et al. (2004: 1250) who 

give “a global ‘best estimate’ anthropogenic copper cycle for the year 1994”. See 

graph below.  

 

 

Figure 2.1: Global “best estimate” anthropogenic copper cycle for ca. 1994 

Source: Graedel et al. (2004)  

 

 

                                                

1 Grädel et al., (2002); Lifset et al., (2011); Lifset et al., (2002), Landner et al., (1998), 
Daxbeck et al., (1998), Wittmer, (2006), Spatari et al., (2002); 
2 Glöser et al., (2013), Chen and Graedel, (2012); 
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 The model by Graedel et al. (2004), however, does not take dissipative 

losses into account. Our models will be based on data by the USGS (2014a: 48), the 

ICSG (2013: 55), Glöser et al. (2013), Rauch et al. (2009) and the IWCC (2014) for 

copper and the ILZSG (2014b), Rauch et al. (2009)  and Graedel et al. (2005) for zinc. 

 

 The objective of this thesis is to assess the dissipative losses into the 

environment, which are highlighted in orange. Another source of dissipative losses 

would be leachates from landfills, those however will not be considered. In the year 

2000, global in-use stocks of copper and zinc were around 311 and 205 – 280 Mio 

tons, respectively (Rauch, 2009). Naturally the stocks are increasing and global in-

use stock of copper was an estimated 330 Mio t in 2006 and is now around 360 Mio 

t. (Glöser et al., 2013: 6567ff), (Rauch, 2009), (ICSG - International Copper Study Group, 

2013: 52).   

 

	   	   2.3.1	  MFA	  of	  Copper	  	  

Figure 2.2: Global Copper Cycle in 2012 

Source: Author   
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 Data for the MFA were taken from literature, compiled in Table 2.2. In 2012, 

16.900 kt of copper were mined and entered the anthroposphere. Refined 

consumption was 20.511 kt, added to the in-use stock of 360.000 kt. Discard and 

recycling flows are in the same order of magnitude as the MFA in the World Copper 

Factbook 2013 by the ICSG (2013: 52). The dissipative losses arise from the process 

of consumption, hence from the copper that is stocked (360.000 kt) and the newly 

gained 20.511 kt, totalling 380.511 kt.    

 

	   	   2.3.2	  MFA	  of	  Zinc	  	  

 

Figure 2.3: Global Zinc Cycle in 2012 

       Source: Author   
 

 Annual zinc mining accounted for 13.130 kt in 2012. Unlike copper, however, 

the zinc mined in 2012 exceeded refined production (12.630) and consumption of 

zinc (12.387). One explanation for this would be, that not necessarily all the zinc 

mined will be used straight away, but remains deposited/stocked to be put into use 

another year.  
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As with copper, we strive to assess the dissipative losses arising from the process of 

consumption, considering the in-use stock of 280.000 kt and the additional 12.387 kt, 

in total 292.387 kt. Data used for the MFA of zinc is compiled in Table 2.4. The 

discard and recycling flows are based on Graedel et al. (2005: 84).   

 

3. Copper	  and	  Zinc	  Applications	  
 In order to derive the dissipative losses, one first needs to know the flow of 

the metals and in which goods they end up. Unfortunately, however, there are 

neither global nor national staitistics on concrete copper and zinc goods. A top-down 

approach was used to find out the metals’ regional distribution and their main 

applications. Although applications and sectors are not final goods, they are a first 

indicator of what the metals’ main uses are.  

 

3.1 Copper	  Use	  and	  Applications	  

 The World Copper Factbook 2013 (2013: 39) gives the intensity of copper 

usage in 2012 for 29 countries. This served as a basis for Table 3.1. The intensity of 

refined copper was given per billion US$, this multiplied with the countries’ GDPs 

gave us quantitative results of how much refined copper each country actually 

consumed. The countries’ GDPs were taken from figures by the World Bank (2014) 

for the year 2012.3 It could be concluded that the countries holding 80% of the global 

GDP consume 97% of all the refined copper in the world. (See Table 3.1 below).  

 

 

 

 

 

 

 
 
                                                

3 Except for Taiwan because the World Bank did not have any figures for the 
Taiwanese GDP. As their GDP per capita was given (ISCG, 2013:39) it could be 
multiplied with Taiwan’s population (World Population Review, 2014) which gave the 
country’s total GDP.  
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Table 3.1: Refined copper usage (in kt) by country and GDP in billion US$ (2012) 

Countries Refined Cu usage1 (kt) GDP2 (in bln US$) 
Australia  111,3 1.532 
Belgium 217,9 483 
Brazil 400,7 2.253 
Canada 150,6 1.780 
Chile  96,3 270 
China 8.845,3 8.227 
Egypt 141,5 263 
France 215,2 2.611 
Germany 1.119,3 3.426 
India 620,3 1.859 
Indonesia 239,0 878 
Iran 132,8 552 
Italy 562,6 2.013 
Japan 984,5 5.961 
Korean Rep. 707,2 1.130 
Malaysia  189,9 305 
Mexico 305,2 1.178 
Poland 252,7 490 
Russian Fed. 647,7 2.015 
Saudi Arabia 177,1 711 
Spain 336,6 1.322 
Sweden 138,9 524 
Taiwan 431,6 4733 

Thailand 240,3 366 
Turkey 428,7 789 
United Arab Emirates 209,5 384 
United States 1.822,9 16.245 
Vietnam 90,4 156 
Zambia 29,7 21 
Total  19.846 (~97%) 57.743 (~80%)   
World Total 4 20.511 (100%) 72.682 (100%) 
 

Sources: 1ICSG (2013: 39, 55), 2 World Bank (2014), 3 World Population Review (2014) and 

ICSG (2013: 39), 4  ICSG (2013: 55).  
 

 According to Table 3.1 China alone consumed more than 43% of the world’s 

refined copper. The second biggest consumer country in 2012 was the US, which in 

comparison merely consumed about 9% of the global refinded copper. Germany 

and Japan constituted approx. 5% each (5,5% and 4,8% respectively).  
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Figure 3.1: Refined copper usage (in kt) by country and GDP in billion US$ (2012) 
 
Source: Author, based on ICSG (2013: 39, 55), World Bank (2014), World Population Review 
(2014)  

 

 
Figure 3.2: Refined copper usage (in kt) by country and GDP in billion US$ (2012), 
without China and the US 

Source: Author, based on ICSG (2013: 39, 55), World Bank (2014), World Population Review 
(2014)  
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The following figure below, also taken from the ICSG World Copper Factbook (2013: 

53), shows the major uses of copper by region and end use in 2012.  

 

 

 
 
Figure 3.3: Major uses of copper by region and end use sector in 2012  

Source: ICSG (2013: 47)   

 

 The table below compares data on global copper usage by sectors from 

different sources. The sources compared are ICSG, Statista, IWCC and KGHM. 

Worth mentioning is the fact that the numbers from KGHM for global consumption of 

copper in 2011 (19.817 kt) are in line with the data from the ICSG (2013: 55), which 

quote 19.830 kt for refined copper usage for the same year. Statista does not give 

any total quantitative numbers but only copper’s end use applications in percentage. 

Notable however is that the IWCC (2014) estimates the global copper end use for 

2012 to be 26.889 kt, which is much higher than the global refined copper usage of 

20.511 kt estimated by the ICSG (2013: 55). The ICSG (ibid. 40, 50) distinguishes 

between refined copper usage and total copper usage, the latter of which was 

estimated to be 25.003 kt in 2011, the most current figure available in this report. 

The 25.003 kt include refined copper and scrap copper and this number is very 

close to the 26.889 kt given by the IWCC (2014) a year later. Further evidence was 

found in Glöser et al. (2013: 6564) who write that  “[c]urrently, on the order of 25 Tg 

(million metric tons) of copper are used worldwide to produce a wide variety of 

copper and copper alloy products (global fabrication of semifinished goods in 2011 

including all primary and secondary copper use).”  
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Therefore, it can be assumed that the 26.899 kt by the IWCC is the total copper 

used to produce copper and copper alloy products. For our calculations, however, 

we are only interested in refined consumption, as this is the part that will be put into 

end-use and will be consumed in form of goods, causing dissipative losses. 

Regardless of the definition and source used, however, the table clearly shows that 

there is accordance among the stakeholders how copper is distributed among the 

sectors.   

 

Table 3.2: Share of global copper use by end use sector  

 

Share of global Cu use by end use sector 

 ICSG Statista KGHM IWCC 

Year 2012 2011 2011 2012 

Unit % % % % 

Building/Construction 30 33 31 29 

Consumer Goods - 8 - - 

Electrical Products - 33 38 - 

Equipment 30 - - 31 

Household Appliances - - 10 - 

Industrial  12 - 10 13 

Infrastructure 15 - - 14 

Machines - 13 - - 

Transport 13 13 11 13 

 
Sources: ICSG (2013: 53), Statista (2014a), KGHM (2012) 
 

 
As a sequel to Table 3.2 the IWCC has divided the global copper use sectors further 
into 16 sub-sectors with specific goods and applications. See Table 3.3. 
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Table 3.3: Global copper use by end-use sectors  

 
Building and Construction (~29%) 

 

Plumbing 
6% 

Building 
Plant  
0,6% 

Architecture 
1,4% 

Communications 
0,8% 

Electrical 
Power 
21% 

Water 
distribution, 

heating, gas, 
sprinkler 

 
Airconditioning 

tube 

Roofs, 
gutters, 
flashing, 
decor., 

builders h/w 

 
Communications 
wiring in buildings 

Power 
distribution, 

earth, 
ground, light, 
wire device 

 
Infrastructure (~14%) 

 
Power Utility 

11% 
Telecommunications 

3% 

Utility transmission and distribution 
network Telecom network 

 
Industrial (~13%) 

 
Electrical 

6% 
Non-electrical 

7%  
Industrial transformers and motors 

 
Valves, fittings, instruments and in plant 

equipment 
 

Transport (~13%) 
 

Automotive Electrical 
7% 

Automotive Non 
Electrical 0,9% 

Other Vehicles 
5% 

Harnesses, motors Radiators and tubing Railroad, shipping and 
marine 

 
Other Equipment (~31%) 

 
Consumer and 

general 
products 

8,6% 

Cooling 
equipment 

7% 

Electronic 
equipment 

3,8% 

Diverse 
12% 

Appliances, 
instruments, 

tools and other 

Airconditioning 
and refrigeration 

Industrial/ 
commercial 

electronics and 
PCs 

 
Other 

 
Source: IWCC (2014) 
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 Although this table (Table 3.3) refers to total copper, meaning the copper 

which comes from the semifinished goods production (incl. all primary and 

secondary copper) and continues to the fabrication of end-use products, we assume 

that the sectoral copper distribution will be the same and can be applied to the in-

use copper. This gives us concrete copper goods – for example, if we know that 

1,4% is used for roofs and outdoor facades, we have a quantitative number: 20.511 

kt of refined copper in 2012 x 1,4% ≈ 287 kt. Although, global copper consumption 

has changed over the years and of course not always exactly 1,4% were consumed 

for roofs and facades (most likely more), we will extrapolate this figure for the in-use 

stock of copper of 360 Mio tons in order to assess how much dissipates into the 

environment. This is the most accurate division of copper uses we so far have 

encountered and we will use it to make a first approximation of how much copper 

dissipates each year into the environment from the use of these goods.  

