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Abbreviations and Terminology

EEE

Electrical and electronics equipment

EoL

End-of-life phase of products

EuP

EU-Directive on Energy Using Products, see [50] in the
references

Feed

Input material into smelters

MSC

Minimum slag concentration

NM

Noble metals

PGM

Platinum group metals: palladium (Pd), platinum (Pt)

Post-consumer recycling

Recycling of WEEE after the use phase of EEE at end-of-life
(EoL)

Post-industrial recycling

Recycling of wastes from EEE manufacturing, in this work
the recycling of solder wastes from soldering

PWB

Printed wiring board, printed circuit board

Recovery

Treatment of WEEE in an end of life process with the
objective to prepare or conduct the recycling

Recycling

Treatment of a material in WEEE to prepare it for the
same or a similar use

RoHS Directive

Directive 2002/95/EC of the European Parliament and of
the Council of 27 January 2003 on the restriction of the
use of certain hazardous substances in electrical and
electronic equipment

POPs

Persistent organic pollutants; non-biodegradable organic
substances accumulating in the environment

SMD

Surface mounted device, electronic component assembled
in surface mount technology

SMT

Surface mount technology

Soldering materials/metals

All materials forming a solder joint: solder alloy (solder
paste), finish on PWB pads and finish on the termination of
electronics components

THT

Through hole technology

WEEE

Waste of Electrical and Electronics Equipment

WEEE Directive

Directive 2002/96/EC of the European Parliament and of
the Council of 27 January 2003 on waste electrical and
electronic equipment (WEEE)
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2

2.1

Introduction

Metals and Mankind – A Story of Indispensability and Desaster

Copper Age, Bronze Age and Iron Age designate important periods of human development. Metals
thus have always been a special material in the history of humankind enabling new technologies and
new possibilities for a better life. The ability to process and use metals has been a pacemaker of
human development from the earliest times of humankind.
Despite of numerous new materials that have been developed in the centuries following the Iron
Age, still nowadays metals are a key material, even in the most modern and advanced products like in
electronics.
However, other, less advantageous effects of metal processing and use directly or indirectly have
been affecting humankind throughout its history, too. An early proof of this is “Ötzi“, the mummy of
a man who lived at the beginning of the Bronze Age about 5,000 years ago in nowadays northern
Italy. He had high doses of copper and nickel in his body [3] and must have suffered from respective
effects.
Also in modern times, humankind did not only enjoy the benefits from the use of metals. In 1932, in
Minamata in Japan, people started suffering from the symptoms of mercury intoxications. They had
taken up the mercury with seafood from the bay of Minamata, which a factory had dumped there
with sewage. About 2,000 people since then have died from this [80]. In 1955, the Itai-Itai-disease,
again in Japan, killed about 100 people [80]. They consumed rice that had been irrigated with
cadmium containing sewage from a factory.
Besides these direct toxic impacts from the metals themselves, environmental impacts from mining
and smelting of metals have been a concern since ancient times as well [130]. Especially in the 18
century, people were afraid that the high energy consumption for mining and smelting activities might
destroy the forests [130], which at that time were the main energy sources. There are examples that
forests actually disappeared during this time and until now have not recovered.
th

The 1961 federal election campaign in Germany for the first time made environmental policy a topic
in the industrial heart of West-Germany, the “Ruhrgebiet”. The social democratic candidate, Willy
Brandt, promised the people “The Blue from the Sky” tackling the severe environmental problems
related to the heavy industry [70] that had caused heavy air and water pollution, which seriously
affected the quality of life.
Metals thus have always provided substantial advantages and were of enormous importance for the
human development, but environmental, health and safety aspects always have been linked to these
great benefits.
From the environmental and resource point of view, the following material properties justify a
particular view on metals:
¾ Metals, unlike other materials, have an infinite recycling potential. Recycled metals can have
the same inherent material properties as primary metals, and they have the potential to
maintain these material properties for an infinite number of life cycles. This property is of
central importance for the methodological approach in this thesis (chapter 4.1.2 on page
123).
¾ The resources of different metals are not independent from each other. Certain metals or
groups of metals occur in combinations in the ores [127] (chapter 5.1 on page 183). Bans of
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certain metals can therefore affect the resources, the availability and processing of other
metals as well. This aspect is an important key in the research presented in this thesis.
¾ Metals cannot be generated from renewable resources. Plastics generally are produced from
mineral oil, but renewable resources like plants can serve as the source for carbons in plastics
as well. Thus, the metals are strictly non-renewable resources.
¾ Mining and smelting of metals, especially for noble metals and platinum group metals (PGM)
is much more energy-intensive compared to organic materials and most other inorganic ones.
¾ Metals are elements and as such not biodegradable in the environment or in organisms.
¾ Some metals, especially the heavy metals, have a high toxic potential and thus are of
particular concern. The fact that they are not bio-degradable acerbates these concerns.
¾ Metals can bio-accumulate in the environment like persistent organic pollutants (POPs)
threatening animals and humans that are at the end of the food chains.

It is not known whether and how the “authorities” in Ötzi’s times handled the problem of toxic and
other adverse impacts of metals. More recent authorities focused on the hazardous metals, in
particular the heavy metals, and banned or limited their use, mostly for specific applications.
When the blood levels of citizens in highly industrialized countries like the US and Germany had
reached levels that were increasingly over the WHO recommended levels, the United States banned
the toxic lead in fuels. Germany followed later in 1988. The rest of the EU member states had
banned lead in gasoline latest in January 2000. The ban impressively reduced the toxic burdens of
lead on human bodies, measured as decrease of blood levels of lead.
This ban is an example for obvious adverse effects of metal applications that, obviously as well,
required legislative action. Lead was added to the gasoline as an antiknock-additive. It was dissipated
into the environment with the exhaust emissions, and the exposure of people via the air was very
high. As well as this application of lead had clear and measurable adverse environmental and health
impacts, the ban clearly and measurable contributed to improve the quality of life and of the
environment.
Beyond such clear situations, there is a wide range of actual but diffuse, or feared, impacts on the
environment, health and safety from metal production and metal use that also triggered legislative
actions. The most recent example is the ban of lead, cadmium, mercury, chromium VI and certain
flame retardants in electronics in the European Directive on the Restriction of the Use of Certain
Hazardous Substances (RoHS Directive [48], see chapter 2.2 on page 27).
“The available evidence indicates that measures on the collection, treatment, recycling and disposal of
waste electrical and electronic equipment (WEEE) as set out in Directive 2002/96/EC of 27 January
2003 of the European Parliament and of the Council on waste electrical and electronic equipment
(6) are necessary to reduce the waste management problems linked to the heavy metals concerned
and the flame retardants concerned. In spite of those measures, however, significant parts of WEEE
will continue to be found in the current disposal routes. Even if WEEE were collected separately and
submitted to recycling processes, its content of mercury, cadmium, lead, chromium VI, PBB and PBDE
would be likely to pose risks to health or the environment.“(source: RoHS Directive [48])
The fact that a good portion of waste of electric and electronic equipment (WEEE) ends up on
landfill sites at end-of-life fuels fears that over time it might threaten the ground water and endanger
human health and the environment. The main focus of the discussion is on the lead. It is not
contentious that, from the material property point of view, lead is a toxic heavy metal. It is, however,
contentious whether, and if then to what degree, the lead in electronics equipments actually poses a
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risk for the environment and human health justifying its ban from use in electrical and electronics
equipment. Additionally, there have been fierce discussions whether this ban actually will not
deteriorate the overall environmental situation [128], [121]. There is no clear scientific evidence
either for this or for the opposite. The author doubts whether this question can ever be answered
based on scientific evidence, as the manifold and complex effects require the weighting of different
environmental, health and safety categories like toxicity, energy consumption, and resource depletion
(see for instance Figure 2-19 on page 51). These categories are not comparable on a scientific base.
The weighting, evaluation and prioritization of such impacts is a societal and political decision on how
much of which risk society is ready to accept. A scientific study cannot solve these societal and
political issues within its scientific approach. The core task of science is to deliver sound facts and to
show possible consequences resulting from such decisions before they are taken.
Meanwhile, the mere environmental facts are no longer sufficient as a discussion and decision base. In
1992, at the United Nations’ Earth Summit in Rio de Janeiro, 178 countries including the European
Union adopted sustainable development as the strategy ensuring our and future generations’ survival
on this planet at equal and high quality of life. The appropriate guiding principle for legislation and its
implementation since then must be whether and how far it contributes to “…meeting the needs of
the current generations without compromising the ability of future generations to meet their
needs.“[18]. Although the environment is part of sustainable development, the sustainable
development concept requires a wider and possibly different view on the use or ban of metals in
electronics (also see chapter 2.4 on page 38).
This work wants to assume this wider sustainable development view. It will provide the
methodological framework for a sustainability assessment of metal use in electronics. The work will
focus on the sustainable development impacts resulting from the substitution of lead in finishes and
solders as the most electronics specific (see chapter 2.3.3 on page 36) and most contentious
application of lead banned in the RoHS Directive.
Although motivated by the RoHS Directive, this research work does not aspire to join the discussion
about the environmental overall good or bad of the lead ban in electronics. The RoHS Directive has
been enacted and is already implemented or is under implementation in the EU member states, and
it has initiated a worldwide shift to lead-free soldering. This work will show how to properly
implement the ban of lead in electronics in the spirit of sustainable development. Beyond that, it will
generate a knowledge and methodological base, which can provide the necessary facts for future
industrial and political decisions on the use, restrictions or bans of materials in the electrical and
electronics industry in the spirit of sustainable development.

2.2

Legal Background

The legal background for the ban of lead in solders and finishes is the Directive 2002/95/EC of the
European Parliament and of the Council of 27 January 2003 on the restriction of the use of certain
hazardous substances in electrical and electronic equipment (RoHS Directive).
With effect from July 1, 2006, the RoHS Directive limits the contents of six banned substances
shown in Figure 2-1 to a maximum level of 0.1 % and 0.01 % (mass) respectively in the
homogeneous material. The homogeneous material is not defined in the RoHS Directive, but in a
technical guidance document stating that a homogeneous material is a material, which
¾ …cannot be mechanically disjointed into components
¾ …is of uniform composition throughout
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Figure 2-1: Substances banned in EEE and maximum content in homogeneous materials

The technical guidance document gives examples of homogeneous materials. Applied to a printed
wiring board, the following materials depicted in Figure 2-2 are homogeneous materials.

Figure 2-2: Homogeneous materials in a printed wiring board

(Courtesy of Kay Nimmo, Tintechnology)
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The figure shows a section of a cut through a solder joint. For the use of lead in solders and finishes,
which is the focus of this thesis, the homogeneous material definition and the ban of lead means that
lead has to be replaced in solders, board finishes and in component finishes. Only a maximum of
0.1 % of lead content are allowed.
The RoHS directive affects almost all electrical and electronics equipment, with only few exemptions.
The exemptions are reviewed from time to time and thus are not permanent. Figure 2-3 shows the
scope of the RoHS Directive.