 

3.2 	  Zinc	  Use	  and	  Applications	  

In a press release from February 2014 the ILZSG (2014a) gives a distribution of the 

global refined zinc consumption by region. See Table 3.4 and Figure 3.4 below.  

 

Table 3.4: Refined zinc consumption in 2012 and 2013 by region (in kt)  
 

 2012 2013 

Europe 2.355 2.366 

United States 904 946 

China 5.233 5.950 

India 586 658 

Japan 479 503 

Korea, Rep. 561 577 

Other countries 2.172 2.200 

World Total  12.290 13.198 

 
Source: ILZSG (Review of Trends in 2013 - Zinc, 2014a) 
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Figure 3.4 depicts graphically the global refined zinc consumption by region in 2013.  
 

 

 

Figure 3.4: Refined zinc consumption by region in 2013  
 
Source: ILZSG (Review of Trends in 2013 - Zinc, 2014a) 
 
 
Although in a later press release by the ILZSG (2014b) in June global numbers were 

revised – for the year 2012 up by 97 kt and for the year 2013 downwards by 216 kt – 

the numbers from Table 3.4 and Figure 3.4 are still representative and give an 

adequate picture of the global zinc distribution.  
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Table 3.5 gives a comparison of different available data on the distribution of zinc by 

end uses.  

Table 3.5: Global zinc end uses  

Global Zn End Uses 

Source IZA ILZSG 

Year 2011/13 2014 

Brass and 
Bronze 10% 17% 

Chemicals 
(Compounds) 9% 6% 

Die casting 14% - 

Galvanizing 58% 50% 

Miscellaneous 3% 4% 

Rolled Zinc 6% - 

Zinc Alloying - 17% 

Zinc Semi-
Manufactures - 6% 

 
Sources: IZA (2011a), IZA India (2013) and ILZSG (2014c)  
 
 

 

Figure 3.5: Major zinc end uses  

Source: IZA (2011a), IZA India (2013) 
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 Unlike for copper, no more detailed list on zinc’s applications and end-use 

could be found. Looking at the sectors for which zinc is used, the main goods have 

to be derived in order to assess the dissipative losses. Therefore, we looked more 

closely at the different production processes of zinc to narrow down the goods that 

are made from these processes:   

 

 Zinc- and zinc-alloy-coated steel sheet products have a myriad of different 

applications in the construction, automobile, utility, and the appliance industry. 

Although many zinc (alloy) coatings are often generically referred to as “galvanizing”, 

the IZA (2011g) clearly defines galvanizing as either hot-dip galvanizing or 

continuous galvanizing and makes a clear distinction to other forms of zinc coating 

methods (such as electroplating, sherardizing and thermal spraying), which are 

often erroneously mistaken as galvanizing methods. Hot-dip galvanizing is the 

oldest and most used process to produce zinc coatings, and can be further divided 

into batch galvanizing and continuous galvanizing. While in continuous hot-dip 

galvanizing “long strands of sheet, wire, or tubing are fed through a bath of molten 

zinc alloy in a continuous process, [i]n batch hot-dip [galvanizing], fabricated parts, 

such as fasteners, poles or beams, are dipped into a molten bath either individually 

or in discrete batches” (Zhang, 1996: 6). In the batch galvanizing, also known as 

general galvanizing or after fabrication galvanizing, the steel is first shaped into the 

final product and then dipped into a bath of 98% pure zinc and less than 2% 

additives (i.e. aluminium, nickel and bismuth) to apply the zinc coating. In the batch 

process the steel is immersed for a much longer time than in the continuous 

galvanizing process, measured in minutes rather than seconds. Since the products 

require no further shaping the thicker zinc coating layer is desirable. The name 

“batch” stems from the fact that the items to be galvanized in this fashion are either 

dipped individually or in the case of smaller items collectively in a basket, hence the 

name. General galvanizing is most commonly used for atmospherically exposed 

steel, but also for constructions immersed in the soil, water, concrete and more. 

Examples therefore are structural steel for power-generating plants, petrochemical 

facilities, heat exchangers, water treatment facilities, highway guard rails, grates, 

ladders, marine pilings, lighting stands, beams and columns, just to name a few. 

(IZA - International Zinc Association, 2011b), (AGA - American Galvanizers Association, 

2011: 2), (Zhang, 1996: 6). During continuous galvanizing, on the other hand, a 

continuous ribbon of steel sheet is passed through a bath of molten zinc at speeds 

of up to 320 km/h.  
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At this speed the steel sheet or strip is merely for 2 – 4 seconds in the zinc bath, 

forming a zinc layer of 0,15 to 1,80 oz/f2 (= 46 – 549 g/m2)4 on each side, which is a 

much thinner coating compared to the batch process. This is vital as the metal has 

to remain ductile and be able to withstand deep drawing or bending. Continuous 

galvanizing is usually only applied to steel sheets, strips and wires, that unlike 

general galvanizing products, are sent to customers for further fabrication such as 

punching, bending and cutting to produce final products like autobody panels, 

corrugated roofing and siding, culvert and many more. Since the sheets are treated 

(cut, bent, etc) after the zinc coating has been applied, resulting in uncoated areas, 

continuous galvanizing is recommended for interior applications unless painted over 

again for outdoor applications. In terms of tonnage/weight, continuous zinc-coated 

steel sheets are the most in demand. They offer the most diverse application 

possibilities among all coated steel products, and are the most widely used and 

produced. (AGA - American Galvanizers Association, 2011: 4), (IZA - International Zinc 

Association, 2011c), (Zhang, 1996: 6).  

Table 3.6: Typical applications of zinc-coated steel products 

 
Source: Zhang (1996: 6) 

                                                

4 1 oz/f2 = 305,15 g/m2 , conversion by AGA (2011) and ILZRO (2004).  
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 Daigo et al. (2013: 38) divide the zinc used for galvanized steel into eight 

major end-use categories (see Figure 3.6). In 2010, the most important end-uses for 

zinc were the automobiles sector (28,3%), followed by buildings (26,4%) and 

electrical machinery (15,1%), together accounting for approximately 70% of the total 

end uses.  

 

 

Figure 3.6: Global zinc consumption for galvanized steel by end use  

Source: (Daigo et al., 2013: 38) 

 

 

 According to the IZA (2011a), (2013) 14% of the global zinc goes into die- 

casting. Die-casting is the process, in which “liquid metal is forced under pressure 

into a cooled die and solidifies almost instantaneously to produce a fine-grained 

product. Die casting is a single high-speed operation that can produce complex but 

very accurate components requiring little or no final shaping” Zhang (1996: 7). Die 

castings can be found literally everywhere in our daily lives – from doorknobs and 

household appliances, to bathroom fixtures, automotive parts, building hardware, 

electronic components to window hardware and office and computer equipment. 

According to Zhang (ibid. 7) “[a] typical composition for the most commonly used 

die-casting alloy (Alloy 3) is Al 4,0%, Mg 0,03%, Cu< 0,25%, Fe< 0,1%. The 

aluminium (…) contributes to the alloy’s good castability and strength.” Zhang (1996: 

7), IZA (2011d).  

 

 Accounting for 6% of global zinc use, rolled zinc products are in the form of 

foil, plate, sheet, strip, rod and wire and widely used in the building industry for 

roofing, gutters, cladding, rainwater pipes, flashings and weathering applications. 
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Zinc sheets, however, also find application in graphic art to make plates and blocks, 

and are also used in coinage and battery cans. As the name implies, rolled zinc 

sheets are produced by continuous casting/rolling:  

 

“Zinc is melted in an induction furnace, and the molten metal is poured 

between the two endless bands of a Hazelett machine, where it solidifies. 

The continuous 'ingot' delivered at the other end can be more than 1 m wide 

and from 10 to 20 mm thick. The endless strip is fed continuously to a rolling 

mill, which reduces the thickness to the desired level in successive passes, 

after which it is cut to size and coiled.” IZA (2011e).  

 

According to Zhang (1996: 7) “rolled zinc used for roofing is typically a Zn-Cu-Ti alloy 

(0,7 – 0,9% Cu and 0,08 – 0,14% Ti), which gives a good combination of tensile 

strength, creep strength, and formability. Rolled zinc foil has been made into 

adhesive tape for coating the surfaces of large structures that are difficult to 

galvanize.” (Zhang, 1996: 7). 

 

 According to the International Zinc Association (2013) “the remainder is 

consumed in compounds, such as zinc oxide and zinc sulfate”. This number can be 

between 9 and 11%, depending on whether the 3% listed as “miscellaneous” are 

included in the compounds or not. Since in 2011, 9% of metallic zinc was consumed 

as zinc oxide, it can be assumed that the remaining 3% are allocated to other zinc 

chemicals, listed under “miscellaneous”. In the chemical industry zinc is used in the 

form of zinc dust and zinc powder, the difference between those two being a matter 

of fineness. Zinc powder is more coarse than zinc dust. Among the zinc compounds 

zinc oxide (ZnO) is the most widely used and finds application in the vulcanization of 

rubbers (most important), ceramics, paints, animal feed and many more (see Figure 

3.7). In 2011, global use of zinc oxide was greater than 1,2 million tonnes, 

accounting for about 9% of metallic zinc. (IZA - International Zinc Association, 2011f), 

(IZA - International Zinc Association, 2011h), (Zhang, 1996: 7). “Probably 60% of zinc 

oxide uses secondary zinc, primarily top dross from continuous galvanising, as the 

zinc source” IZA (2011f). Other zinc compounds are zinc chloride, used in the textile 

industry and as a scaling flux in galvanizing, zinc phosphate used to passivate 

steels, and zinc sulphate used in animal feed and agriculture IZA (2011h).  
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 As shown in the graph below, more than half of the zinc oxide is used in the 

vulcanization of rubber. Since the IZA (2011f) does not provide any exact figures, we 

estimate from this graph that approximately 58% of the zinc oxide goes into the 

production of rubber, and about 12 – 13% into ceramics. This is in line with Moezzi 

(2012: 2) who state that between 50% and 60% of zinc oxide goes into the rubber 

industry. In 2010, global rubber output was 25 million tons, half of which is 

consumed by the tire industry. The zinc oxide content of a tire is around 100g (ibid. 

2).  

 

 

Figure 3.7: World-wide zinc oxide applications  

Source: IZA (2011f) 

4. Dissipative	  Losses	  
 Dissipative losses are predominantly associated with the corrosion and loss 

of metals from exposed surfaces, the most common ones being roofs. In the past, 

corrosion rates were often erroneously used to calculate the loss of metals from 

roofs. However, not all the metal corroded will be lost to the environment (runoff), 

instead it often precipitates and remains on the surface. Landner and Reuther (2004: 

73) provide the following definitions for the two terms: “Corrosion rate is the amount 

of a metal (g) that corrodes per surface area unit (m2) and time unit (year). The rate 

is given in g/ m2/ y. (…) The runoff rate is the amount of metal (g) that is released 

from the corrosion product per surface area unit (m2) and time unit (y).”  
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 Generally, corrosion rates for copper and zinc fluctuate more, whereas their 

runoff rates are constant over time, which has been tested under different 

atmospheric conditions. In the beginning, corrosion rates for both metals are higher 

than their respective runoff rates, but after some time the corrosion rate will equal 

the runoff rate, which for zinc happens after a few years and for copper after a few 

decades. (Landner and Reuther, 2004: 72ff) 

 

4.1 Dissipative	  Losses	  of	  Copper	  

	   	   4.1.1	  Roofs	  	  

 As outlined in Chapter 3, approximately 1,4% of all the copper consumed in 

2012 went into roofs, gutters and other outdoor facilities. For the sake of this thesis, 

we will treat those other outdoor facilities like roofs and also assign the same runoff 

rates to them for our calculations. Consequently, an additional 287 kt of copper went 

into roofing that year. We will further assume that of the existing copper in-use stock 

of 360.000 kt the same share, namely 1,4%, is made up of roofs. Hence the total 

copper used for roofs in 2012 is 5.327 kt. This of course, is only an estimation and 

bears a lot of uncertainty.  

 

 The second step, is to determine runoff rates for copper sheets. In general, 

runoff rates for copper sheets aged 0 to 130 years, were found to be in the range of 

1,0 – 2,0 g Cu/m2 yr. Studies in urban Stockholm (Sweden) came to the conclusion 

that runoff rates for copper varied between 1,0 – 1,7 g Cu/m2 yr for fresh copper (< 5 

years), and for green naturally patinated copper (> 30 yrs) between 1,3 – 2,0 g 

Cu/m2 yr. The difference in runoff rates can be explained by morphology and patina 

layer thickness, which determines the water adsorption capacity. The porous 

structure of green pre-patinated plates has a higher water adsorption capacity. 

Since water is trapped within the patina, corrosion and dissolution even take place 

during relatively dry periods. (Karlén et al., 2002: 694), (Landner and Reuther, 2004: 72, 

76f) “Therefore, the first flush effect is more pronounced on green-patinated copper 

compared to brown-patinated copper” (Landner and Reuther, 2004: 77). This is 

because green patina consists of two layers, namely a brown one underneath and a 

green layer on top. It is this outer greenish layer, which is more porous and attracts 

more corrosive species, can hold more water, and hence increases the dissolution 

rate. (Karlén et al., 2002: 694). 
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 Comparative studies in Singapore, however, showed that increased rainfall, 

which is 5 – 8 times higher in Singapore, and 7 – 8 times higher SO2 levels, also 

resulted in significantly higher runoff rates: Fresh copper sheets and brown pre-

patinated copper sheets showed almost identical runoff rates of 5,6 – 5,7 g Cu/m2, 

and green pre-patinated sheets were in the range of 8,4 – 8,8 g Cu/m2. (Landner and 

Reuther, 2004: 77) Since neither Stockholm nor Singapore are representative to be 

extrapolated to copper runoff rates for the entire world, either an average has to be 

used or we distinguish between urban and rural sites. According to the WHO (2014) 

in 2014, 58% of the world population lives in cities. Therefore we let 42% of the 

copper sheets corrode under rural atmosphere, using Stockholm’s runoff data (on 

average 1,5 g Cu/ m2), and extrapolating Singapore’s runoff rates (on average 7,13 

g Cu/ m2) to the urban 58% of the world. Even though it might seem exaggerated to 

use Stockholm’s runoff rates for the rural sites, another study by Wallinder & Leygraf 

(2001: 2392) found rural runoff rates for copper in Sweden to be between 0,6 and 1,0 

g Cu/ m2 yr. Since, however, their two-year study estimated a maximum urban 

copper runoff of 1,7 g/ m2 yr, which is less than what most other studies found, we 

find it safe to assume a runoff rate of 1,5 g Cu/ m2 yr for rural sites.     

 

 As a next step, global roof surface has to be derived. A copper roof, 

according to market information, is typically 0,6 mm thick (5,36 kg per m2). An 

annual runoff rate of 1,3 – 1,5 g Cu/m2 would equal a decrease in surface thickness 

of 0,15 – 0,17 µm per year. Under those assumptions it would take 3.500 years until 

all the copper would be consumed. (Karlén et al., 2002: 695) As calculated earlier, 

5.327 kt copper were consumed in 2012 in global roofs, which, assuming 5,36 kg Cu 

per m2, would yield ≈ 994 Mio m2 of roof surface.  

 

 Another decisive factor in order to calculate copper runoff from roofs is its 

behaviour over time. As stated earlier, corrosion rates are greater than runoff rates 

and diminish over time. Runoff rates for copper, however, are constant over time. 

Karlén et al. (2002: 695), for example, stated “[a]ssuming the runoff rate to be 

relatively linear on a long-term scale (years and decades) and the environmental 

conditions to be relatively unchanged, the time to completely weather a copper roof 

can be calculated” (see Figure 4.1). This is confirmed by other studies such as 

Hedberg et al. (2013), and Wallinder and Leygraf (2001: 2390), who also describe 

copper runoff rates as constant over time (see Figure 4.2). 
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Figure 4.1: Accumulated copper runoff quantities from brown patina (fresh) and green 
patina (30-year naturally patinated). 

Source: Karlén et al. (2002: 694) 

 

 

  
 

Figure 4.2: Accumulated copper runoff quantity as a function of exposure time during 
two years of rural and urban October exposures.  

Source: Wallinder and Leygraf (2001: 2390) 

 

Following this approach, a linear runoff rate will be assumed. The copper runoff from 

roofs can thus be calculated the following way: Surface area of copper roofs (m2) x 

annual copper runoff rate (g/m2). 

 Urban: 994 Mio m2 x 58% x 7,13 g Cu/ m2 = 4.110 tonnes ≈ 4,1 kt  

 Rural: 994 Mio m2 x 42% x 1,5 g Cu/ m2 = 626 tonnes ≈ 0,6 kt 
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Total copper runoff from roofs for the year 2012 would thus be 4,7 kt. This figure, 

however, as mentioned before, bears many uncertainties and extrapolations. Many 

factors, such as roof inclination, building geometry and orientation determine the 

time and amount the roof surface is in contact with rain, which in turn influences the 

runoff rates. Site-specific environmental parameters, such as atmospheric pollutants, 

chlorides, annual rainfall as well as the pH of rain, and the climate also have an 

impact on copper runoff rates. (Hedberg et al., 2013)    

 

	   	   4.1.2	  Brake	  pad	  wear	  	  

  Since the phase-out of asbestos brake linings, brass powder has been used 

as a replacement constituting between 25 – 50% of the weight of the brake lining. 

Consequently more copper has been released into the environment and in the 

meantime the wear of brake pads is responsible for half of the in-use dissipative 

losses of copper, which are estimated to be 1 – 2 mg Cu/km. (Graedel et al., 2002: 17) 

 

 In order to be able to calculate the emissions form break pad wear, one 

needs to know the average mileage per car. Landner & Lindeström (ibid. 44) 

assumed that the average mileage of a car in Sweden in 1998 was 15.000 km, and 

for trucks and busses 30.000 km. Kilometres travelled, undoubtedly higher in more 

developed countries than in less developed countries, have been decreasing over 

the years and in 2010 ranged from 9.000 km/ car in Japan to up to more than 

18.000 km/car in the U.S., giving an average of 13.600 km travelled per car and 

year (Economist, 2012). The U.S. Department of Transportation (2011) released 

statistics for the year 2006 publishing the “Annual Vehicle Distances Traveled in 

Miles (…) By Highway Category and Vehicle Type”. According to their statistics the 

average miles travelled per bus was 8.253 miles (≈ 13.381 km) and between 12.083 

and 65.526 miles for trucks. For busses and trucks combined this gives an average 

annual mileage of 28.621 miles, which equates to ≈ 46.405 km5. This seems 

reasonable and also comparable with the figures from Landner & Lindeström (1998: 

44), who estimated 30.000 km for Sweden two decades earlier.  

  

                                                

5 1 km = 1,62137 miles.  
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 Consequently, if cars release 1 – 2 mg Cu/ km and passenger cars on 

average travel 13.600 km per year, the total is 13,6 – 27,2 g Cu per car and year. 

For trucks and busses, it is (1 – 2 mg) x 46.405 km = 46,4 g – 92,8 g Cu per year. 

Hence the Cu emissions from brake pad wear can be calculated the following way 

(vehicle fleet numbers are taken from 4.2.4, PC = passenger cars, CV = commercial 

vehicles):  

 Cars (4 brake shoes each): 833 Mio PC x 4 x 13,6 – 27,2 g Cu = 45,32 – 

90,63 kt/yr 

 Trucks and buses (8 brake shoes each): 310 Mio CV x 8 x 46,4 g – 92,8 g 

Cu = 115,07 – 230,14 kt/ yr 

The global vehicle fleet in 2012 would thus produce between 160,39 kt and 320,77 

kt of copper emissions from brake linings. This gives an average of 240,58 kt.  

Motorcycles were not included in our calculations and would further increase 

emissions. Denier van der Gon et al. (2007) suggest a different methodology. They 

used a complex atmospheric transport model to calculate copper concentrations in 

ambient air over Europe. Their approach, however, is not suitable for our purposes 

and exceeds the scope of this thesis.  

 

	   	   4.1.3	  Pipes	  	  	  

 In Metal lost and found: Dissipative uses and releases of copper in the 

United States 1975 – 2000, Lifset et al. (2011: 142) give an approach on how to 

calculate copper corrosion from pipes. According to them the most practical way to 

do so is by looking downstream at the wastewater treatment plants (WWTP) and 

assessing the copper inflow. Of course, not all the copper that ends up in the 

WWTPs stems from pipe corrosion, but also arises from natural background 

concentrations, human waste flows, industrial sources and other. On the other hand, 

a small fraction of the copper from pipe corrosion is directly lost to the environment 

through water irrigation systems, for example. Based on previous regional studies 

throughout the US, they thus attributed a value of 59% to copper pipe corrosion. As 

a next step, they determined total wastewater flows in the US for the time period 

1975 – 2000. By looking at the wastewater flows of six publically owned WWTPs 

they extrapolated copper influent concentrations of these six sites and derived an 

average copper influent for the United States as a whole. (Lifset et al., 2011: 142) 
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 This approach, however, is not feasible on a global level and only works on 

regional or national level where data, such as copper influent concentrations in 

WWTPs and total wastewater flows, are readily available. Instead, we use known 

dissipative copper emissions from three countries and extrapolate them to the rest 

of the world. The downside of this approach of course, is that infrastructures vary 

between different nations. On the other hand, it was shown earlier in Chapter 2, that 

the wealthiest nations also are the most copper-intense economies. Nations of 

similar wealth are also likely to have similar infrastructure. Therefore it seems 

plausible and legitimate to extrapolate one nation’s statistics to other nations of 

similar development and GDP.  

 

 In the table below, Landner and Reuther (2004: 53f) give metal emissions (in 

kg per year) from the major goods emission sources in Stockholm for the year 1995, 

based on Bergbäck et al. (2001) and Sörme et al. (Sörme et al., 2001).  

 

Table 4.1: Calculated metal emissions (kg/y) from the major goods emission sources 
in Stockholm, 1995. 