Figure 2-3: Scope of the RoHS Directive

(ICT: information and communication technology)
The automotive industry is permanently outside the scope of the RoHS Directive. The European
End-of-Life of Vehicles Directive applies to vehicles and exempts the use of lead in electrical and
electronics solders. The amount of tin-lead solders used in vehicles is estimated with 7,000 t [126] to
15,000 t [135].
The electronics component industry is organized globally and will not produce lead-free and leadcontaining components in parallel. Additionally, the automotive industry tends to apply higher-melting
solders and finish alloys. Only then can they cope with the higher operating temperatures due to the
increasing “under hood” applications where the electronics devices are installed ever closer to the
hot engine. It can therefore be assumed that the automotive sector, independently from the legal
situation, will also move towards lead-free solders and finishes.
For the other devices out of scope, data on their solder use are not available. Their unit numbers are,
however, probably small compared to the wide range of high-numbering consumer and other
products within the scope of the RoHS Directive.
For the devices inside the scope, the RoHS Directive exempts specific applications of the banned
materials. The most important exemption for the scope of this work are the solders containing 85 %
(mass) and more of lead. This exemption concerns a considerable mass of lead-tin solders (see
chapter 3.2.1 on page 71). This, like all other granted exemptions, are reviewed every four years and
therefore are not permanently.
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Besides the European Union, other countries like for instance China are about to enact legal
regulations similar to the RoHS Directive. In Japan, industry has been driving the lead-free soldering
movement for several years resulting in the leading knowledge about lead-free soldering.
All together, the worldwide legislative activities as well as the globalized manufacturing and the global
markets for electronics products will probably result in the worldwide shift to lead-free soldering
over time.

2.3

Technical and Technological Background

This chapter gives an overview on the basic technical and technological background. It does not go
into details, but is limited to the issues, which the reader needs to have the necessary understanding
of the following chapters.

2.3.1 Surface Mount and Through-Hole Technology
Depending on the method, how electrical and electronics components are fixed to the printed
wiring board (PWB), two main technologies must be differentiated:
¾ the through-hole technology (THT)
¾ the surface mount technology (SMT)

Through-Hole Technology
The THT is the older technology. The components used in the THT technologies have pins or leads,
which are inserted into prepared holes on the PWB and then soldered.

Figure 2-4: Schematic illustration of a through-hole technology component on a PWB
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Both the component leads as well as the pads on the PWB carry metallizations (finishes). The finishes
increase the wettability (solderability) of the surfaces. These surfaces used to be tin-lead alloys with
around 37 % or 40 % (mass) content of lead. The RoHS Directive requires the replacement of these
finishes for lead-free ones.
The components are placed onto the PWB either manually or automoatically by pick-and-place
assembly machines, which are capable to place several thousands or ten-thousands of components
per hour. The component is soldered to the PWB with a wave soldering process (see 2.3.2 on page
32).

Surface Mount Technology
The SMT is a newer technology. The components used in the SMT are called surface mount devices
(SMDs). SMDs do not require through-holes in the PWB, but are placed with their contacts on the
surface of the PWB on the contact areas (pads or lands), which are prepared on the PWB.

Figure 2-5: Surface mount device on a PWB

The pads on the PWB and the component terminations carry finishes like the THT components to
increase the solderability. The finishes will have to be replaced as well for lead-free finishes. In this
work, only the lead-free PWB finishes will be taken into account (see chapter 3.2.3 on page 84).
The SMT allows higher component densities on the PWB, as the SMDs need less space for their
contacts. The spaces between the contact areas can be narrower as well saving additional space.
SMDs can be soldered to the PWB applying both wave or reflow soldering processes, or a
combination thereof.

Uses of SMT and THT
SMDs and THT components can be mixed on PWBs (hybrids). For applications requiring smallest
dimensions, highest functionalities and low weight, for instance in mobile phones, the PWBs normally
are manufactured in pure SMT. Applications, where neither space nor weight are limited, use pure or
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mainly THT PWBs. Product examples are white goods like washing machines and dish washers, or
refrigerators. THT is also used for big and heavy components. Examples are big inductor coils, or
some electromechanical components. The solder joints have to withstand high mechanical stress due
to the high component weight or the pressure applied from outside, e. g. on connectors having to
withstand the pressure from pressing in and pulling out plugs. The THT components here offer the
crucial advantage that the pin or lead inserted into the hole of the PWB provides additional
mechanical stability.

2.3.2 Reflow and Wave Soldering
Reflow and wave soldering are the standard technologies for interconnecting electrical and
electronics components to PWBs.

Wave Soldering
Wave soldering is the older technology, which was developed for THT components, but can as well
be used for SMDs. The wave soldering process is part of the PWB assembly starting with the
component placement on the PWBs and followed by the wave soldering process.

Figure 2-6: Schematic illustration of the wave soldering process

After the component placement, the bottom side of the PWB is sprayed with flux in the wave
soldering oven. The flux removes impurifications on the pads and lands on the PWB as well as the
surface of the pins, so that the liquid solder can wet the surfaces and build a solder joint.
The PWB is then transported over the liquid solder, which forms a wave wetting the bottom side of
the PWB in order to form a solder joint between the pads on the PWB and the ends of the THT
component leads or pins inserted through the holes in the PWB from above. Figure 2-7 shows the
process in more details.
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The figure depicts the wave soldering of SMDs as well, which will be explained in the next section. A
solder mask protects the PWB surface besides the pads and the component leads so that the liquid
solder can only wet the pads and the component terminations. Otherwise short-circuits might form
impairing the electrical functionality of the PWB.
Wave soldering uses solder bars, which are molten in the wave solder oven. The wave solder oven
thus contains a deposit of several hundred kilograms of liquid, molten solder. The solder is circulated,
and a pump forms the wave solder on top of the liquid solder body. As the molten solder is in
contact with air and thus with oxygen, it forms drosses, which have to be removed from time to time.
The dross can amount to around 25 to 50 % of the solder in the solder deposit. The drosses are
recycled normally, as they contain metals in highly concentrated form. To reduce the drossing, wave
soldering can be conducted under nitrogen atmosphere, which, however, on the other hand causes
additional cost for the nitrogen and the wave solder oven.

Figure 2-7: Schematic illustration of the wave soldering of components

The liquid solder dissolves copper from the PWB conductive paths, which contaminates the solder
bath. The solder baths therefore have to be diluted with additional tin and lead, in case of tin-lead
solder use, or with additional tin and silver, in case of tin-silver-copper solder use. From time to time,
it may be necessary to exchange the solder bath for a new one if the degree of contamination with
copper or other substances has become too high. The used solder baths are recycled as well, either
as refurbished solders or as metals for use in other applications.

Reflow Soldering
Reflow soldering is a more modern interconnection technology, which was developed for the SMT.
Reflow soldering is not appropriate for THT components, with few exceptions like through-hole
reflow, which are, however, not a standard application.
Reflow soldering uses solder pastes, not solder bars. Solder pastes are a mixture of flux and
pulverized solder alloy. The share of flux is around 10 to 15 % of the total solder paste mass.
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Figure 2-8 shows the principle of the reflow soldering process. The solder paste is printed on the
pads of the PWB leaving a solder paste deposit. The printer uses a stencil, which is manufactured
specifically for the PWB to be manufactured. The stencil has holes, which are aligned with the
positions of the pads on the PWBs. The stencil is positioned on the PWB so that the holes in the
stencil are exactly over the pads on the PWBs. A squeegee presses the solder paste into the holes,
and the stencil is lifted off vertically leaving a solder paste deposit on the pads of the PWB.
The pick-and-place machine then positions the SMDs on the PWBs. The solder paste works like a
glue keeping the SMDs on their positions on the PWB.
The PWB with the components then is transported into the reflow solder oven. The PWB passes
through a temperature profile in the reflow oven with temperatures increasing linearly or in stages to
the peak temperature, then going down again. The solder alloy in the solder paste deposits melts in
the peak temperature range, and the flux evaporates after having cleaned the metal surfaces.
The final chamber of the reflow oven is the cooling chamber, which cools the PWB as fast as
possible to obtain high quality solder joints.

Figure 2-8: Schematic illustration of the reflow soldering process

Wave Soldering of SMDs and Combinations of Wave and Reflow Soldering
Wave soldering can be applied for SMDs as well, mostly on hybrid boards, a mix of THT
components and SMDs. These PWBs then are double-sided carrying components on the top and
bottom side.
In the assembly, the first step is the placement of the SMDs on one side of the PWB. Then, the PWB
is turned round, and the THT components are placed on the opposite side of the PWB so that the
end of the THT pins and the SMDs are on the same side.
As there is no solder paste to fix the SMDs at their position on the PWB, the SMDs are glued to the
PWB with a drop of adhesive between the terminations. Thus, they are fixed to the PWB. The PWB
then passes through the wave solder oven with the SMD side down and the liquid solder
interconnects the SMDs and the ends of the THT component pins to the PWB pads (see Figure 2-7
on page 33).

34

The SMDs are coated with a solder mask, covering the entire component, but not the contact area.
Thus, the solder can only wet the component at the contact area.
Another possibility is to first place SMDs on one side of the PWB, then wave or reflow solder it,
secondly place SMDs on the other side of the PWB, thirdly place THT components on the opposite
side again, where the first SMDs were placed, and then wave solder the PWB. Reflow soldering here
is not possible because of the THT components. The result is a double-sided PWB with only SMDs
on one side and mixed THT components and SMDs on the other.
These examples show that the same PWB can be soldered in different ways, which results in a
variety of process variations.
For environmental or sustainability assessments, this variations make it difficult to define a
representative PWB, which is the starting point for most life cycle assessments of lead-free soldering
(see chapter 2.5.1 on page 42).
Tin-lead soldering only used solders alloys with mostly 37 % of lead content (mass, SnPb37) as a
standard, with few deviations. For lead-free soldering, there is no standard, but different alloys will be
used. Thus, the material variety adds to the process variety, making it even more difficult to find
representative PWBs. For this work, an alternative top-down approach was therefore applied starting
from the global amounts of soldes used, not from the PWB level (see chapter 2.6.4 on page 58).

The Temperature Problem in Soldering
Tin-lead solder alloys melt at 183 C. The maximum temperatures used in the soldering of these
alloys are around 230 to 240 degrees Celsius.
Most lead-free solders have higher melting points. The tin-silver-copper type solders (SAC), for
instance, melt at 217 degrees Celsius, tin-copper solders even at 227 degrees Celsius. Thus, the
melting points of most of the preferred lead-free solders (see Figure 3-9 on page 78) is around 20 to
24 % higher than that of the SnPb solders.
Table 2-1: Melting point of lead-free solders
Me lting-Point
(C)
Me lt.-Point in %
of SnPb Solde r

SnAg

SnAgBi

SnA gCu

SnA gCuBi

SnBi

SnCu

SnCuNi

SnZ n

SnZ nBi

SnZ nIn

221

217

217

217

138

227

227

199

195

178

121%

119%

119%

119%

75%

124%

124%

109%

107%

97%

The higher melting points require higher peak temperatures of 230 up to 270 degrees C in soldering.
Besides the fact that this temperature increase causes problems with some materials and
components, the soldering processes must be adapted.
In soldering, the entire PWB must be heated over the melting point of the solder to facilitate sound
and reliable solder joints. This means that more heat must be transferred to the PWBs. The peak
temperature in the soldering processes can only be increased to some degree, as some components
or materials might otherwise be damaged. The components and materials have different heat
capacities so that under the same temperature in the environment they heat up at different speeds.
This means that the PWB throughput speed through the ovens, the temperature profile and the
peak temperature must be aligned to each other so that all components and materials on the PWB
reliably heat up over the solder melting point, but at the same time without overheating the
components with low heat capacities. Figure 2-9 depicts the situation for reflow soldering.
Reflow ovens have different chambers, which can be set at different temperatures resulting in a
temperature profile inside the reflow oven. For lead-free soldering, the minimum temperature Tmin
must be increased, while the maximum temperature Tmax can only be increased to a certain degree
as most components are not appropriate for processing with higher temperatures.
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Figure 2-9: Reflow profile and process windows in tin-lead and reflow soldering

Consequently, the throughput through the solder ovens decreases, as the heat transfer rate cannot
be increased via higher peak temperatures or only to a minor degree. The number of soldered
PWBs per time thus decreases.
The energy consumption of reflow and wave solder ovens is nearly independent from the
throughput. This means that vice versa the energy consumption per PWB only depends on the
throughput. If an oven consumes, for example, 100 kWh of energy facilitating the production of
100 PWBs, the energy consumption per PWB is 1 kWh. If the throughput sinks to 50 PWBs, the
energy consumption per PWB increases to 2 kWh per PWB.
For the calculation of the energy consumption of soldering, it was assumed that the throughput
decreases for 5 % with a temperature increase of 10 degrees Celsius increase of the solder melting
point (see chapter 4.2.4 on page 135). Additionally, the higher temperatures increase the energy
consumption of the soldering processes.
Both effects together result in the increased energy consumption for the lead-free reflow and wave
soldering processes.