 
** car wash contributed to total Cu load taken from later estimate.  

 

Source: (Landner and Reuther, 2004: 54), after Bergbäck et al. (2001) and Sörme et al. (2001). 
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As shown in Table 4.1 the copper emissions from pipes in the year 1995 amounted 

to 4.300 kg per year. The population of Stockholm in 1995 was 1.148.953 (Statistics 

Sweden, 2013), which gives copper emissions of 3.743 mg per capita and year. Lifset 

et al. (2011: 144) estimated the copper emissions from pipe corrosion in the year 

1995 to be 4.610 tonnes for the entire U.S.. Given that the population of the United 

States in 1995 was 263.909.000 (U.S. Bureau of Census, 2000), this gives a per capita 

copper emission of 17.468 mg. The per capita emissions in the U.S. are 4 and a half 

times as much as for Stockholm in the same year. A study conducted by the 

German Federal Environmental Agency in 2005, estimates the total copper loads 

from the drinking-water supply in the year 2000. This study gives two different 

methods of measuring copper from pipe corrosion. For one, they took drinking water 

samples from households and found that the copper emissions were 329,3 

tonnes/year, of which 38,2 t/yr stemmed from natural background levels, hence 

291,1 tonnes/yr. Secondly, they measured copper loads to surface waters and soils 

after passing through wastewater treatment plants, which was 215,3 t/yr. For our 

calculations we opt to use the results from the drinking water samples, hence 291,1 

tonnes/yr. The German report does not make clear in which year these samples 

were taken. Since the sources cited range from 1990/92, 1998/99 and 2001/02 we 

chose the year 2000 as a reference and divide the 291,1 tonnes by the German 

population in 2000 (Statista, 2014c). Thus, copper emissions from pipes are 3.539 mg 

Cu per capita and year. This figure is very similar to the statistics in Sweden. As is 

evident, one reason for the great disparity between the different copper 

concentrations could stem from the different approaches and methods of data 

collection. On the other hand, corrosion processes are volatile depending on 

numerous factors, such as water alkalinity, hardness of the water, inorganic carbon 

and natural organic matter in the water, as well as water temperature and age of the 

pipes (Landner and Reuther, 2004: 101), (Hillenbrand et al., 2005: 39).  

 

 The average per capita copper emissions from the three countries Germany, 

Sweden and the United States are 8.250 mg Cu per capita and year. It also has to 

be noted that all three studies admitted high degrees of uncertainty for their 

calculations, which inherently also apply to our calculations. (Hillenbrand et al., 2005: 

45f), (Statista, 2014c) 
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 According to the U.S. Bureau of Census (2013) the world population in 2012 

was 7.020.760.225. Hence, copper corrosion from pipes can be calculated the 

following way: Copper emissions per capita x global population in 2012:  

 8.250 mg x 7.020.760.225 people = 57.921 t ≈ 58 kt. 

Thus, for the year 2012 global copper emissions from pipes amounted to 

approximately 58 kt.  

 

	   	   	  4.1.4	  Fertilizers	  and	  Animal	  Feed	  

 Copper is used as a fertilizer on copper-deficient soils. Common copper 

compounds are copper oxide, copper sulfate, and copper chelate, just to name a 

few, with respective copper concentrations ranging from 11% – 70%. Copper, being 

an essential nutrient, is also widely used in agriculture as animal feed to supplement 

the dietary needs of livestock. A study conducted in Sweden between 1994 and 

1996 found that 34 tonnes of copper were added to copper deficient soils and that 

another 52 t/yr were added to animal feed, subsequently being used as manure on 

the fields. This yields a total of 86 t/y of copper, equalling a per capita emission of 

9,7 g. Comparative studies in the U.S. estimated that in 1995, 1.410 t of copper 

were applied on arable land as fertilizer and an additional 2.780 t went into animal 

feed, totalling 4.190 t of copper or 15,7 g per capita. (Lifset et al., 2011), (Landner and 

Reuther, 2004: 261). 

 

 Applying an average of 12,7 g Cu/capita x 7.020.760.225 (world population 

in 2012) = 89.163 tonnes ≈ 89 kt.  

 

In 2012, global copper emissions from animal feed and fertilizers in total account for 

89 kt.  
 

	   	   4.1.5	  Pesticides	  

 Although copper is a vital micronutrient used to counteract copper-

deficiencies in soils and preventing damages to the plants, in higher concentrations 

it is toxic and has thus been used as a fungicide in different areas of agriculture for 

over 100 years. Nowadays the most common substances are dicopper chloride 

trihydroxide and copper hydroxide.  
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Copper fungicides are commonly used in the wine, hops and fruit cultivation, as well 

as for growing potatoes. Especially in organic farming copper fungicides play a vital 

role because so far no adequate substitution has been found. In the year 2001 in 

Germany, 19,85 tonnes of copper entered the environment through the use of 

fungicides in organic farming, compared to 298,8 t from conventional farming. This 

results in copper emissions of 3,9 g Cu/capita. (Hillenbrand et al., 2005: 100ff), 

(Statista, 2014c).  

 

 The study by Lifset et al. (2011) distinguishes between copper being used on 

land as a fungicide or herbicide and copper used in water bodies as an algaecide. 

Since the latter is not well reported and also negligible in comparison (300 tonnes in 

2000) it will not be taken into account. Moreover, data comparison would be more 

difficult. Therefore, only fungicides shall be considered, which in the year 2000 

totalled 4.530 tonnes of copper or 16,4 g Cu/capita in the U.S. (U.S. Bureau of Census, 

2000). 

 

 The average of German and American copper loads is 10,15 g Cu/capita, 

multiplied with the global population in 2012 (7.020.760.225) produces 71.260 

tonnes ≈ 71,3 kt.  
 

	   	   4.1.6	  Marine	  paints	  

 Since the phase-out of tributyltin in 1985, copper has been increasingly used 

in marine antifouling paints, which applied to ship hulls, slowly leach biocides to 

prevent growth and consequently reduce drag. Leaching rates depend on water 

temperature, being higher in warm waters. Lifset et al. (2011) put a lot of effort into 

deriving estimates for copper emissions from antifouling paints in the U.S. Based on 

extensive research they first had to establish an average leaching rate for the U.S. 

that includes the warmer waters in the South East as well as the colder waters in the 

West. Based on the U.S Coast Guard’s data they estimated an average for the 

length of recreational and for commercial vessels, and their respective hull surface 

areas that will be immersed in water. As a last step, they had to derive the average 

time of a vessel spent in water. With all these factors their calculations concluded 

that in 1995 2.060 tonnes of copper emissions were leached into the environment, 

which equals 7,7 g copper per capita.  
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In comparison, in Sweden dissipative copper losses from antifouling paints for boats 

totalled 20 tonnes, equalling a per capita loss of 2,3 g Cu. (Lifset et al., 2011) As 

explained at the beginning, warmer water temperatures are accompanied by 

increased leaching rates, or the reverse, there is less leaching in colder waters, 

such as in Scandinavia.  

 

 An average could be derived again and applied to the rest of the world. Since, 

however, leaching rates within a given nation are already subject to high uncertainty, 

it seems unrealistic to extrapolate those rates even further. Too many (unknown) 

factors would significantly alter the outcome and thus this sector shall be excluded 

from our calculations. Being directly lost to the water at sea or lake, recollection of 

these dissipative copper emissions is virtually zero. Assessing copper contribution 

by the use of marine paints has so far not been well studied and it would be sensible 

to dedicate a research study of its own to this topic.   

 
A summary of the dissipative losses from copper is given in Table 4.2 and Figure 4.3.  

Table 4.2: Summary of dissipative losses of copper by end-use products in 2012 

 
Dissipative copper losses by goods (in kt/yr) 

 

2012 kt/yr % 

 
Roofs 
 

4,7 1% 

Brake Pad Wear 
 

240,58 
 

52% 

Pipes 
 

58 
 

13% 

Fertilizers and 
Animal Feed  

 
89 

 
19% 

Pesticides 
 

71,3 
 

15% 

Total 
 

463, 58 
 

100% 

     

Source: Author 
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Figure 4.3: Dissipative losses of copper by end-use products in 2012 

Source: Author 

 

 As can be seen from the figure above, copper emissions from brake pad 

wear account for more than 50% of total dissipative losses. Roofs, on the other hand, 

with a mere 47 kt yield the smallest contribution to losses. Not included in our 

calculations are marine paints, for reasons given in 4.1.6, fireworks and overhead 

train lines.  

 

1%	  

52%	  

13%	  

19%	  

15%	  

Dissipative	  Copper	  Losses	  by	  End	  Use,	  2012	  

Roofs	  

Brake	  Pad	  Wear	  

Pipes	  

Fertilizers	  and	  Animal	  
Feed	  

Pesticides	  
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Since we have established the dissipative losses, we can complete the MFA for 

  copper: 

 

Figure 4.4: MFA for copper in 2012, including dissipative losses  

 Source: Author  

 

 

For the year 2012, dissipative copper losses amount to approximately 464 kt. 

Copper in waste streams (10.972) is still much more significant. From the 20.511 kt 

that entered the end-use phase, hence an additional 9.075 kt will remain in the stock.  
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4.2 	  Dissipative	  Losses	  of	  Zinc	  

	   	   4.2.1	  Agriculture	  

 The zinc runoff from agriculture can be estimated from figure Figure 3.7 

above: We know that 9% of all zinc is used as ZnO, of which approx. 8% go into 

agriculture. According to our MFA for zinc in Chapter 2 we know that 12.387 kt of 

zinc are used annually: 12.387 x 9% x 8% = 89,19 kt Zn/yr dissipate into the 

environment (89,1864 kt). For agriculture we on purpose did not include zinc in-use 

stocks (280.000 kt) because we assume that all zinc allocated for agriculture will be 

used in the same year. Hence, zinc that was used the year before in agriculture 

already dissipated completely into the environment and cannot be included in our 

calculations for 2012 any more.   

	   	   4.2.2	  Roofs	  	  

 As mentioned in the section above around 70% of the zinc used for 

galvanizing goes into the automobile sector (28,3%), the building industry (26,4%) 

and the electrical machinery (15,1%) (Daigo et al., 2013: 38). We assume that all the 

zinc in the building industry is used for outdoor applications such as roofs, gutters 

and cladding, which would be 292.387 kt x 58% x 26,4% = 44.770,30 kt Zn/ yr. 

Since rolled zinc is mainly used in the building industry, we allocate 100% of this 

share to be used for roofs and weathering applications, which totals 292.387 kt x 6% 

= 17.543,22 kt/ yr. Total zinc used for roofs thus is: 44.770,30 + 17.543,22 = 

62.313,52 kt/ yr. 

 

 As a next step, the runoff rate of zinc for roofs has to be determined. Zinc 

runoff increases linearly with time. In the beginning, the corrosion rate for zinc is 

higher than its runoff rate, but after a few years they are equal (tested in Stockholm). 

(Landner and Reuther, 2004: 72, 82)  

 The zinc runoff rate for Stockholm, Sweden, was found to be 3,1 g Zn/ m2 yr 

(Landner and Reuther, 2004: 72), which is also confirmed by another study conducted 

in Stockholm by Karlén et al. (2000) which shows that the annual runoff rates for zinc 

vary between 0,07 and 3,5 g/ m2 yr. It has been proven that atmospheric sulphur 

dioxide (SO2) is the main factor for zinc corrosion. Consequently corrosion and 

runoff rates are higher at more polluted sites. Since the SO2 levels in certain regions 

of the world, such as Western Europe for example, have substantially decreased 

over the past decades, the corrosion rates for zinc could be reduced as well.  
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Studies suggest that the runoff rates can vary from 50 – 93% of the corrosion rate at 

highly polluted sites, and 40 – 65% of the corrosion rate, for SO2 levels <50g/m3. 