2.3.3 Specific Conditions of Metal Use in the Electronics Industry
The use of metals in electronics shows specific conditions, which are different from other metal
applications. Electric, and in particular electronics products
¾ are highly complex mixtures of different materials like plastics and metals,
¾ contain valuable, and/or rare like noble metals, platinum group metals and metals like indium,
¾ contain metals with a high toxic potential like e. g. lead, cadmium, mercury, beryllium,
antimony and others,
¾ are difficult to recycle due to their complexity and globally have very low recycling rates,
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¾ have product cycles ranging from two years or even less for consumer electronics products
to more than one or even two decades for washing machines, TVs and professional
equipment,
¾ are a rapidly growing market with ever more electronics devices entering people’s everyday’s
life,
¾ are subject to a highly dynamic and fast technological progress.
Electronics devices use two thirds of elements in the periodic table of elements [63]. A conventional
TV set consists of around 4,000 different materials [63]. The printed wiring boards (PWB) in the
electronics devices in particular display the highest complexity of material mixes. Figure 2-10 shows
the composition of a printed wiring board soldered with tin-lead solders. It contains more than 40 %
(weight) of around 20 different metals in company with fibre glass and organic substances like TBBA
(flame retardants). Some of the metals are economically and ecologically highly valuable like gold and
silver, others have a high toxic potential like mercury and lead.
Printed wiring boards thus are among the most complex material compositions industry produces.
They are a great challenge for the recovery and recycling of materials to avoid resource and energy
losses and toxic effects from materials released into the environment at the end-of-life phase.
The rapid technological progress and the increasing use of electronics functionalities in ever more
products generate ever more waste of electric and electronics equipment (WEEE). Especially
products of the information and communication technology like computer and mobile phones are
replaced after two to five years of use [63]. Electrical and electronics functionalities are built in into
ever more products. The control and monitoring units of washing machines, industrial production
machines, and many other devices are testimonies of this trend.
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Figure 2-10: Composition of a printed wiring board (in mass-%) [77]

These developments cause around 5 mio tons of waste of electric and electronic equipment (WEEE)
every year in the European Union, and it is by far the fastest growing waste category [85]. The PWBs
are the most specific part of electronics and the most difficult one to treat in recycling operations.
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The average share of PWB in electrical and electronics products is around 3 % ranging from less than
one percent to around 9 % [63] or even more for some specific products like mobile phones. This
means around 150,000 t of PWB waste within the European Union with around 60,000 t of metals,
which are highly valuable and/or have high toxic potentials.
At the same time, the collection and recycling rates of WEEE in average are low for the time being,
even in the European Union [48], [49]. The combination of increasing amounts on one hand and the
low collection and recycling rates on the other hand produce high resource losses and possibly
severe environmental impacts. This again is more severe for PWBs, as their proper recycling is
technically challenging and yields a positive economic result only for PWBs with high contents of
noble and platinum group metals. Even if the PWBs are collected and recycled, the metal on the
PWBs are suspected to have low recycling rates [48] exacerbating the resource loss on one hand,
and increasing the probability of hazardous effects on the other hand.
The PWB are also in the centre of technological progress in the electronics industry. Miniaturization
and integration of functions in electronics components enable ever smaller products with more
functions and new properties at decreasing prices. Around 20 years ago, mobile phones were
expensive devices for an exclusive user group, with more than 1 kg of weight just providing the
phone function. Nowadays, mobile phones are multiple functionality products with less than 100 g of
total weight at an affordable price for almost everybody, at least in the industrialized countries.
Miniaturization and integration on PWB level decrease material consumption. Less material
consumption offers a chance to reduce resource and energy consumption as well as toxic releases
into the environment in production and at end-of-life. At the same time, market growth works
against this effect. Ever more of ever smaller products nevertheless can increase material, resource
and energy consumption.
PWBs are not only the most complex and the most typical products of the electronics industry, they
are also affected by legal restrictions like the ban of lead in electronics in the RoHS Directive. The
transition to lead-free soldering results in numerous technological, environmental, resource and
financial impacts The thesis will therefore focus on the use of metals on PWBs as the most electronic
specific metal application differentiating it from other applications of metals.

2.4

Principles of Sustainable Development

At the UN Conference for Environment and Development 1992 in Rio de Janeiro, 178 countries
adopted sustainable development as a guiding principle for policy making.
German foresters developed the basic sustainability concept in the 18 century. The motivation was
saving the forests and ensuring the long-term profit from forests: The strategy was to log only as
many trees in a given time period as new trees grow in the same period [131]. This will ensure the
long-term existence of the forest and with this a long-term and continuous profit from it. The Rio
Conference expanded the principle of sustainable development to the global societies.
th

2.4.1 The Basic Principle of Sustainable Development
Sustainable development shall ensure humankind’s long-term survival on earth at a reasonable and
equal standard of living. The guiding principle is the intra- and intergenerational equality, as expressed
in the core requirement for sustainable development:
Satisfy the needs of today’s generation without compromising the ability of future generations to
satisfy their needs [18].
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Metals are non-renewable resources. Any use of a non-renewable resource affects the availability of
future generations to use them. What we use today is no longer available for future use. The use of
metals like other non-renewable resources therefore is of particular concern in the context of
sustainable development.
A unique inherent material property of metals offers a way out of this dilemma: Metals have an
infinite recycling potential. They can, potentially infinitely, be re-used or recycled and thus be kept
available for further uses in the technosphere. Metals facilitate using them without consuming them
and thus also without compromising the future generations needs. The sustainable use of metals
should therefore target to make use of the recycling potential of metals. This work shows a new
approach to the consideration of metal use mitigating the contradiction between the core
requirement of intergenerational equality and the use of non-renewable resources (chapter 4.1 on
page 121).
The sustainable development perspective, besides the current generation’s interests, must include the
future generations’ needs into nowadays policy. It must assume that due to their human nature,
future generations will want to live in a good environment as we want it nowadays, they will want to
profit from a well-working economy as we want it, and they will want to live in adequate social
structures fitting the human nature, as we want it.
The sustainment of an intact environment requires the improvement, development of both the
economy and the society and the adaptation to the natural cycles. Sustainable development must
permanently balance the economic development, the condition of the environment and the
conditions of the society [18]. "Sustainability refers to the viability of socially shaped relationships
between society and nature over long periods of time" [8].

Figure 2-11: Basic Principle of Sustainable Development

The principle of sustainable development is easy to understand in the context of a forest. It becomes
unclear and vague if applied to the societal, economic and environmental situation of a whole
country or even worldwide. How shall society, economy and environment be balanced to achieve
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2.4.2 The Operational Strategies of Sustainable Development
Figure 2-12 shows the operational strategies of sustainable development: efficiency, sufficiency, and
consistency [18].

Figure 2-12: Operational triad of sustainable development

Efficiency
Efficiency, in plain words, means to achieve more with less. It focuses on reducing the expense to
achieve a certain objective, which can be a social change, an economically positive result as well as
the delivery of a service or the manufacturing and use of a product. Technical and organizational
improvements as well as communication and consensus finding in a society can increase the
efficiency. The target is to increase or keep the standard of living and at the same time reduce the
consumption of resources. Several concepts like the “Faktor 4” [132] and the “Faktor 10” concept
[111] promote strategies and concrete targets of mass reduction per service, function or economical
unit of profit.
This work will assess the efficiency of soldering with lead and lead-free soldering and show that this
understanding of efficiency is not enough to cope with the particular properties of metals and with
the specific consequences arising from the ban or use of metals (chapter 5.1. on page 183).
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Consistency
The consistency strategy links quantities and the speed of changes in case of societal or economical
systems, and mass and energy flows for eco-systems to their consequences for these systems. The
speed, quality and quantity of changes, material and energy flows shall not overstress the capability of
these systems to adapt to these changes in a way that the systems can sustain their long-term proper
functioning. Figure 2-13 shows the principle of environmental consistency.

Figure 2-13: Balanced environmental consistency status in sustainable development

The flows from the environment into the technosphere or vice versa from the technosphere into the
environment shall not overstress the adaptation capacity of eco-systems. They must sustain their
ability to cope with the consequences of the resource extraction as well as to assimilate the mass
and energy flows into the eco-systems. The consistency strategy thus is based on the quantities and
the qualities of mass and energy flows.
An example for an energy flow into the environment would be energy transferred to river water
used for cooling power plants. If too much energy is transferred within a too short time, the
temperature of the river increases and the eco-system changes or even collapses. Water extracted
from a river for industrial or drinking water use is an example for a material flow and its
consequences. If too much water is extracted, the water level sinks, the flow speed changes and the
water in the river can even flow backward temporarily, the ground water level sinks. These impacts
will heavily affect the flora and fauna in and around the river and may result in the collapse of the
eco-system.
The consistency strategy does not require avoiding material and energy flows from and into the
environment, but allows making use of the compensation, carrying and assimilation capacities of ecosystems. These capacities for a flow depend on the amounts, the quality and the flow rate of the flow
from and into the environment. The capacity for a flow of a harmless material will be higher than the
capacity for a highly toxic substance like e. g. lead. The amount and the actual toxicity of materials
thus are a differentiating feature of material flows in the consistency strategy. This work will show the
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consistency effects for the use of the potentially toxic lead and its substitutes (chapter 4.3. on page
145).
The consistency strategy can also be applied to social and economical systems. Changes in such
systems must as well respect the adaptability and the speed of changes, which these systems can
master. They need time to adapt, which limits the rate of change.

Sufficiency
The core of the sufficiency strategy in plain words means: enough is enough! It targets to put limits to
environmental impacts and/or resource consumption. Although generally acknowledged as an integral
part of sustainable development, this strategy poses questions more than answers. How much of
what should be enough for whom or what and at what time, and who shall decide about this? How
can this be reconciled with the concept of the market economy and freedom of choice for
consumers?
Sufficiency thus may collide with the economic paradigm of permanent economic growth, measured
as gross national product. It has been a question without an answer so far whether “sustainable
growth” is actually possible in this context or whether it is not a contradiction in itself. This work
does not aspire answering this question. It will, however, assess whether the technological
development in electronics can limit or even reduce the resource consumption and the releases of
toxic metals into the environment (chapter 5.1 on page 183).

Eco-Efficiency
Beyond the pure strategies of efficiency, sufficiency and consistency, eco-efficiency links environmental
and social dimensions to the economical one. The eco-efficiency concept links ecological or social
impacts and economical achievements. It links the economical value or cost, which any activity
creates, and the ecological or social impact from this activity [108] [110]. The ultimate target is to
decouple economic development and environmental impacts in order to allow a permanent
economic growth at reduced environmental or social impacts. This work will not take into
consideration the social dimension of eco-efficiency in the context of metal use in soldering materials,
but focus on the environmental and economical issues (chapter 5.1.3 on page 191).