(Landner and Reuther, 2004: 81f), (Landner and Lindeström, 1998: 37f). Extrapolating the 

runoff rates for zinc in Sweden to the rest of the world, however, may greatly 

underestimate the actual runoff rates. Atmospheric factors, such as rain, humidity, 

and pollution levels alter the corrosion rate of zinc, which is the lowest in dry, clean 

atmospheres and the highest in wet, industrial atmospheres. Also the proximity to 

coastal regions influences the corrosion rate, with increasing corrosion closer to the 

sea. In Table 4.3 below typical corrosion rates for zinc are given. In most 

atmospheres zinc undergoes general corrosion, meaning the corrosion takes place 

uniformly across the zinc coating surface. Although small dimples can form after 

years of corrosion, more severe in marine environments than in rural ones, pitting is 

not a typical corrosion form of zinc in atmospheric environments. (Zhang, 1996: 245, 

261).  

 

Table 4.3: Typical atmospheric corrosion rates of zinc and its alloys 

Rural  0,2 – 3 µm 
 

1,33 – 19,90 g/m2 

 

Marine (outside the splash 
zone)  0,5 – 8 µm 3,32 – 53,07 g/m2 

Urban and industrial 2 – 16 µm 13,27 – 106,14 g/m2 

 
Source: Zhang (1996: 245), conversion factor by AGA (2011: 4) and ILZRO (2004).  
 

 When applying Zhang’s corrosion rates and assuming an average runoff rate 

of 62% of the corrosion rates, a weighted average for zinc runoff from roofs can be 

calculated, which probably gives the most accurate estimate of global dissipative 

losses of zinc from roofs.  

 

 If calculating the runoff rate as a proportion of the corrosion rate, we need to 

know the metal’s runoff behaviour over time: “The yearly averaged corrosion rate of 

zinc does not vary much for a given atmosphere” (ibid. 247). As can be seen from 

Figure 4.5 the corrosion loss of zinc, which was measured at a single site in British 

Columbia, is almost a linear function of time (ibid. 247). 
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Figure 4.5: Corrosion loss versus time curve for zinc specimens exposed at different 
times of the year.  
 
Source: Zhang (1996: 6)  

 

Although Fig. 4.5 above only represents the corrosion rate at a single site, there is 

evidence that the lifetime of zinc is directly proportional to the thickness of the zinc 

coating. Typically the average life of a zinc coating is defined as the number of years 

it takes until 50% of the surface has become red rust. Figure 4.6 shows that different 

coating methods (sherardizing, hot dipping, zinc spray, plating) have more or less 

the same lifetime. A study conducted by the ASTM in the United States compared 

the corrosion rate of zinc-coated steel wire in 11 different geographic locations over 

a period of 21 years and came to the conclusion that the coating life is directly 

proportional to the coating thickness, regardless of the coating method used.6 The 

thicker the coating the longer it takes for a surface to corrode and be covered with 

rust. (Zhang, 1996: 256)  

 

                                                

6 Except for zinc spray, which corrodes slightly faster than galvanizing (Zhang, 1996: 256). 
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Figure 4.6: Effect of coating thickness and coating methods on coating life 

Source: Zhang (1996: 256) 
 

 As mentioned earlier, zinc coatings for roofs are usually made by continuous 

galvanizing with an average zinc layer of 46 – 549 g Zn/m² (AGA - American 

Galvanizers Association, 2011: 4f), (Zhang, 1996: 6). Assuming an average coating 

thickness of 246 g Zn/m² we can calculate the total roof surface in sqare metres: 

62.313,52 kt/ 246 g = 253.306,99 million m2.  

 

 According to the WHO (2014) in 2014, 58% of the world population lives in 

cities. Using this figure and Zhang’s corrosion rates we will let 58% of the roofs 

corrode under urban/industrial conditions with a corrosion rate of 13,27 – 106,14 

g/m2, so on average 60 g Zn/m2 and 42% under rural conditions with an average of 

11 g Zn/m2. Since we are, however, not interested in the corrosion rates but in the 

runoff rates of zinc, for which we earlier decided to assume 62% of the corrosion 

rates, the zinc runoff rates for roofs can be calculated as follows:  

 Urban: 253.306,99 Mio m2 x 58% x 60 g Zn/ m2 x 62% = 5.465,35 kt 

 Rural: 253.306,99 Mio m2 x 42% x 11 g Zn/ m2 x 62% = 725,57 kt 

Thus, zinc runoff from roofs for the year 2012 would be around 6.190,92 kt. The zinc 

runoff rate is a linear function of time and the amount of zinc dissipating into the 

environment over 100 years would hence be 619.092 kt.  

 These figures, of course, are only a rough approximation. Corrosion of 

marine environments was not taken into account at all. Another factor of uncertainty 

is the zinc coating thickness, which of course is not the same for all roofs and makes 

and might be thicker than estimated in this example.  
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Furthermore, it is known that alloying elements, such as tin, copper, lead and 

aluminium, when combined with zinc, can either improve or deteriorate the corrosion 

and performance of the zinc coating, depending on the amount and the combination 

of different elements. It can be, that an otherwise harmless element can enhance 

corrosion when another element is present, as is the case for lead in the presence 

of aluminium. These specificities were not considered in the calculations but for 

completeness require mentioning. (Zhang, 1996: 258) 

 

	   	   4.2.3	  Automotive	  Body	  Panels	  

 From chapter 3.4 we know that the majority of zinc used for galvanizing goes 

into the automobile sector (28,3%) (Daigo et al., 2013: 38). Hence we know that in 

2012 an additional 12.387 kt x 58% x 28,3% = 2.033,20 kt Zn went into cars. 

Furthermore, we know that the process of continuous galvanizing is used to apply 

zinc coatings on automotive body panels, forming a zinc layer of 46 – 549 g Zn/m² 

on each side. The average coating thickness is 246 g Zn/m² per side, so 492 g 

Zn/m² for both sides.  (AGA - American Galvanizers Association, 2011: 4f), (Zhang, 1996: 

6).  

 

 If we assume that the average lifetime of a car is 15 years7, further assuming 

that the zinc will corrode completely by the end of the car’s lifetime, we can calculate 

the annual corrosion rate: 492 g Zn/m² : 15 years = 32,8 g Zn/m² yr. In 2012, 79,50 

million new cars8 were sold worldwide (CNBC, 2014), (OICA, 2014c), (Ausick, 2014). 

The vehicle fleet totalled 1,14 billion, of which 833 million were passenger cars (PC), 

and the remaining 310 million commercial vehicles (CV) (OICA, 2014a), (OICA, 

2014b). Finally, we need to know the average surface area of a car, which for a small 

car is around 10 m2, for a light duty vehicle like a Mercedes Sprinter, for example, 

between 34 – 35 m2, and for trucks and busses approximately 70 – 80 m2, perhaps 

even more (Rauscher, 2014). Consequently the zinc emissions from automotive body 

panels in 2012 can be calculated the following way: 

 Cars and light duty vehicles: 833 Mio PC x 20 m2 per car x 32,8 g Zn/m² yr = 

546, 45 kt/yr 

 Trucks, busses:  310 Mio CV x 75 m2 x 32,8 g Zn/m² yr = 10,17 kt/ y 
                                                

7 Deutsches Kupferinstitut (2014b) 
8 Cars here refer to PC (passenger cars) and LDV (light duty vehicles). 
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Total dissipative losses of zinc from automotive body panels would thus be 556,62 

kt for the year 2012. Car polishes/paints, however, protect the zinc from corroding 

and substantially reduce zinc runoff. Estimations by how much the zinc runoff will be 

reduced do not exist, but it can be assumed that the actual amount of dissipated 

zinc is very little to nothing. Literature on this topic is ambiguous. Landner and 

Lindeström (1998: 42) estimated that the zinc runoff from vehicles is 10 times higher 

than from buildings and other structures due to the more aggressive environment 

(chlorides, elevated pollution levels) on highways and roads. They roughly estimated 

that those zinc losses for Sweden could be in the order of 250 tonnes/year. Car tires 

in comparison amounted to 155 t/year. Daxbeck et al. (1998: 42) on the other hand 

believe that the surfaces coated by car paints must be subtracted for the emission 

calculations, but since this share is not known assumptions have to be made. Due to 

these uncertainties the potential corrosion and runoff from automotive body panels 

will not be included in the final results. Future work should be done to assess the 

corrosion reduction by the use of car paints to bring clarification.  

 

	   	   4.2.4	  Car	  Tires	  	  

 Of the additional 12.387 kt of refined Zn consumed in 2012, some 9% were 

used for zinc oxide, of which another 58% were consumed by the rubber industry, 

totalling ≈ 646,60 kt. Approximately half of the rubber is used for making car tires, so 

approximately 323 kt. (Moezzi et al., 2012: 2) As mentioned in 4.2.3 the entire vehicle 

fleet for 2012 was 1,14 billion cars, of which 833 million were passenger cars (PC), 

and the remaining 310 million commercial vehicles (CV) (OICA, 2014b). Lander & 

Lindeström (1998: 43) calculated that the zinc loss per car is 0,032 kg Zn/ yr, and for 

a truck or bus as much as 0,128 kg Zn/ yr. Since the vehicle fleet for 2012 is known, 

zinc emissions can be estimated as follows:  

 833 million PC x 0,032 kg Zn/ yr = 26,66 kt for passenger cars  

 310 million CV x 0,128 kg Zn/ yr = 39,68 kt for commercial vehicles.  

In total, zinc emissions from tires for the entire vehicle fleet in 2012 are ≈ 66,34 kt.  
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	   	   4.2.5	  Break	  Pad	  Wear	  

 Zinc emissions from break pads are calculated the same way as copper 

emissions from break pad wear in 4.1.2. For numbers on vehicle kilometres travelled 

please see 4.1.2, for numbers on car and bus/truck fleets please refer to 4.2.4. 

 Landner & Lindeström (1998: 44) found that an average brake shoe weighing 

64 g contains 4,8 – 9,6 g of Zinc. Assuming that brake linings have to be replaced 

after 40.000 km, this would yield 0,12 – 0,14 mg zinc emissions per kilometre 

travelled (ibid. 44).   

  Consequently, if cars release 0,12 – 0,24 mg Zn/ km and passenger cars on 

average travel 13.600 km per year, the total is 1,63 – 3,26 g Zn per car and year. 

For trucks and busses, it is (0,12 – 0,24) x 46.405 km = 5,57 g – 11,14 g Zn per year. 

Hence the Zn emissions from brake pad wear can be calculated the following way 

(vehicle fleet numbers are taken from 4.2.4):  

 Cars (4 brake shoes each): 833 Mio PC x 4 x 1,63 – 3,26 g Zn = 5,43 – 

10,86 kt/yr 

 Trucks and buses (8 brake shoes each): 310 Mio CV x 8 x 5,57 g – 11,14 g 

Zn = 13,81 – 27.63 kt/ yr 

The global vehicle fleet in 2012 would thus produce between 19,23 kt and 38,49 kt, 

so on average 28,86 kt of zinc emissions from brake linings. As with copper, 

motorcycles were not included in our calculations and would further increase zinc 

emissions.  

 

	   	   4.2.6	  Road	  Wear	  

 Zinc emissions also arise from road wear. In their study, Landner & 

Lindeström (1998: 44) estimated zinc emissions from road wear in Sweden to be 

between 45 to 50 kt per year, which is as much as their calculations for wear of 

brake linings. Due to lack of data, however, zinc emissions from road wear will not 

be included in this study, but ought to be mentioned as these emissions contribute 

to an underestimation of dissipative zinc losses.  
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	   	   4.2.7	  Zinc	  from	  pipes	  

 To this day, steel pipes are covered with zinc in order to protect them from 

corroding. Unfavourable water compositions can hamper the formation of a top layer 

of basic zinc carbonates leading to a corrosion of the zinc. Moreover, zinc is also an 

important component in valves and pipe connectors, which can leach zinc. 

(Hillenbrand et al., 2005: 41f)  

 

 To assess zinc corrosion from pipes three studies from Austria (Daxbeck et al., 

1998), Germany (Hillenbrand et al., 2005) and Sweden (Landner and Reuther, 2004) will 

be compared. According to Landner and Reuther (2004: 53) zinc emissions from 

pipes for Stockholm in 1995 amounted to 700 kg per capita (see Table 4.1 in Chapter 

4.1.3). The population of Stockholm in 1995 was 1.148.953, which gives zinc 

emissions of 609 mg per capita and year (Statistics Sweden, 2013). The Austrian 

study by Daxbeck et al. (1998: 43) came to considerably higher zinc loads from pipe 

corrosion, namely 2.500 – 3.100 mg per capita and year. The German report 

(Hillenbrand et al., 2005: 41ff), as mentioned for copper pipe corrosion (Chapter 4.1.3) 

has two methods of deriving zinc emissions: in one, they measure the zinc 

emissions in drinking water, and the other, they estimate zinc loads to surface 

waters and soils. Following our earlier approach we will use zinc emissions in the 

drinking water, which were estimated to be 527,4 tonnes/year caused by metallic 

house installations, pipes and valves. As stated earlier, the German report does not 

make clear in which year these samples were taken. Since the sources cited range 

from 1990/92, 1998/99 and 2001/02 we chose the year 2000 as a reference and 

divide the 527,4 tonnes by the German population of 82.260.000 people in 2000 

(Statista, 2014c). This yields approximately 6.411 mg Zn emissions per capita and 

year. These results show that even within Europe and countries of similar 

infrastructure and wealth, there is great disparity of data on per capita zinc 

emissions from pipes. Another interesting observation that can be made is that the 

Swedish study estimates substantially lower zinc concentrations from pipes than for 

copper, while in contrast the German report estimates zinc emissions to be almost 

twice as high as for copper.  
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Table 4.4: Comparison of Zn-emissions from pipe corrosion in Sweden, Germany and 
Austria  

 Sweden Germany Austria 

Zn- emissions 604 mg/c y 6.411 mg/ c y 2.500 – 3.100 mg/ c y 

 
Source: (Landner and Reuther, 2004: 53), (Hillenbrand et al., 2005), (Daxbeck et al., 1998) 

 

The median value for zinc corrosion from these three datasets is 3.273 mg Zn/ c y. 

Multiplied with the world population of 7.020.760.225 people in 2012 (U.S. Bureau of 

Census, 2013), global zinc emissions from pipe corrosion total 22.979 tonnes ≈ 23kt.  

  
A summary of the findings is given in the Table 4.5 and depicted in Figure 4.7.  

 

Table 4.5: Dissipative losses from zinc by end-use goods in 2012 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Source: Author  
 
 
 
 

 
Dissipative zinc losses by goods (in kt/yr) 

 

2012 kt/yr % 

 
Agriculture 
 

89,19 1,4% 

 
Roofs 
 

6.190,92 97% 

 
Car Tires 
 

66,34 1% 

 
Brake Pad Wear 
 

28,86 0,5% 

 
Pipes 
 

22,98 0,4% 

 
Total  
 

6.389,29 100% 
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Figure 4.7: Dissipative losses of zinc by end-use products in 2012 

Source: Author 

 

 While for copper roofs contributed the least amount to dissipative losses, for 

zinc results show that it is the complete opposite. Roofs are responsible for about 

97% of all dissipative losses, dwarfing all other sectors. As mentioned above, 

automotive body panels could be another important source, but not comparable with 

dissipation from roofs.  

 Apart from the six categories of dissipative zinc losses that we have covered 

there are many more zinc emissions released, for example from power transmission 

towers, overhead transmission lines, bridge and guard rails and other outdoor 

structures, which have not been included in our calculations. 

 

 

 

 

 

 

Dissipative	  Zinc	  Losses	  by	  End	  Use,	  2012	  

Agriculture	  

Roofs	  

Car	  Tires	  

Brake	  Pad	  Wear	  

Pipes	  
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Now that we know all the flows for our global zinc system, the MFA for zinc can be 

completed:  

 

Figure 4.8: MFA for zinc in 2012, including dissipative losses 

 Source: Author 

 

 Dissipative losses for zinc, as can be seen by the MFA, are substantial and 

even greater than the zinc waste flow (discards). Noticeable is also that the 

additional zinc stock with 1.090 is rather small in comparison. In the next chapter it 

will be analyzed how those losses compare to natural copper and zinc 

concentrations.  
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5. Dissipative	  Losses	  vs.	  Natural	  Concentrations	  	  
 In this chapter, natural copper and zinc concentrations will be compared to 

their respective dissipative losses that were determined in the previous chapter. 

Natural concentrations for copper were found to be on average 20 – 25 ppm, 

ranging from 1 – 700 ppm for different regions. Data on background levels of zinc 

report an average of 50 – 70 ppm, with regional levels varying from 10 – 300 ppm. 

These figures refer to dry weight. (U.S. Geological Survey, 1984), (AGA - American 

Galvanizers Association, 2013), (IZA - International Zinc Association, n.d.). For 

subsequent calculations we will use an average of 25 g/t copper concentrations and 

60 g/t zinc concentrations.  

 

Background concentrations of copper and zinc in the top layer of the soil can be 

calculated as follows: land surface x soil depth x soil density.  

 

Land surface of the earth: 150 Mio km2 

Soil depth: 0,2 m 

Soil density: 1,3 t/m3 = 1,3E+6 g/ m3 

 

Soil mass: 150 Mio km2 x 0,2m x 1,3 t/m3 = 1,3E+6 g/ m3 = 3,9E+19 g = 3,9E+13 t 

1% Soil mass: 3,9E+17g  

 

5.1	  Copper	  

 Total geogenic copper concentrations (for 100% land surface) can be 

calculated the following way: 25g/t x soil mass = 25g/t x 3,9E+13 t = 9,75E+14 g. 

 

 The annual anthropogenic Cu contribution from dissipative losses is 464 kt = 

4,64E+11 g. Since we do not know, however, how this anthropogenic copper is 

distributed, Table 5.1 will compare the anthropogenic copper (A) to copper’s 

natural/geogenic concentrations (G). If all the anthropogenic copper would 

accumulate on 1% of the land surface, the ratio for example would be 4,64E+11 g 

anthropogenic copper over 9,75E+12 g natural copper, which is 0,0475 for one year. 

This means that the anthropogenic copper from dissipative losses compared to 

natural copper concentrations is 0,0475.  
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In 100 years, the ratio would then be 4,75, so we would have about 5 times more 

anthropogenic copper than geogenic copper in the soil. The ratio of A/G is always 

4,64E+11 g over Cu stock in soil at xy percent of land affected.  

 

Table 5.1: Anthropogenic over geogenic copper contribution to soil 

Affected	  land	  
(%)	  

Soil	  mass	  (g)	   Cu	  stock	  in	  soil	  
(g)	  

A/G	  per	  anno	   A/G	  in	  100	  yrs	  

1%	   3,90E+17	   9,75E+12	   0,05	   4,76	  

5%	   1,95E+18	   4,88E+13	   0,01	   0,95	  

10%	   3,90E+18	   9,75E+13	   0	   0,48	  

20%	   7,80E+18	   1,95E+14	   0	   0,24	  

50%	   1,95E+19	   4,88E+14	   0	   0,1	  

100%	   3,90E+19	   9,75E+14	   0	   0	  

 
Source: Author (For the complete table please see the Annex.) 
 
 

 

Figure 5.1: Ratio of anthropogenic over geogenic copper contribution to soil 

Source: Author  

 

 As can be seen from Table 5.1 and Figure 5.1 anthropogenic copper 

contribution to soil, even when distributed on 1% of land surface, cannot surpass 

natural concentrations in one year.  

0	  
0,5	  
1	  

1,5	  
2	  

2,5	  
3	  

3,5	  
4	  

4,5	  
5	  

0%	   2%	   4%	   6%	   8%	   10%	   12%	   14%	   16%	   18%	   20%	  

A/
G	  

Affected	  Land	  Mass	  

A/G	  Ratio	  in	  100	  years	  



54 

 

In the course of 100 years, anthropogenic copper concentrations can be almost 5 

times higher than background concentrations, provided the metal only dissipates on 

1% land mass. As of 5% land mass distribution, however, man-made copper levels 

remain to be less than geogenic concentrations, even when calculated over a period 

of 100 years. 

 

5.2	  Zinc	  

 Total geogenic zinc concentrations (100% land surface) can be calculated 

the following way: 60g/t x soil mass = 60 g/t x 3,9E+13 t = 234E+13 g = 2,34E+15 g 

 

 The yearly anthropogenic Zn contribution is 6.398 kt = 6,4E+12 g/yr. As with 

copper, we do not know how this anthropogenic zinc is distributed. Hence the 

following table will compare the anthropogenic zinc (A) to zinc’s natural/geogenic 

concentrations (G). If all the anthropogenic zinc would accumulate on 1% of the land 

surface, the ratio for example would be 6,4E+12 g anthropogenic zinc over 

2,34E+13 g natural zinc, which is 0,27 for one year. This means that the 

anthropogenic zinc from dissipative losses compared to natural zinc concentrations 

is 0,27. In 100 years, the ratio would then be 27, so we would have 27 times more 

anthropogenic zinc than geogenic zinc in the soil. The ratio of A/G is always 

6,4E+12 g over Zn stock in soil at xy percent of land affected.  

 

Table 5.2: Anthropogenic over geogenic zinc contribution to soil 

Affected	  land	  
(%)	  

Soil	  mass	  (g)	   Zn	  stock	  in	  soil	  
(g)	  

A/G	  per	  anno	   A/G	  in	  100	  yrs	  

1%	   3,90E+17	  
	  

2,34E+13	   0,27	   27,35	  

10%	   3,90E+18	   2,34E+14	   0,03	   2,74	  

20%	   7,80E+18	   4,68E+14	   0,01	   1,37	  

28%	   1,09E+19	  
	  

6,55E+14	   0,01	   0,98	  

50%	   1,95E+19	   1,17E+15	   0,01	   0,55	  

100%	   3,90E+19	   2,34E+15	   0	   0,27	  

 
Source: Author (For the complete table please see the Annex.) 
 