2.5 State of the Art of Environmental and Sustainability Evaluations of Lead-free
Soldering

2.5.1 Bottom-Up Approach
The standard approach for all studies on the environmental impacts of lead-free soldering has been
the bottom-up approach as shown in Figure 2-14.
For an assessment of lead-free soldering, a typical bottom-up approach starts with the definition of a
functional unit, mostly a certain amount like 1 kg of solder (e. g. WARBURG [128]) or a certain
volume of solder (ALVARADO [2], GEIBIG [55]). The functional unit of lead-solder or tin-lead
solder is then followed throughout its life cycle assessing the environmental and resource impacts:
¾ upstream, from the metal mining and smelting to the solder and finish manufacturing
¾ downstream, from the assembly and soldering process to the end-of-life phase
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Figure 2-14: Typical bottom-up approach for the environmental assessment of lead-free soldering

While the upstream processes, besides data constraints, can be easily refered to the selected
functional unit, the next step, the assembly and soldering, is methodically more difficult:
the assessment of how many printed wiring boards can be produced with the functional unit of
solder in wave or reflow soldering, and how much energy this consumes per functional unit.
Both the amount of solder on a printed wiring board as well as the energy consumption depend on
(see chapter 2.3 on page 30)

43

¾ the printed wiring board technology and the individual printed wiring board
¾ the soldering process technology and the individual soldering process
In the face of the high variability of printed wiring boards, it is impossible to define a representative
board, which is then processed in a representative reflow, or wave soldering process. Most studies
compile data for different tin-lead soldered printed wiring boards and the associated soldering
processes and use the averages. Some studies include the amount of finishes on the involved boards
and average them as well, like e. g. ALVARADO [2].

Red and Blue Fields: Solders and Finishes on PWBs (Bottom) and in Wastes (Top Right)
Data for tin-lead soldered and lead-free soldered, but otherwise identical printed wiring boards
normally are not available or not accessible. In most cases it is not possible to process the volumeequivalent amount of one or several lead-free solders in the respective reflow and wave soldering
processes. The volume equivalent substitution of the tin-lead solders and finishes therefore is
conducted on the level of the tin-lead soldered, averaged printed wiring boards (bluish fields). The
volume of tin-lead solder is replaced by the same volume of one or different lead-free solders. Leadfree finishes on the printed wiring board replace the tin-lead finishes area-equivalently (see chapter
2.3 on page 30).
The amounts of lead-free soldering materials on the printed wiring boards for reflow and for wave
soldering can thus be calculated. The wastes are calculated equivalently assuming identical or different
waste rates for reflow and wave soldering.

Yellow Fields (Middle Right): Calculation of Energy Consumption
The upstream energy consumption for the production of the functional unit of solders and the
finishes is calculated using data for the metal mining and smelting.
The energy consumption for the lead-free reflow and wave soldering processes is more difficult to
calculate. Soldering energy data for tin-lead and lead-free soldered, but otherwise identical printed
wiring boards are not available normally. The soldering data from other lead-free soldered printed
wiring boards are used, or the energy consumption is estimated via the melting points of the leadfree solders.
The tin-lead and lead-free soldered printed wiring boards are then followed in their life cycle after
soldering to the end-of-life phase. The energy consumptions, the effects of the end-of-life treatments
and the metal releases into the environment are evaluated and compared for the tin-lead and
different lead-free soldered printed wiring boards. The researchers then draw general conclusions on
the use of lead-free soldering materials compared to tin-lead soldering materials.
Several studies have been published on the environmental impacts of lead-free soldering. All authors
besides VERHOEF [127] use a bottom-up approach.

2.5.2 The WARBURG Publications
WARBURG et al. have published life cycle assessment studies on lead-free soldering. One of the
studies [128] shows the life cycle assessment of an electronic product, a telecommunication device. It
compares the environmental impacts resulting from tin-lead solder paste and its processing for this
device. This product is compared to lead-free soldered versions of the same device, where different
lead-free solders are assumed to replace the tin-lead solder. This study could be downloaded as a
presentation pdf-file from the website of the IPC, a big US association of the electronics industry
[74]. Although limited to reflow soldering, it was widely used in particular in the USA, but also in
Europe for lobbying as a proof that lead-free soldering generally is bad for the environment. The
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limitations, which WARBURG partially mentions himself, and methodical shortcomings of the study
went to the dogs in this political debate.
The presentation assesses different lead-containing and lead-free solders (see Figure 2-15 on page
46). The results show that lead-free reflow solders, in particular those containing silver, and their
processing have adverse impacts in most environmental impact categories considered. It does not
give a final and single indicator for the lead-free or tin-lead soldered version of the assessed
telecommunication device. WARBURG evaluates the different impacts of the selected lead-free
solder pastes comparing the environmental impacts from production and processing of 1 kg of tinlead and 1 kg of various lead-free reflow solders respectively [128]. The study does not include wave
soldering. The evaluation is based on IKP’s (Department of University of Stuttgart) GaBi, an LCA tool
with an environmental evaluation methodology and a database.
The study has some shortcomings in the approach and methodology. It compares mass equivalent
substitutes for the tin-lead solder paste. The substitution of solders, however, happens volume
equivalently, not mass equivalently. The different densities of the solders therefore influence the
substitution. The density of most lead-free solder alloys is around 15 % lower compared to the tinlead solders. Only around 850 g of SnAgCu solder will be sufficient to substitute 1,000 g of SnPb
solder [30] [32]. Warburg’s mass equivalent approach yields a methodical disadvantage for the leadfree solder pastes.
The negative results for the lead-free solder pastes seem to be based on energy consumption, as far
as can be seen from the presentation file. Mining and smelting of silver with its high energy
consumption as well as the higher soldering temperatures of the lead-free solders dominate the
results. A high share of this energy consumption must derive from silver mining and smelting, as the
primary energy consumption of the SnPb36Ag2 solder is around five times higher than that of the
SnPb37 solder. The melting points of these two alloys are almost the same.
At the same time, the study does not include any end-of-life treatments of printed wiring boards.
“The life cycle phase “End of Life” (recycling/deposition/incineration) is not considered, as there are
no reliable data available today on the respective impacts (especially on landfills). In case considerable
quantities of heavy metals are emitted from those landfills, this could have significant influence to the
overall result” [128]. It does not become explicitly clear, but it must be assumed that it should be the
toxicity of the metals, which could then significantly influence the overall results. The study does not
appraise that and how recycling could reduce the dominating energy consumption and other adverse
effects of lead-free solders. Recycling should positively influence the energy consumption in particular
of the silver in the lead-free solder pastes, the main driver of the negative environmental results, as
especially noble metals can profit considerably from recycling [19]. The negative environmental
performance of the lead-free solders as the main result of WARBURG’s study therefore should be
scrutinized and completed for end-of-life scenarios taking into account the toxicity of releases into
the environment in the end-of-life phase and the impacts on energy consumption.
In a second publication, “Lead free from different stakeholders point of view”, WARBURG has
improved his approach [129]. This publication considers the same solder pastes (see Figure 2-15) as
the previous publication. Unlike this previous study, it is correctly based on the volume-equivalent
solder replacement. The publication highlights the overwhelming impact of silver in the lead-free
solder pastes and the tin-lead-silver solder paste due to the high energy consumption for mining and
smelting of this noble metal and the solder paste manufacturing. Consequently, the silver containing
solder pastes, in particular the lead-free ones, have higher adverse impacts on global warming. The
silver- and lead-free solder pastes have lower and approximately similar global warming potentials like
the tin-lead solder paste.
Figure 2-15 shows the acidification potential. The silver-free solder pastes are advantageous and
approximately similar for the tin-lead and the silver- and lead-free solder pastes. Only the tinbismuth-zinc solder paste is slightly worse, scoring between the tin-lead and the silver-containing
lead-free solder pastes. The comparison with the other solder pastes shows that the reason must be
the high energy consumption of bismuth mining and smelting and the solder paste manufacturing.
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Figure 2-15: Acidification potential of different solder pastes

(source: WARBURG [128])

This time, WARBURG includes an end-of-life scenario, the landfill, into the consideration of the
human toxicity potential. With increasing leaching rates assumed from the landfills, the human toxicity
potential of the lead-containing solders increases and exceeds that of the lead-free solder alloys with
silver. The lead- and silver-free solder pastes have the lowest human toxicity potential.

Figure 2-16: Human toxicity potential of different solder pastes

(source: WARBURG [128])

Like in the previous study, the possibly positive effects of recycling in particular for the silver
containing solder alloys are not taken into account. The publication does not appraise this limitation
with regard to possible advantages for the silver-containing lead-free solder pastes. WARBURG
concludes that lead-free soldering is environmentally acceptable. Among others, it opens possibilities
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to reduce the human toxicity potential and, via the higher metal value in particular of silver in the
solders, offers incentives for a closed loop economy. Silver contents at the same time drive the
adverse environmental impacts, while the higher energy consumption during soldering only has a
minor influence on the environmental impact.
Despite of the title “Lead free from different stakeholders point of view”, WARBURG only assesses
solder pastes and reflow solder processes. He does not include either wave solders or any finishes,
but does not mention this restriction of his study. The amount of wave solders processed in the
electrical and electronics industry is around 9 times that of reflow solder (chapter 3.2.1 on page 71).
Although a wave soldering process has a lower energy consumption per amount of solder on the
printed wiring board, in total wave soldering has an even higher impact on the overall energy
consumption (chapter 4.2.3 on page 133). The selected top-down approach in this thesis revealed
the real relevance of the wave soldering processes for energy and metal resource consumption.
Given the limitations in the scope, the title of WARBURG’s publication thus should be changed into
“Lead-free reflow soldering from different stakeholders’ point of view” to adapt the title to the
contents.

2.5.3 The ALVARADO/MADSEN Life Cycle Assessment of Lead-free Soldering
ALVARADO/MADSEN conducted a life cycle assessment of different lead-free solders and finishes
[2] within the Next Generation Environment-Friendly Soldering Technology (EFSOT) project.
For their study, ALVARADO and Madsen adopted the consequential mass flow approach from the
author of this work, as detailed in chapter 4.1.1 on page 122. The evaluation is based on a new
methodology, which was developed from the Eco-Indicator 99 methodology within the EFSOT
project [2]. This methodology in particular improves the toxicity evaluation and the resource
depletion evaluation of metals. The methodology results in single indicators for the total
environmental impact of each of the solders and finishes assessed.
ALVARADO/MADSEN’s functional unit is an average amount of tin-lead solder and finish on one
square-centimetre of printed wiring boards for wave and for reflow soldering. In the substitution of
the tin-lead solders by lead-free solders, they take into account the lower densities and resulting
lower solder mass use of lead-free solders on printed wiring boards as well as the recycling of solder
wastes and printed wiring boards from WEEE. For the latter they assume a worldwide collection and
recycling rate of 10 %.
The authors apply a short and a long term time horizon for the evaluation of emissions from landfill
sites. The short term scenario considers the emissions from the printed wiring boards into the soil
and groundwater within 100 years, the long-term scenario assumes 100 % leaching of the metals on
the printed wiring boards into the environment 100 years after disposal.
ALRVARADO and Madsen assess different lead-free solders:
¾ tin-silver-copper solder with 3 and with 4 % of silver (SAC3 and SAC4); the copper content
is not specified, but is in the range of 0.4 to 1.1 % in this type of solders
¾ tin-lead solder as reference with 37 % of lead (SnPb37)
¾ Tin-zinc-bismuth solder with 8 % of zinc and 3 % of bismuth (SnZn8Bi3)
¾ Tin-lead-silver solder with 36 % of lead and 2 % of silver (SnPb36Ag2); this solder is also
assumed as wave solder, but normally is only used as solder paste for reflow soldering

The evaluated printed wiring board finishes are
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¾ SnPb finish (hot air leveling, HAL) as reference; the exact composition is not specified, but
normally is SnPb40
¾ electroless nickel/gold (ENIG)
¾ immersion tin
¾ immersion silver
In general, in the short-term emission scenario, the metal production causes the highest
environmental impacts. The dominant impacts in metal production come from the emissions during
mining and smelting, which, with the exemption of gold, outdo the resource depletion impacts. The
energy consumption in the reflow soldering process is also relevant. The disposal phase is negligible.
In the long-term scenario, the metal emissions and their toxic potential from the printed wiring board
become more important. The contributions to the total environmental impact of the lead-containing
solders and finishes is now equally divided between the metal production and the disposal phase.
The disposal phase has no relevance for the lead-free solders, while it is relevant for the nickel/gold
finish.
ALVARADO and Madsen give recommendations on preferable solders and finishes. Figure 2-17
shows the environmental impacts related to the different solders and finishes in the short-term
scenario with 10 % of collection and recycling of waste of electrical and electronic equipment
(WEEE).

Figure 2-17: Life cycle impact analysis of different solders and finishes applied on 1 cm2 of printed wiring board

(source: ALVARADO [2])

Tin-zinc-bismuth solders are the most recommendable lead-free solders, immersion tin and
immersion silver the preferable lead-free finishes. Although in Figure 2-17 they seem to be
approximately equal, the authors say that the environmental life cycle impact of tin-silver-copper
(SAC) type solders, in particular that with the higher silver content, is higher than from tin-lead
solders. Immersion silver performs better then the SnPb finish and is the preferable finish. SAC and
the nickel/gold (ENIG) finish have higher environmental impacts than the SnPb finish.
According to the authors, the human toxicity of waste of electric and electronic equipment with
lead-free soldered printed wiring boards (PWBs) is lower than that of its tin-lead counterparts. The
RoHS Directive thus would have achieved its target to reduce the toxicity of WEEE.
Figure 2-18 shows how recycling improves the environmental performance in particular for soldering
materials containing high shares of tin and noble metals.
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Figure 2-18: Effects of recycling on wave solders and finishes (source: [2])
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In particular, the environmental performance of lead-free solders with silver as well as the
electroloess nickel-gold (ENIG) and immersion silver finishes profit from recycling. The results for
reflow solders are similar to the wave solders.
ALVARADO and Madsen do not consider sustainable development aspects besides environmental
and resource impacts and the consequential mass flow approach adopted from the author of this
thesis. Economical aspects are not included. While the resource depletion effects of metal use are
considered, the total resource consumption and resulting impact of lead-free soldering was not in the
focus of this study and could not be taken into account due to the limitations of the bottom-up
approach.
Concerning the energy consumption of the wave soldering processes, ALVARADO and Madsen
highlight the reflow soldering process, while an important result of this thesis is that the energy
consumption of the wave soldering process is more relevant (chapter 4.2.3 on page 133).

2.5.4 The GEIBIG/SOCOLOF Life Cycle Assessment of Lead-free Solders
GEIBIG/SOCOLOF conducted an environmental assessment of the following soldering alloys [54],
[55]:
¾ tin-lead (SnPb37, SnPb) solder bars and pastes
¾ tin-copper (SnCu0.8, SC) solder bars
¾ tin-silver-copper (SAC3.9) solder bars and pastes
¾ tin-silver-bismuth-copper (SnAg2.5Bi1.0Cu0.5, SABC) solder paste and
¾ bismuth-tin-silver (SnBi57Ag1.0, SBA) solder paste

The study does not include lead-free finishes on the PWB and components. The functional unit are
1,000 cm of tin-lead or lead-free solders respectively. The study thus takes into consideration the
different densities and resulting lower alloy use of lead-free solders to form a solder joint. Like
WARBURG, GEIBIG/SOCOLOF used the GaBi software for the evaluation. The study does not give
single environmental evaluation scores for each solder as a result, but lists the environmental impacts
of each solder in different environmental categories. GEIBIG/SOCOLOF do neither give an overall
environmental ranking of tin-lead versus lead-free soldering, nor do they recommend any specific
lead-free solder. As this publication, like the WARBURG one, has been used for lobbying against
lead-free soldering, in particular in the USA, the results are shown in more details in the next figures.
Figure 2-19 shows the logarithm of the ratio of the impact scores from the tin-lead and the lead-free
solders. Positive scores in the figure mean that the respective solder has an improved performance in
the particular environmental impact category compared to the SnPb baseline. The lead-free reflow
solders score better in particular in the toxicity-related impact categories (cancer, non-cancer and
aquatic toxicity). The tin-lead solder paste has less impact in the landfill space use, the photochemical,
the acidification and the air particulates categories. The solder paste with the high bismuth content
(bismuth-tin-silver, BSA) has the lowest impact of all lead-free solders and in most categories
performs better than the SnPb solder paste.
The main environmental burdens derive from [55]:
¾ SnPb: energy consumption from reflow soldering
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¾ SAC: energy consumption during reflow soldering and silver production
¾ SBA: energy consumption in reflow soldering, silver production and end-of-life
¾ SABC: similar to SBA

Figure 2-19: Environmental impacts of tin-lead and lead-free solder pastes

(source: GEIBIG/SOCOLOF [55]) IS: impact score)

Figure 2-20 shows the same evaluation for wave solders. Like the reflow solders, the lead-free wave
solders score similar or better in the toxicity-related impact categories (cancer, non-cancer and
aquatic toxicity). The tin-lead solder paste has less impact in the photochemical, acidification and air
particulates categories. The SnCu wave solder is clearly preferable to the SAC solder, which has a
worse environmental performance than SnPb wave solder in all impact categories.
The main environmental burdens are caused by [55]:
¾ SnPb: energy consumption in wave soldering
¾ SnCu: energy consumption in wave soldering
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¾ SAC: silver production and energy consumption in wave soldering

GEIBIG/SOCOLOF explicitly warn “Do not compare across impact categories” [55]. The authors
refrain from drawing a final statement on whether the use of lead-free solder pastes yields overall
environmental disadvantages. In the political debate in the USA, this warning has been completely
neglected. Some lobbyists pick out the categories, in which the lead-free solders have a worse
environmental performance and use this as a general argument against the ban of lead in solders. The
study, however, does not allow the conclusion that lead-free soldering is environmentally more
adverse than tin-lead soldering.

Figure 2-20: Environmental impacts of tin-lead and lead-free solder bars

(source: GEIBIG/SOCOLOF [55]) IS: impact score

The assessed SAC wave solder has a silver content of 3.9 %, which is in the upper range. The
Japanese industry prefers SAC solders with 3 % of silver content, and the high silver prices trigger an
international trend towards the SAC3.0 solder alloy. As the silver production, according to the
authors, drives the environmental impact of the SAC solders, the SAC3.0 wave and reflow solders
should be evaluated as well to see whether and how far it improves the environmental performance
of the SAC solders compared to the SnPb solder.
Additionally to the environmental assessment, GEIBIG/SOCOLOFF show the additional metal
demand for the different lead-free solders in the US. The basic assumption is that each of the
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assessed solders will for 100 % replace the tin-lead solder alloys. The authors did not use a
substitution scenario based on actual data from industry. The markets for metals are international and
the substitution of lead in solders must be assumed to happen worldwide. The focus on the US only
is too narrow. The additional consumption is based on the additional net demand of silver, tin,
bismuth and copper for lead-free soldering. The recycling of solder wastes from the printed wiring
board assembly and WEEE recycling are not taken into consideration. As will be shown in chapter
3.3.1 on page 92, recycling in particular of solder wastes considerably reduces the additional metal
demand for lead-free soldering. The solder wastes occur in the beginning of the life cycle of
electronics products. The metals recycled from these wastes will not enter the EEE life cycle and thus
be available in the technosphere soon again. There is no delay of several years until the EEE enters
the EoL phase. The additional demands, which Geibig/Socolof calculate are systematically too high
and distorted, as they assume the use of a single lead-free solder as base of their calculations.
GEIBIG/SOCOLOF give the following main recommendations:
¾ Increase the energy efficiency of soldering ovens, in particular the reflow soldering ovens,
which will result in the highes environmental impact reduction
¾ Increase the recycling of solder wastes from the soldering processes and at the end-of-life
phase. Recycling of soldering wastes is in particular recommended as the high purity of the
wastes after purification at least partially allows their use as solders again.

This thesis coincides with the GEIBIG/SOCOLOF study in the fact that the energy consumption of
the soldering equipment has a crucial influence in the life cycle. However, as the results of this work
will show, small efficiency improvements of the wave solder equipment will result at least in the
same, if not higher energy savings than bigger improvements of the reflow solder equipment (see
chapter 4.2.4 on page 135).
Like WARBURG [129], GEIBIG/SOCOLOF state that the upstream processing of metals has a high
impact. At the same time, however, they do not take into account the recycling in the EoL phase in
their evaluations, from which in particular the silver-containing solders could profit. Finishes on the
printed wiring boards and components are neglected as well.

2.5.5 The VERHOEF Study on the Ecology of Metals and Lead-free Soldering
VERHOEF evaluates a specific metallurgical aspect of lead-free soldering [127]. The study centers on
the fact that the resources of certain metals are linked to each other, as they occur together in the
ores, and that the smelting infrastructure is optimized to process these metal mixes in the metal ores.
The metal production infrastructure simultaneously serves as metal recycling infrastructure. In order
to maximize the recycling yields, the material fractions produced from WEEE in mechanical
separation should resemble the natural composition of metals in the ores. The amounts and the
composition of material streams from the mines to the smelters, between the smelters for fraction
treatment, as well as from the smelters to the users of the metals and back to recycling, are in a
steady state balance.
The ban of lead thus will not only shift the existing steady state equilibrium via the input from ores
and ore concentrates into the smelters, but also via the return of the now lead-free instead of tinlead soldering metals to the smelters with WEEE for recycling. Banning the use of a metal, like e. g.
lead, thus influences the mining and production equilibrium of all metals related to lead in ores. Lead
ores are a major source for silver and for bismuth, both possible substitutes for lead in solders. The
mass flows of both metals are thus linked to lead. This means that a possible reduction of lead mining
due to the ban of lead will reduce the sources of the substitutes. Additionally, lead in the smelters is a
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carrier metal for other metals like silver and gold. Reducing lead in the recycling fractions thus could
have additional adverse effects on the smelting performance.
VERHOEF assessed the existing equilibrium of material flows into, between and out of the different
smelters worldwide prior to the ban of lead in the RoHS Directive and created a dynamic calculation
model. With this model, he evaluated how the ban of lead in solders influences the mass flows, how
it shifts the existing equilibrium and which environmental and resource consequences will arise from
this shift. The scope of VERHOEF´s work is limited to the smelting processes. He does not include
solder manufacturing and the soldering into his considerations. The environmental and resource
effects are evaluated with the Eco-Indicator 99 methodology.
The study assesses several lead-free solder substitutes:
¾ tin-lead with 40 % of lead (SnPb40)
¾ SAC3.8 with 3.8 % of silver and 0.7 % of copper
¾ SnCu0.75
¾ SnAg1Sb2Bi5
¾ SnZn3Bi19
¾ SnZn9