55 

 

 

Figure 5.2: Ratio of anthropogenic over geogenic zinc contribution to soil  

Source: Author  

 

If all dissipative losses of zinc were spread on 1% of the globe, the ratio between 

anthropogenic to geogenic zinc concentrations would be 0,27 for one year and 

around 27 for 100 years. Assuming 100% land distribution, the ratio would be 

negligible, both for one year and in 100 years from now. For zinc the benchmark 

when anthropogenic over geogenic concentrations are below one, occurs at a land 

distribution of 28%. Already in the previous chapter our studies have revealed that 

dissipative losses from zinc are far greater than for copper. Hence, it is not 

surprising that zinc will also have a higher anthropogenic over geogenic (A/G) ratio. 
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5.3	  Results	  

The aim of this thesis was to answer the following questions:   

1. How much of the copper and zinc entering the anthroposphere is lost to the 

environment through dissipative losses? 

In 2012, approximately 500 kt copper and 6.400 kt zinc dissipated into the 

environment.  

2. How big is the share of anthropogenic dissipative losses in comparison to 

other flows of the metals? 

 For copper, the dissipative losses are smaller than any other flow. Copper’s 

discard flow from consumption, for example, is nearly 11.000 kt in 2012, meaning 

that the dissipative losses merely are 4% in comparison. Dissipative copper losses 

constitute around 3% of the 17.000 kt copper that entered the anthroposphere that 

year. And in comparison to the approximately 21.000 kt that entered the use-phase, 

dissipative copper losses are 2%.  

 With 6.400 kt the dissipative zinc losses are far greater than for copper and 

are also bigger in comparison to the zinc flows: According to our calculations 

dissipative zinc losses are more than twice as much than the zinc that is landfilled 

(≈3.000 kt). Compared to the zinc discards arising from consumption (≈ 4.000 kt), 

dissipative zinc losses are ≈ 1,6 times higher and they constitute almost 50% of the 

13.000 kt that entered the anthroposphere that year.  

3. How big are these anthropogenic dissipative losses in comparison to the 

metals’ natural concentrations in the soil?  

 In a given year, neither zinc nor copper concentrations exceed geogenic 

concentrations, not even when assuming 1% land distribution. The anthropogenic 

over geogenic contribution to soil per year is 0,05 for copper and 0,27 for zinc, 

assuming 1% land mass distribution. When dispersed over the entire land mass 

both would be zero. Over the course of 100 years and 1% land distribution the 

metals’ A/G ratio increases up to 5 for copper and a bit over 27 for zinc. This means 

that man-made copper concentrations would be 5 times and zinc concentrations 

would be 27 times higher than their natural background concentrations.  
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While both metals never exceed their natural concentrations for a given year, but 

only over the course of 100 years, zinc can be distributed over 27% of the soil mass 

and still surpass natural levels. Copper is far less problematic already losing impact 

when dispersed over 5% of the earth surface.  

 

 It is important to stress again the fact that this paper’s objective was to 

quantify the dissipative losses, not however, what will happen with those losses. So 

even though a vast amount of zinc dissipates into the environment, a great part of it 

will be transported back into the waste management. This is because, dissipative 

losses that arise from roof runoff, for example, will be mostly “washed away” when 

the next rain comes and will thus be transported to the local wastewater treatment 

plant. Therefore, this thesis does not claim that those dissipative losses are eternally 

lost to the environment. Instead we propose that these losses may initially go into 

the environment but their further fate is unknown. 

 

 The scope of this thesis was to see if man-made copper and zinc losses to 

the environment could potentially exceed background levels of zinc. Our calculations 

have proven that this is the case and that depending on the land distribution natural 

concentrations could be surpassed by anthropogenic ones. As mentioned in the 

MFA in Chapter 4, not all the share of the metal that dissipates actually ends up in 

the environment, as was assumed for our calculations now. This paper has fulfilled 

its objective by showing that dissipative losses for copper and zinc are significant 

enough to exceed their natural concentrations at a given spatial and temporal 

distribution. This research has shed light on a hitherto underestimated topic, and 

proven that dissipative losses, despite popular opinion, are not negligible in 

comparison to other flows. Especially for the case of zinc, our calculations came to 

the conclusion that dissipative losses are greater than waste streams for zinc.  
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6. Summary	  and	  Conclusions	  

 The aim of this thesis was to assess the quantitative dissipative losses of 

copper and zinc that arise from the consumption of end-use products and their ratio 

to natural concentrations. As can be seen, the ratio of the metals’ anthropogenic 

dissipative losses for one year over their natural concentrations, is less than 1 even 

when assuming that all the losses accumulate on 1% of the total world land mass. 

Over a period of 100 years, however, the ratio of anthropogenic over geogenic 

concentrations rises to more than 27 for zinc and 5 for copper, thus proofing that 

dissipative losses of these metals in the long run exceed their natural concentrations 

when distributed over 1% of the land mass. Whether or not the metals actually 

exceed natural concentrations, depends on their distribution. When evenly 

distributed across the globe anthropogenic concentrations of copper and zinc are 

negligible in comparison. Assuming 100% distribution rate, however, is not very 

realistic, as the metals precipitate closely to where they were emitted, unless they 

reach water bodies. As mentioned many times throughout the thesis, the 

calculations are only an approximation of the dissipative losses and underestimate 

the actual losses. Although the most important sectors and goods causing 

dissipative losses were taken into account, not all of them could be assessed due to 

data limitations. Of the 58% of zinc used for galvanizing, for example, we merely 

looked at the building sector, which constitutes ≈ 27%, the remaining 73% are 

unknown. Leachates from landfills comprise another source of dissipative losses 

that, due to data availability, were not taken into account.    

 Another conclusion to be drawn is that the dissipative losses from zinc are 

greater than for copper. This is no surprise as zinc is a metal predominantly used to 

protect other metals from corroding. Copper, on the other hand, has fewer 

dissipative applications and hence also losses.  

 In order to take accurate political decisions concerning the phase-out or 

substitution of potentially harmful metals, it is vital to know the metals’ real 

occurrence and emissions. So far, however, this is not of national let alone 

international political interest but remains limited to a few regions. Noticeable during 

the data collection was that many (not all) interest organisations of the metals in 

question were reluctant to a) share information and data, and b) often seemed 

disapproving when hearing the words “dissipative losses”.  
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As they are representing the interest of the copper or zinc producing companies, 

they probably perceived this research as a threat to their industry, since a phase-out 

of copper in brake pads, for example, from their standpoint is not desired. 

 Last but not least, it remains to be said that although we have a first 

approximation of how much copper and zinc globally dissipates each year, further 

research needs to be done to not only address the bioavailability of the metals but 

also where and to which extent the metals’ end up in the soil, water bodies or waste 

water treatment plants.  
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Annex	  

Table: Anthropogenic over geogenic copper contribution to soil 

Affected	  land	  
(%)	  

Soil	  mass	  (g)	   Cu	  stock	  in	  soil	  
(g)	  

A/G	  per	  anno	   A/G	  in	  100	  yrs	  

	  
1%	   3,90E+17	  

9,75E+12	   0,05	   4,76	  

2%	  
	   7,80E+17	  

1,95E+13	   0,02	   2,38	  

3%	   1,17E+18	  
2,93E+13	   0,02	   1,6	  

4%	   1,56E+18	  
3,90E+13	   0,01	   1,19	  

5%	   1,95E+18	  
4,88E+13	   0,01	   0,95	  

6%	   2,34E+18	  
5,85E+13	   0,01	   0,79	  

7%	   2,73E+18	  
6,83E+13	   0,01	   0,68	  

8%	   3,12E+18	  
7,80E+13	   0,01	   0,59	  

9%	   3,51E+18	  
8,78E+13	   0,01	   0,53	  

10%	   3,90E+18	  
9,75E+13	   0	   0,48	  

11%	   4,29E+18	  
1,07E+14	   0	   0,43	  

12%	   4,68E+18	  
1,17E+14	   0	   0,4	  

13%	   5,07E+18	  
1,27E+14	   0	   0,37	  

14%	   5,46E+18	  
1,37E+14	   0	   0,34	  

15%	   5,85E+18	  
1,46E+14	   0	   0,32	  

16%	   6,24E+18	  
1,56E+14	   0	   0,3	  

17%	   6,63E+18	  
1,66E+14	   0	   0,28	  

18%	   7,02E+18	  
1,76E+14	   0	   0,26	  

19%	   7,41E+18	  
1,85E+14	   0	   0,25	  

20%	   7,80E+18	  
1,95E+14	   0	   0,24	  

21%	   8,19E+18	  
2,05E+14	   0	   0,23	  

22%	   8,58E+18	  
2,15E+14	   0	   0,22	  
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23%	   8,97E+18	  
2,24E+14	   0	   0,21	  

24%	   9,36E+18	  
2,34E+14	   0	   0,2	  

25%	   9,75E+18	  
2,44E+14	   0	   0,19	  

26%	   1,01E+19	  
2,54E+14	   0	   0,18	  

27%	   1,05E+19	  
2,63E+14	   0	   0,18	  

28%	   1,09E+19	  
2,73E+14	   0	   0,17	  

29%	   1,13E+19	  
2,83E+14	   0	   0,16	  

30%	   1,17E+19	  
2,93E+14	   0	   0,16	  

31%	   1,21E+19	  
3,02E+14	   0	   0,15	  

32%	   1,25E+19	  
3,12E+14	   0	   0,15	  

33%	   1,29E+19	  
3,22E+14	   0	   0,14	  

34%	   1,33E+19	  
3,32E+14	   0	   0,14	  

35%	   1,37E+19	  
3,41E+14	   0	   0,14	  

36%	   1,40E+19	  
3,51E+14	   0	   0,13	  

37%	   1,44E+19	  
3,61E+14	   0	   0,13	  

38%	   1,48E+19	  
3,71E+14	   0	   0,13	  

39%	   1,52E+19	  
3,80E+14	   0	   0,12	  

40%	   1,56E+19	  
3,90E+14	   0	   0,12	  

41%	   1,60E+19	  
4,00E+14	   0	   0,12	  

42%	   1,64E+19	  
4,10E+14	   0	   0,11	  

43%	   1,68E+19	  
4,19E+14	   0	   0,11	  

44%	   1,72E+19	  
4,29E+14	   0	   0,11	  

45%	   1,76E+19	  
4,39E+14	   0	   0,11	  

46%	   1,79E+19	  
4,49E+14	   0	   0,1	  

47%	   1,83E+19	  
4,58E+14	   0	   0,1	  

48%	   1,87E+19	  
4,68E+14	   0	   0,1	  
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49%	   1,91E+19	  
4,78E+14	   0	   0,1	  