VERHOEF concludes that SAC and SnAgSbBi solders will improve the environmental and the
resource consumption situation, while the other solders will have the opposite effect. As the lead for
replacement, according to VERHOEF, is only 1.5 % of the total lead produced [127], the stability of
the metal production system will not be affected besides for bismuth. The use of bismuth will reduce
the amounts of smelting intermediates for disposal, thus increase the overall process efficiency and
reduce the environmental impact per unit of metal reduced. This finding supports the positive effects
of bismuth use as explained in this thesis in chapter 5.1.6 on page 202.
VERHOEF assumes that each solder will be used as a 100 % substitute for the SnPb solder
respectively. VERHOEF thus obviously uses a top-down approach like it is used in this thesis. A
substitution scenario, with different shares of the various lead-free solders, however, reflects the
reality much better. The zinc-containing solders will only have a minor share in the total replacement
(see chapter 3.2.2on page 76), and the antimony containing one should not be used at all due to the
toxic potential of this metal [40].
The amount of soldering materials to be substituted is not clear, as it is not mentioned. It is probably
calculated based on the 1.5 % of lead of the total lead production, which the electronic industry uses.
It is not clear either whether the 100 % reference is the refining production or the global annual
mining of lead, which is around 3,000,000 t per year [125]. In the latter case, the calculation would
result in around 110,000 t of SnPb40 solder to be replaced. Based on the refining production, the
amount
would
be
much
higher.
Assuming the global annual mining as the calculation base, the total solder consumption is in a similar
range as in this study with around 90,000 t. However, the RoHS Directive does not require to
replace all the lead containing solders, as the high-melting solders with more than 85 % of lead are
exempted, as well as the solders used in automotive electronics. Additionally, VERHOEF probably
assumes – it is not clear from the study - that the masses of lead-free solders and the amount of tinlead solders to be replaced are equivalent. However, the tin-lead solders will be substituted volume-
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equivalently, not mass equivalently, which reduces the masses of lead-free solders for around 15 %, as
explained above.
The study’s central point is the steady state equilibrium of mass flows and how the lead substitution
will disturb it. A realistic substitution scenario and a proper calculation of the solder masses to be
replaced are therefore a prerequisite for sound results. Given the described deficiencies in the
approach, the results concerning the preferable substitutes SAC and SnAgSbBi for the lead-containing
solders should be taken with great care.

2.6

Problem Definition, Scope and Approach

2.6.1 Objectives
This work has three main objectives:
1) It wants to show how the ban of lead in solders and finishes affects sustainable development.
2) It will give recommendations to the stakeholders how the ban can be implemented in line
with the requirements of sustainable development.
3) Finally, based on the knowledge, methods and tools, this thesis will prepare a framework and
guidance for future decisions on material restrictions in line with sustainable development.
This research work does not aspire giving answers on whether the ban of lead in solders and finishes
in the end is good or bad from the environmental or the sustainable development point of view. As
explained in chapter 2.1 on page 25 ff, this question cannot be answered scientifically in the context
with legislation, but is subject to the proper political and societal weighting of the different impacts of
the ban of lead. This thesis therefore wants to prepare the facts for the stakeholder’s decision making
and provide the methods and knowledge allowing to work out these facts for the stakeholders.

2.6.2 Problem Definition and Main Research Questions
Sustainable development requires balancing environmental conservation and economical and social
development (see chapter 2.4 on page 38). The ban of lead in solders and finishes in the EU will
affect the electrical and electronics industry worldwide due to the globalized manufacturing and
markets. Thus, the environmental, economical and social impacts will also be global. Although several
studies were conducted about the impacts of the ban of lead in solders and finishes (see chapter 2.5
on page 42 ff), the worldwide environmental, resource and economical effects of this ban have never
been assessed and evaluated quantitatively.
The first main research question thus is:
1) What are the worldwide environmental, resource and economical impacts of the lead-free
soldering compared to soldering with tin-lead? What are appropriate approaches and
methods to assess these impacts with respect to the specific requirements of sustainable
development?
Chapter 4 on page 121 and chapter 5 on page 183 will address these issues.
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The sustainable development concept, although clear in its basic principles (see chapter 2.4 on page
38), is not available as a concrete, quantified and applicable method to support industrial and political
decisions like the use or substitution of lead in electrical and electronics equipment. This quantitative
methodological implementation of sustainable development must be developed for the proper
implementation and substitution of the ban of lead in solders and finishes.
This situation leads to the next main research question:
2) How can the principles of sustainable development, as introduced in chapter 2.4 on page
38 ff be applied to the evaluation of the environmental, resource and economical impacts of
the ban of lead in electronics? Which approaches and methods can be deduced from these
requirements for the evaluations of the ban of lead and lead-free soldering on sustainable
development?
These questions are a cross-sectional topic, which will be dealt with in chapter 4 on page 121 ff, and
mainly chapter 5 on page 183 ff.
Finally, the approaches, methods and the knowledge from this research must be prepared to facilitate
the proper implementation of the ban of lead and for future decisions on material restrictions or
even bans in electronics. The final main research question addresses this topic:
3) What are the lessons to be learned from the ban of lead in electronics in the European
RoHS Directive? How can the ban of lead be implemented in line with the requirements of
sustainable development? What are the criteria, which governments should consider and
guidelines for future decisions in order to promote the sustainable use of metals under the
specific conditions of the electrical and electronics industry?
The final section, in particular chapter 6.2 on page 241 ff will prepare the results of this work as
recommendations for the stakeholders.

2.6.3 Scope

Thematic Scope
This work links the impacts of lead-free soldering as a consequence of the ban of lead in the RoHS
Directive and the sustainable development concept.

Technical Scope
The work focuses on
¾ solder and finishes on printed wiring boards (PWBs),
¾ the production of their constituents from metal ores,
¾ the production of solders and finishes from metals,
¾ the processing of these solders on printed wiring boards
¾ the end-of-life processing of the printed wiring boards focusing on the metals in the solders
and finishes
The finishes on the components had to be neglected. The data situation did not allow their inclusion.
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PWBs are the most complex and most electronics specific products of the electronics industry (see
chapter 2.2 on page 27). Additionally, printed wiring boards are subject to a highly dynamic
technological progress, above all miniaturization and integration of components and functionalities on
the electronics component level, whose impacts on sustainable development this work wants to take
into account. The ban of lead in solders and finishes used on PWBs thus technically are most
appropriate to study the electronic specific complex effects of material bans in electronics.

Stakeholder Scope
This work addresses
¾ governments
¾ the electrical electronics industry as a branch as well as individual companies of the
electronics industry
¾ preprocessors and recyclers in the end-of-life phase of electrical and electronics equipment
(EEE)
The thesis will work out the sustainability impacts of the ban of lead in solders and finishes to show
how governments can properly implement the ban of lead. Additionally, this work wants to provide a
methodology and knowledge base for future decisions on material bans in the electrical and
electroncis industry (see 6.2.4 on page 243).
The second addressees of the study are companies of the electrical and electronics industry. They
have to implement the lead ban in their products, they will have to decide about substitute metals,
technologies and investments, and they will have to organize take back and recycling. All these
activities will directly influence the impacts of lead-free soldering. This work will show these impacts
and give recommendations on how companies can improve the sustainability performance of leadfree soldering (see chapter 6.2.3. on page 242).
Further stakeholders involved are the pre-processors and recyclers (copper smelters) in the EoLphase of EEE. As the results of the evaluation in parts depend on their recycling infrastructure and its
performance, the results show improvement options for the recycling industry (see chapter 6.2.1 on
page 241).

Geographical Scope
The RoHS Directive banning lead in electronics is a European legislation. The Japanese lead-free
soldering initiative supports the ban of lead in solders and finishes. In addition, China is thinking of
legislation similar to the European RoHS Directive [90]. The electronics industry is globalized, as
production takes place all over the world, increasingly in Asia and in particular in China. The same is
true for the markets of electronics products. The same products, possibly with some changes with
respect to the particularities of regional markets, are sold all over the world. Any decisions on use or
bans of metals in electronics in a region of the world thus will affect the electronics industry
worldwide.
The ban of lead and lead-free soldering will therefore have a worldwide impact. It must be assumed
that lead will be substituted in solders and finishes in the entire electronics industry worldwide. Also,
metals have a worldwide market.
The thesis will therefore apply a worldwide scope on the lead ban and its consequences. In practice,
needed data are more accessible in Europe. The assessments and evaluations will therefore be based
on European conditions if other data are not available.
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2.6.4 Research Framework - the Top-Down Approach
Lead-free soldering will become a worldwide phenomenon, and metal markets are global markets as
well. Additionally, lead-free soldering has no standard alloys, but uses different solders and finishes, in
opposite to the previous situation. The electronics industry used tin-lead type alloys as solders and as
finishes on the printed wiring boards and the electrical and electronics components. The standard
alloy was SnPb37 with 37 % of lead the rest being tin. There are different alloy preferences for reflow
and wave soldering, and manufacturers e. g. in Japan again prefer different alloys than European
manufacturers [116]. Lead-free soldering thus offers a much higher variety of material use and
processing conditions for solders and finishes (see chapter 3.2.2 on page 76). Corresponding to this
situation, this work uses a top-down approach as research framework as illustrated in. Figure 2-21 for
the lead-free soldering materials.

Figure 2-21: Top-down approach for lead-free solders

(t: metric tons)
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The center of the assessment are the worldwide amounts of tin-lead solders and finishes used in the
electrical and electronics industry and how they are substituted and treated along the life cycle. The
effects are then compared for the use of tin-lead and lead-free solders and finishes. The author of
this work was the first one applying this approach [30][31][32].
The starting point of the top-down approach is the worldwide, annual amount of tin-lead alloys,
which the electrical and electronics industry uses for reflow and wave solders and for finishes. The
next step is the calculation of the amounts of lead-free solders and finishes. Via a worldwide
substitution scenario, the amounts of lead-free reflow and wave solders as well as finishes are
calculated, which replace the tin-lead solders and finishes.

Upper (Green and Blue) Fields: Processing and Metal Resource Consumption
The tin-lead and the lead-free reflow solders are processed in reflow soldering processes, the wave
solders in wave soldering processes. Both solder processes apply a certain amount of soldering
metals on the printed wiring boards (PWB), and generate certain amounts of wastes. The approach
delivers
¾ the total worldwide amounts of individual metals in soldering wastes from reflow and wave
soldering and
¾ the total worldwide amounts of individual metals in solders and finishes on printed wiring
boards.

Part of the wastes is collected and recycled directly during or after the soldering processes (chapter
3.3.1 on page 92.
The PWBs in the waste of electric and electronic equipment (WEEE) are disposed off or recycled
(chapter 3.3.4 on page 100). As not all wastes and WEEE is collected and recycled, and as no
recycling process recycles 100 % of the input metals, a certain amount of metals is released into the
environment (chapter 3.4.2 on page 113). This has two consequences:
¾ The amount of metals released into the environment must be replaced in the technosphere
and is therefore identical with the worldwide metal resource consumption according to the
consequential mass flow approach (see chapter 4.1.2 on page 123).
¾ The replacement of the metals requires energy for mining and smelting (yellow-gray field)
¾ The recycling of the metals from soldering wastes and from printed wiring boards at the endof-life phase consumes energy as well (yellow-gray fields).
¾ The toxicity of metals in soldering materials can easily be controlled as long as the metals are
not released into the environment. The potential or actual toxic impacts from soldering
metals in soldering wastes and printed wiring boards therefore derive from the metals
released into the environment. On one hand, the metals released have a potential to cause
toxic impacts. At the same time, their replacement requires mining activities, which again,
besides energy consumption, causes releases of metals into the environment. The toxic
potential or toxic impacts from soldering metals in soldering wastes and from printed wiring
boards can thus be assessed (red field, see chapter 4.3 on page 144).
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Middle-Right (Yellow) Fields: Worldwide Energy Consumption of Soldering Materials Use
The top-down approach enables the assessment of the total worldwide energy consumption
(chapter 4.2.3 on page 133) for
¾ mining and smelting of the metals in the finishes and solders
¾ the manufacturing of the solder pastes and solder bars as well as the finishing of printed
wiring boards
¾ the reflow and wave soldering of the total amounts of tin-lead and lead-free solders. The
reflow solders are processed in reflow soldering processes, the wave solders in wave
soldering processes. With the help of average energy consumptions per mass unit of
processed solders, the total energy consumption for the soldering of the total amounts of
lead-free reflow and wave solders can be calculated (see chapter 4.2 on page 129)

Bottom (Brown) Fields: Worldwide Operational Cost of Soldering Material Use
Using average cost data, the total operational cost of soldering material use can be calculated as total
cost of ownership for the manfucturers of electrical and electronic equipment (EEE).
¾ The total cost of soldering materials – solders and finishes - and their average cost allows the
calculation of the material cost of lead-free soldering (see chapter 0 on page 157).
¾ From the average energy cost and the total energy consumption for soldering, the worldwide
energy cost for soldering processes can be calculated (see chapter 0. on page 160).
¾ Finally, the recycling cost and profit from the recycling of soldering wastes and the soldering
metals on PWBs can be assessed (see chapter 4.5.4 on page 177).
The result is the total operational cost of soldering expressed as the total cost of ownership, which
the manufacturers have to pay for the application of the tin-lead and different lead-free soldering
materials in their products.

Upper-Left (Pink) Fields: Impact of Technological and Market Development on Solder Use
The technological development on printed wiring board level on one hand, and the market growth in
the electrical and electronics industry both affect the solder use and consumption as well as the
associated impacts on environment and resources (see chapter 5.1 on page 183):
¾ Miniaturization and integration reduce the solder demand on printed wiring board level.
¾ Market growth in electronics increases numbers of printed wiring boards and thus the solder
demand.
The target is to assess whether the technological progress or the market growth effects dominate
and thus whether the solder demand and the associated effects increase or decrease.
The toxicity, energy consumption, toxic potential, resource consumption and the cost for tin-lead
and lead-free soldering will be evaluated taking into account the specific requirements arising from
the principles of sustainable development as described in chapter 2.3 on page 30.
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2.7

Position of this Thesis Compared to the State of the Art

2.7.1 Bottom-up and Top-down Approach in Comparison
The generalization of the results based on the bottom-up approach is afflicted with insecurities, which
the top-down approach eliminates or reduces.
The top-down approach allows an appropriate assessment of the influences from all the different
lead-free solders and finishes according to their share in the total use. The amounts of solders and
finishes can be calculated independently in the top-down approach, as the base of the calculation is
the total amount of finishes used. The bottom-up approach assesses the amounts of different finishes
via various printed wiring boards considered. In the face of the high variability of printed wiring
boards, this is an additional source of insecurities in the bottom-up approach, which the top-down
approach avoids.
The top-down approach needs averaged soldering data to calculate the average energy consumption
per mass unit of tin-lead and lead-free solders. This average is calculated from
¾ the amount of solder on the printed wiring boards and
¾ the energy consumption to apply this amount of solder on the printed wiring board

These values depend on the printed wiring board and its processing, as described before (chapter 2.3
on page 30). The top-down approach applied in this thesis thus is not fully independent from the
variety of printed wiring boards and their processing. Concerning the calculation of the energy
consumption for the soldering processes, the top-down approach shares this insecurity with the
bottom-up approach. However, the top-down approach limits these insecurity to the energy
consumption. In the bottom-up approach, it affects the solder/finish ratio additionally, which as well
depends on the technological type and individual printed wiring board.
The bottom-up based studies of lead-free soldering can assess individual technologies and materials.
They can provide recommendations for or against the use of certain metals or finishes, like e. g. to
avoid or reduce the use of silver or nickel/gold finishes. However, they cannot draw the complete
picture. The bottom-up approach does not allow any assessments of the worldwide impact of the
lead-ban on metal resources and the energy consumption. It is impossible to see the real importance
of processes and materials in the total and global context. Most bottom-up studies, for instance, give
priority to energy efficiency improvements in reflow soldering in order to reduce the adverse
environmental impacts. This thesis will show that the wave soldering process is the more
environmentally relevant process in the total context (chapter 4.2.3 on page 133).
The top-down approach thus is the better choice to give the total, worldwide image of the
environmental impacts of lead-free soldering, or, as this work aspires to do, the impact on sustainable
development. If legislation like the RoHS Directive has a worldwide impact, it is necessary to have a
global look at the worldwide consequences before banning any material. The top-down approach
can better prepare the base for future societal and political decisions like metal bans in electrical and
electronics equipment.

2.7.2 Conclusions from the State of the Art of Lead-free Soldering Environmental Assessments
for this Work
There have been several studies on the environmental impacts of lead-free soldering. Besides the
ALVARADO/MADSEN life cycle analysis, none of them comprises the wave and reflow solders and
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their application as well as the finishes and the finishing of printed wiring boards. GEIBIG/SOCOLOF
consider wave and reflow solders and their application only, and the WARBURG study is limited to
reflow solders and their application. VERHOEF limits his assessment of the ban of lead to the smelter
level and only evaluates the consequences from the changes of the material streams into the smelters
from metal mines and from preprocessing of WEEE and between the smelters.
All studies besides VERHOEF state that the use of silver produces high environmental burdens
through the upstream processes – in above all the mining, but also smelting – and the resource
impacts. Nevertheless, only ALVARADO/MADSEN take into account the impacts of recycling of
WEEE, which avoids parts of the mining and reduces the resource consumption. Legal obligations e.
g. Europe (WEEE Directive) as well as the economic value of the silver content will increase the
recycling rates. It must be assumed that the results for silver-containing solders presented in the
studies are worst-case results.
All the studies take into consideration that there are different replacement options for the leadcontaining solders. The authors, however, only evaluate different lead-free solders or solder/finish
combinations or assume that each of the lead-free solders is used as a 100 % substitute respectively
(VERHOEF). None of the studies includes a substitution scenario on which lead-free materials
actually will replace the tin-lead ones and to which share in the total substitution. The studies state
that different lead-free materials and combinations thereof have different environmental impacts, but
cannot compose an overall result adequately taking into consideration the impacts of an actual
substitution.
The bottom-up approach from the PWB or solder level of these studies enables good results for
specific PWB designs at the manufacturer level, but beyond this perspective becomes a major
constraint. Most studies recommend giving priority to energy efficiency improvements of reflow
solder equipment. This thesis will show that the main energy consumption in the worldwide
manufacturing comes from wave soldering, which therefore should have the highest priority for
energy efficiency improvements (chapter 4.2.3 on page 133). As legislation like the RoHS Directive
affects the electrical and electronics industry worldwide, the top-down approach selected in this
thesis is more appropriate than the bottom-up approach as a base for societal decisions. VERHOEF
has selected a top-down approach as well, but due to his limited scope can only make a minor
contribution to the overall impact of the ban of lead and lead-free soldering.
Only GEIBIG/SOCOLOF investigated the resource impacts of lead-free soldering limited to the
United States, but did not draw a global picture of the resource consumption for tin-lead and leadfree soldering, as this thesis does.
The author of this thesis was the first one to assess the total and worldwide consumption of
individual metals in tin-lead and lead-free solders and finishes [30].
The rapid technological progress especially in the electronics industry – miniaturization of
components and integration of ever more functionalities into the smaller components on the printed
wiring board level – influence the solder use and resource consumption. The technological progress
via the reduction of the solder demand could thus make any material bans obsolete. The toxic
potential of a material depends on the specific toxicity and the material mass. Ever less of a
potentially hazardous substance like lead in solders would minimize the toxic potential of the
soldering materials applied. The market growth of the electrical and electronics sector at the same
time increases the solder consumption and thus works against the technological progress. It is not
clear, which of these trends is the dominating one. None of the studies takes into consideration this
aspect, which in this work is subsumed under the sustainability strategy of sufficiency (see 5.1 on page
183).
None of the described studies considers the specific requirements of sustainable development
beyond environmental and resource impacts. Only this thesis deduces the specific requirements of
sustainable development for the use of metals in soldering materials and implements them in new
approaches and methodologies. It comprises economic aspects of the ban of lead and applies the
operational principles of efficiency, sufficiency and consistency to tin-lead and lead-free soldering.
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2.7.3 Position of this Thesis Compared to the State of the Art
Table 2-2 shows the position of this thesis in comparison to the non-technically focussed studies on
lead-free soldering.
Chapter 3.2 on page 71 ff shows the worldwide use of tin-lead solders in the electrical and
electronics industry and the worldwide substitution scenario for lead-free solders and finishes.
The economical consequences for EEE manufacturers of the ban of lead in solders and finishes are in
the focus of chapter 4.5 on page 156 ff.
Chapter 5.1 on page 183 ff shows the impacts of technological progress and market growth in the
electronics industry on the future solder demand and the ecological and economical consequences.
Chapter 5 on page 183 ff, shows how the specific requirements of sustainable development can be
methodologically applied on the assessment and evaluation of soldering metal use.
The final chapter 6 on page 235 ff gives an overview on the findings, recommendations on the
implementation of lead-free soldering, and the lessons to be learned for future legislative activities
concerning the use or ban of materials with a toxic potential.
Table 2-2: Position of thesis in comparison to other lead-free soldering studies

This Work

Verhoef

Warburg

Geibig/
Socolof

Alvarado/
Madsen

Worldwide Substitution
Scenario and Impacts of Leadban (Top-Down-Approach)

+

+/-

-

-

-

Life Cycle Approach

+

-

no EoL

+/-

+

+

Completeness

+

-

no finishes

only reflow
soldering;
no finishes;

no finishes

+

Economical Impacts

+

-

-

-

-

Impact of Technological
Development and Market
Growth on Resource
Consumption

+

-

-

-

-

Methodological Inclusion and
Quantitative Assessment of
Sustainable Development

+

-

-

-

-

Topic

-/-

EoL: end of life
The following chapter will address the worldwide use of metals in tin-lfead and substitute lead-free
solders and finishes following the top-down approach.
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3 Worldwide Metals Use in Tin-Lead and Lead-free Solders and
Finishes
The main soldering metals are tin and lead for the tin-lead solders and finishes. The lead-free solders
and finishes mainly apply tin, silver, bismuth, nickel and gold. Additionally, some other metals like
copper and palladium are used to a minor extent.
The following chapter will give an overview on the general uses of lead, tin, silver and gold prior to
the transition to lead-free soldering. This will show the relevance of the electrical and electronics
industry and the soldering metal use in the context of the total use of these metals. For bismuth, no
data could be obtained.
Chapter 3.2 on page 71 then shows the worldwide amounts and composition of tin-lead and leadfree solders and finishes used in the electrical and electronics industry.

3.1 Share and Importance of the Electrical and Electronics Industry in the Use of
Metals
3.1.1 Use of Tin

Overview on Tin Applications
The worldwide amount of tin refined in 2004 was around 313,000 t [79]. Figure 3-1 shows the main
applications. Tin is mainly used for tin platings in packaging (e. g. cans) and in solders.