50%	   1,95E+19	  
4,88E+14	   0	   0,1	  

51%	   1,99E+19	  
4,97E+14	   0	   0,1	  

52%	   2,03E+19	  
5,07E+14	   0	   0,1	  

53%	   2,07E+19	  
5,17E+14	   0	   0,1	  

54%	   2,11E+19	  
5,27E+14	   0	   0,1	  

55%	   2,15E+19	  
5,36E+14	   0	   0,1	  

56%	   2,18E+19	  
5,46E+14	   0	   0,1	  

57%	   2,22E+19	  
5,56E+14	   0	   0,1	  

58%	   2,26E+19	  
5,66E+14	   0	   0,1	  

59%	   2,30E+19	  
5,75E+14	   0	   0,1	  

60%	   2,34E+19	  
5,85E+14	   0	   0,1	  

61%	   2,38E+19	  
5,95E+14	   0	   0,1	  

62%	   2,42E+19	  
6,05E+14	   0	   0,1	  

63%	   2,46E+19	  
6,14E+14	   0	   0,1	  

64%	   2,50E+19	  
6,24E+14	   0	   0,1	  

65%	   2,54E+19	  
6,34E+14	   0	   0,1	  

66%	   2,57E+19	  
6,44E+14	   0	   0,1	  

67%	   2,61E+19	  
6,53E+14	   0	   0,1	  

68%	   2,65E+19	  
6,63E+14	   0	   0,1	  

69%	   2,69E+19	  
6,73E+14	   0	   0,1	  

70%	   2,73E+19	  
6,83E+14	   0	   0,1	  

71%	   2,77E+19	  
6,92E+14	   0	   0,1	  

72%	   2,81E+19	  
7,02E+14	   0	   0,1	  

73%	   2,85E+19	  
7,12E+14	   0	   0,1	  

74%	   2,89E+19	  
7,22E+14	   0	   0,1	  
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75%	   2,93E+19	  
7,31E+14	   0	   0,1	  

76%	   2,96E+19	  
7,41E+14	   0	   0,1	  

77%	   3,00E+19	  
7,51E+14	   0	   0,1	  

78%	   3,04E+19	  
7,61E+14	   0	   0,1	  

79%	   3,08E+19	  
7,70E+14	   0	   0,1	  

80%	   3,12E+19	  
7,80E+14	   0	   0,1	  

81%	   3,16E+19	  
7,90E+14	   0	   0,1	  

82%	   3,20E+19	  
8,00E+14	   0	   0,1	  

83%	   3,24E+19	  
8,09E+14	   0	   0,1	  

84%	   3,28E+19	  
8,19E+14	   0	   0,1	  

85%	   3,32E+19	  
8,29E+14	   0	   0,1	  

86%	   3,35E+19	  
8,39E+14	   0	   0,1	  

87%	   3,39E+19	  
8,48E+14	   0	   0,1	  

88%	   3,43E+19	  
8,58E+14	   0	   0,1	  

89%	   3,47E+19	  
8,68E+14	   0	   0,1	  

90%	   3,51E+19	  
8,78E+14	   0	   0,1	  

91%	   3,55E+19	  
8,87E+14	   0	   0,1	  

92%	   3,59E+19	  
8,97E+14	   0	   0,1	  

93%	   3,63E+19	  
9,07E+14	   0	   0,1	  

94%	   3,67E+19	  
9,17E+14	   0	   0,1	  

95%	   3,71E+19	  
9,26E+14	   0	   0,1	  

96%	   3,74E+19	  
9,36E+14	   0	   0	  

97%	   3,78E+19	  
9,46E+14	   0	   0	  

98%	   3,82E+19	  
9,56E+14	   0	   0	  

99%	   3,86E+19	  
9,65E+14	   0	   0	  

100%	   3,90E+19	  
9,75E+14	   0	   0	  
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Table: Anthropogenic over geogenic zinc contribution to soil 

Affected	  land	  
(%)	  

Soil	  mass	  (g)	   Zn	  stock	  in	  soil	  
(g)	  

A/G	  per	  anno	   A/G	  in	  100	  yrs	  

	  
1%	   3,90E+17	  

2,34E+13	   0,27	   27,35	  

2%	  
	   7,80E+17	  

4,68E+13	   0,14	   13,67	  

3%	   1,17E+18	  
7,02E+13	   0,09	   9,12	  

4%	   1,56E+18	  
9,36E+13	   0,07	   6,84	  

5%	   1,95E+18	  
1,17E+14	   0,05	   5,47	  

6%	   2,34E+18	  
1,40E+14	   0,05	   4,57	  

7%	   2,73E+18	  
1,64E+14	   0,04	   3,9	  

8%	   3,12E+18	  
1,87E+14	   0,03	   3,42	  

9%	   3,51E+18	  
2,11E+14	   0,03	   3,03	  

10%	   3,90E+18	  
2,34E+14	   0,03	   2,74	  

11%	   4,29E+18	  
2,57E+14	   0,02	   2,49	  

12%	   4,68E+18	  
2,81E+14	   0,02	   2,28	  

13%	   5,07E+18	  
3,04E+14	   0,02	   2,11	  

14%	   5,46E+18	  
3,28E+14	   0,02	   1,95	  

15%	   5,85E+18	  
3,51E+14	   0,02	   1,82	  

16%	   6,24E+18	  
3,74E+14	   0,02	   1,71	  

17%	   6,63E+18	  
3,98E+14	   0,02	   1,61	  

18%	   7,02E+18	  
4,21E+14	   0,02	   1,52	  

19%	   7,41E+18	  
4,45E+14	   0,01	   1,44	  

20%	   7,80E+18	  
4,68E+14	   0,01	   1,37	  

21%	   8,19E+18	  
4,91E+14	   0,01	   1,3	  

22%	   8,58E+18	  
5,15E+14	   0,01	   1,24	  

23%	   8,97E+18	  
5,38E+14	   0,01	   1,2	  
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24%	   9,36E+18	  
5,62E+14	   0,01	   1,14	  

25%	   9,75E+18	  
5,85E+14	   0,01	   1,09	  

26%	   1,01E+19	  
6,08E+14	   0,01	   1,05	  

27%	   1,05E+19	  
6,32E+14	   0,01	   1,01	  

28%	   1,09E+19	  
6,55E+14	   0,01	   0,98	  

29%	   1,13E+19	  
6,79E+14	   0,01	   0,94	  

30%	   1,17E+19	  
7,02E+14	   0,01	   0,91	  

31%	   1,21E+19	  
7,25E+14	   0,01	   0,88	  

32%	   1,25E+19	  
7,49E+14	   0,01	   0,85	  

33%	   1,29E+19	  
7,72E+14	   0,01	   0,83	  

34%	   1,33E+19	  
7,96E+14	   0,01	   0,8	  

35%	   1,37E+19	  
8,19E+14	   0,01	   0,78	  

36%	   1,40E+19	  
8,42E+14	   0,01	   0,76	  

37%	   1,44E+19	  
8,66E+14	   0,01	   0,74	  

38%	   1,48E+19	  
8,89E+14	   0,01	   0,72	  

39%	   1,52E+19	  
9,13E+14	   0,01	   0,7	  

40%	   1,56E+19	  
9,36E+14	   0,01	   0,68	  

41%	   1,60E+19	  
9,59E+14	   0,01	   0,67	  

42%	   1,64E+19	  
9,83E+14	   0,01	   0,65	  

43%	   1,68E+19	  
1,01E+15	   0,01	   0,64	  

44%	   1,72E+19	  
1,03E+15	   0,01	   0,62	  

45%	   1,76E+19	  
1,05E+15	   0,01	   0,61	  

46%	   1,79E+19	  
1,08E+15	   0,01	   0,59	  

47%	   1,83E+19	  
1,10E+15	   0,01	   0,58	  

48%	   1,87E+19	  
1,12E+15	   0,01	   0,57	  

49%	   1,91E+19	  
1,15E+15	   0,01	   0,56	  
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50%	   1,95E+19	  
1,17E+15	   0,01	   0,55	  

51%	   1,99E+19	  
1,19E+15	   0,01	   0,54	  

52%	   2,03E+19	  
1,22E+15	   0,01	   0,52	  

53%	   2,07E+19	  
1,24E+15	   0,01	   0,52	  

54%	   2,11E+19	  
1,26E+15	   0,01	   0,51	  

55%	   2,15E+19	  
1,29E+15	   0	   0,5	  

56%	   2,18E+19	  
1,31E+15	   0	   0,49	  

57%	   2,22E+19	  
1,33E+15	   0	   0,48	  

58%	   2,26E+19	  
1,36E+15	   0	   0,47	  

59%	   2,30E+19	  
1,38E+15	   0	   0,46	  

60%	   2,34E+19	  
1,40E+15	   0	   0,46	  

61%	   2,38E+19	  
1,43E+15	   0	   0,45	  

62%	   2,42E+19	  
1,45E+15	   0	   0,44	  

63%	   2,46E+19	  
1,47E+15	   0	   0,44	  

64%	   2,50E+19	  
1,50E+15	   0	   0,43	  

65%	   2,54E+19	  
1,52E+15	   0	   0,42	  

66%	   2,57E+19	  
1,54E+15	   0	   0,42	  

67%	   2,61E+19	  
1,57E+15	   0	   0,41	  

68%	   2,65E+19	  
1,59E+15	   0	   0,4	  

69%	   2,69E+19	  
1,61E+15	   0	   0,4	  

70%	   2,73E+19	  
1,64E+15	   0	   0,39	  

71%	   2,77E+19	  
1,66E+15	   0	   0,39	  

72%	   2,81E+19	  
1,68E+15	   0	   0,38	  

73%	   2,85E+19	  
1,71E+15	   0	   0,37	  

74%	   2,89E+19	  
1,73E+15	   0	   0,37	  

75%	   2,93E+19	  
1,76E+15	   0	   0,36	  



74 

 

76%	   2,96E+19	  
1,78E+15	   0	   0,36	  

77%	   3,00E+19	  
1,80E+15	   0	   0,36	  

78%	   3,04E+19	  
1,83E+15	   0	   0,35	  

79%	   3,08E+19	  
1,85E+15	   0	   0,35	  

80%	   3,12E+19	  
1,87E+15	   0	   0,34	  

81%	   3,16E+19	  
1,90E+15	   0	   0,34	  

82%	   3,20E+19	  
1,92E+15	   0	   0,33	  

83%	   3,24E+19	  
1,94E+15	   0	   0,33	  

84%	   3,28E+19	  
1,97E+15	   0	   0,32	  

85%	   3,32E+19	  
1,99E+15	   0	   0,32	  

86%	   3,35E+19	  
2,01E+15	   0	   0,32	  

87%	   3,39E+19	  
2,04E+15	   0	   0,31	  

88%	   3,43E+19	  
2,06E+15	   0	   0,31	  

89%	   3,47E+19	  
2,08E+15	   0	   0,31	  

90%	   3,51E+19	  
2,11E+15	   0	   0,3	  

91%	   3,55E+19	  
2,13E+15	   0	   0,3	  

92%	   3,59E+19	  
2,15E+15	   0	   0,3	  

93%	   3,63E+19	  
2,18E+15	   0	   0,29	  

94%	   3,67E+19	  
2,20E+15	   0	   0,29	  

95%	   3,71E+19	  
2,22E+15	   0	   0,29	  

96%	   3,74E+19	  
2,25E+15	   0	   0,28	  

97%	   3,78E+19	  
2,27E+15	   0	   0,28	  

98%	   3,82E+19	  
2,29E+15	   0	   0,28	  

99%	   3,86E+19	  
2,32E+15	   0	   0,28	  

100%	   3,90E+19	  
2,34E+15	   0	   0,27	  

 