Glass
2%

Others
12%
Electrical/
Electronics Solders
29%

Brass and Bronze
6%

Chemicals
15%
Tin Platings
20%

Other Solders
16%

Figure 3-1: Worldwide application of tin in 2004 [79]
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Use of Tin in the Electrical and Electronics Industry
The main use of tin are solders for the electrical and electronics industry. The use in solders
meanwhile is more than double of the tin platings and thus has outflanked the latter application. The
use of solders has in particular increased in Asia, mainly in China. [79]
With around 90,000 t of tin [79], the use in solders amounts to around 29 % of the total tin use.
Assuming that all the solder is tin-lead solder with 63 % of tin and 37 % of lead (SnPb37), the total
amount of this solder would be around 140,000 t. As the share of lead-free solders with 95 % and
more of tin content was around 17 % in 2004 [79], the actual amount of tin-containing solders
should be around 130,000 t [79]. This is more than the around 90,000 t of solders resulting from the
data of solder manufacturers (see chapter 3.2.1 on page 71). The different reference years – 2000
for the solder manufacturer data, 2004 for the data of this soure – may explain a part of the
deviation.

3.1.2 Use of Silver

Overview on Silver Applications
The worldwide total use of silver was around 25,000 t in 2003 [56]. Figure 3-2 shows the end use of
this silver.
The industrial use of silver is the largest component of silver demand, with silver being used in a wide
range of products. The source [56] does not specify the use in jewelry. It is part of the “Others”
applications and thus probably of less importance as a single component use compared to the
industrial use of silver.
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17%
Film Products
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Others
52%
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Alloys/Solders
4%

Silver Coin
Production
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Figure 3-2: Worldwide application of silver in 2003 [56]
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Use of Silver for Film Products
The demand for silver-bearing photographic products decreased in 2003. Silver offtake in this
category dropped to 6,300 t. Film sales have been hardest hit in developed country markets,
however, sales in some emerging markets have performed strongly. The film producers believe in the
conventional film market, despite of the increasing shares of digital cameras. [56]
The above information shows that the often expressed belief that there is an abundance of silver due
to the shrinking use of silver in the photographic industry must be seen critically. Although the total
market has decreased, it will not disappear completely.
Additionally, the figures of silver used in films are related to the gross silver use. They do not take
into account any recycling. The net consumption of silver resulting from the use in the photographic
and the electronics industry is much lower. Silver can easily be recycled from developer baths and
from films. The application of silver in electronics, however, is a much more dispersive use due to the
low collection and recycling rates. A closer look at the effects of silver use in soldering materials as
lead substitute is therefore indispensable.

Use of Silver in the Electrical and Electronics Industry
Electrical and electronics applications account for the largest area of industrial silver offtake,
consuming around 4,000 t, particularly in East Asia. Brazing alloys and solders are other important
industrial uses of silver, taking up 1,200 t in 2003. [56] From the above source, it does not become
clear whether the 4 % application of silver in brazing alloys and solders does include the use in
solders for the electrical and electronics industry.
No data were accessible on the different silver applications within the electrical and electronics
industry. Silver is used for tin-lead solder pastes as a two percent addition resulting in a tin-lead-silver
solder paste with 36 % of lead and 2 % of silver (SnPb36Ag2). Assuming that all solder pastes would
use silver, the total amount would be around 140 t, or around 0.6 % of the total silver application.
The use of silver in solders thus cannot be a major component of silver demand prior to the
introduction of lead-free soldering. Lead-free soldering will increase this demand to more than
1,300 t or to around 6 % of the total silver use (see Table 3-6 on page 116. No data could be
obtained for the use of silver in finishes prior to the transition to lead-free soldering.

Use of Gold
Gold is mainly used in jewellery, with 85 % of the total gold use of around 4,000 t a year [73]. Figure
3-3 gives an overview on the main applications of gold. Electrical and electronics equipment account
for around 280 t or 7 % of the total use of gold [73]. Gold, with very few exceptions like some tingold solders for specific applications, is not applied in solders. Prior to the transition to lead-free
soldering, gold was already used in nickel-gold finishes and as finishes on a specific and limited
number of components, like e. g. in some fine pitch connectors. Quantitative data on these uses are
not available.
Nickel/gold finishes will replace around 49 % of hot air leveling (HAL) tin-lead finishes on printed
wiring boards requiring around 10 t of gold additionally (see chapter 2.3 on page 30). Lead-free
soldering thus increases the use of gold in the electronics industry for around 4 %. The total use of
gold increases for around 0.3 %.
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Figure 3-3: Worldwide application of gold [73]

3.1.3 Use of Lead

Overview on Lead Applications
Figure 3-4 shows the use of lead in the major Western countries in 1999.
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Figure 3-4: Applications of lead in major western countries, status 1999 [73]

68

In 2000, the worldwide use of lead was around 6.2 million tons [73]. There are no worldwide data
available in which applications this lead was used. The use of lead in USA, Canada and Western
Europe was around 3.2 million tons per year [73].

Use of Lead in Rechargeable Batteries
In the major Western countries, most of the lead, around 70 % [73] (2.2 million tons,
“transportation” in Figure 3-4) is used in rechargeable batteries as PbSb9 alloy with 9 % content of
antimony [21], around 75 to 80 % in cars and other vehicles. The recycling of these rechargeable
batteries, however, is well established so that only a minor share of this lead goes into the
environment.
The use of lead in rechargeable batteries for vehicles is not within the scope of the RoHS Directive.

Use of Lead in Lead Shots for Hunting
The worldwide use of lead in lead shots for hunting is around 93,000 t [109]. These are around 3 %
of the lead used in major Western countries and 3 % of the worldwide annual lead mining, or around
1.5 % of the worldwide lead use.

Uses of Lead in the Electrical and Electronics Industry
In 1999, the major Western countries applied around 6 % or around 190,000 t of the 3.2 million tons
in the electrical and electronics industry [73]. The uses of lead in the electrical and electronics
industry comprise:
¾ cables
¾ lead in plastics and ceramics
¾ lead in TV-Sets and monitors, and
¾ lead in solder alloys and surface finishes

While there are no global data accessible for the amounts and shares of lead used in the first three
applications, the use of lead in solder alloys and surface finishes will be assessed in detail in chapter
3.2.1 on page 71. The total amount of lead used in solders and finishes is calculated with less than
0.5 % of the total lead use, or around 1 % of the primary lead produced from ores.

3.1.4 Conclusions
The electrical and electronics industry is an important user in particular of tin with around 30 %, silver
with around 17 %, and to a minor degree of gold with 7 % of the total worldwide use. The use of
lead in the electrical and electronics industry amounts to around 6 % of the total lead use in the
major Western countries. The lead use in the electrical and electronics industry thus must be
assumed to be of global importance as well.
Focusing on the metal use in solders and finishes in the electrical and electronics industry, only the
use of tin with around 30 % and possibly of gold has a share of more than 1 % in the total use of the
respective metals. The importance of the tin application in solders has been further increasing in the
last years.
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No data are available for bismuth. Prior to the shift to lead-free soldering, it can be assumed that the
dominance of tin-lead use and the incompatibility of lead with bismuth in these solders and finishes
did not allow the use of mentionable amounts of bismuth in solders and finishes.

Share of electronics in total use of metal

Figure 3-5 shows the ratio of the use of a metal in the electrical and electronics industry compared to
the total use of these metals.
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Figure 3-5: Share of metal uses in solders and printed wiring board finishes in total use of metals

(for gold without component finishes)

The ban of lead in electronics affects an extremely small lead application field of less than 0.5 %. At
the same time, it will further increase the already considerable use of tin, as its share in lead-free
solders is more than 30 % higher than in tin-lead solders. As lead-free solders also apply silver, the so
far negligible use of silver in solders and finishes will increase as well. The use of bismuth has not been
of any importance in tin-lead solders and finishes. Chapter 3.2.2 will illustrate that the use of little
amounts of bismuth in lead-free soldering can considerably increase the use of bismuth for more
than 20 % of the primary bismuth production. As lead mining is the main source of bismuth and an
important source for silver, there are fears that the ban of lead might increase lead mining.
There are general fears that the use of tin, silver and bismuth as main lead substitutes in lead-free
soldering materials will overstress the resources and supplies of these metals. This work quantifies the
actual worldwide additional consumptions and will clear whether and how far these fears are justified.
All the values in Figure 3-5 on metal applications are input values. They only show how much of
these metals the electrical and electronics industry uses, but not, how much it consumes. Between
use and consumption, there is collection and recycling. Metals, due to their infinite recycling potential,
can be recycled very well. The output figures, the amounts of metals which are released into the
environment and thus are no longer available for further use, can be different from the input figures.
The output perspective may give a completely different picture. Although only 6 % of lead are used
in the electrical and electronics industry in major Western countries, electrical and electronics devices
with around 17 % are the second biggest source of lead in household wastes [6]. Taking into account
that this waste does not contain TV sets and cables, a major application field of lead, the lead use
related to the 17 % of lead in household wastes drops from 6 % of input closer to the around 0.5 %
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of lead used in solders and finishes causing the 17 % of lead in the household wastes in Germany.
Assuming that lead in wastes and on disposal sites actually is a hazard, the output-oriented
perspective must result in different conclusions than the input-oriented one.
The above considerations prove the importance of an output-oriented approach including recycling
instead of simply looking at the input of metals. This work adopts this perspective and will assess the
actual consumption of metals and the consequences arising from the ban of lead in solders and
finishes.

3.2

Metal Use in Solders and Finishes in the Electrical and Electronics Industry

The European RoHS Directive, together with the Japanese lead-free soldering campaign, requires
replacing most of the tin-lead solders and finishes. According to the top-down approach, the global
amounts of soldering materials used in the electrical and electronics industry are the starting point of
this work.
The following research questions have to be addressed in this context:
1) What were the amounts of tin-lead solders and finishes used worldwide in the electrical and
electronics industry? What amounts have to be substituted according to the European RoHS
Directive?
2) Which lead-free solders and finishes will replace the above tin-lead soldering materials
worldwide? What are the compositions, shares and the amounts of different types of leadfree solders and finishes?
3) How much of which metals were used in the tin-lead soldering materials and how much of
which metals will the substitution with lead-free materials demand?
4) What is the performance of the EoL infrastructure for WEEE? How much of the metals in
the solders and finishes can actually be recycled?
5) Which net metal consumption results from the use of metals in tin-lead and lead-free
solders? How much metals will lead-free soldering consume additionally, and how much lead
will be avoided? Are the concerns justified that lead-free soldering could overstrain the
resources and supplies of tin, silver and bismuth?

3.2.1 Global Amounts of Ttin-lead Solders Used in Electronics
During the research for this work, there was a unique opportunity for a detailed interview with
several experts of Senju Metal [67], one of the leading solder manufacturers in Japan, about their
amounts of production of different solder types and the global amounts of solders produced.
These data could be combined with data from the ZVEI [33] [34], a big German association of the
electrical and electronics industry, and data of European and Northern American solder
manufacturers. This resulted in a full picture of the global amount and composition of the solder
market for the electrical and electronics industry.

Worldwide Amounts of Lead-Containing Solders and Finishes
With respect to the substitution, tin-lead alloys must be differentiated into
¾ solder alloys, which are used to connect components to the PWB. Currently, the standard
solder is the SnPb37 solder with 37 % (mass) of lead. The melting point of these solders is
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183 °C. Lead-free solders will have to replace these solders to achieve the compliance with
the RoHS Directive and with the Japanese lead-free campaign, or with other upcoming
legislation, as China and other countries are planning directives similar to the RoHS Directive
in Europe, too.
¾ alloys, which are used as surface metallization on PWBs. So far, mainly SnPb37 or SnPb40
solders were applied as metallization on PWB surfaces as a standard.
The substitute lead-free metallizations on components will be different from the lead-free
solders increasing the material variety and possibilities of material combinations.
¾ alloys, which are used as surface metallizations of electronic components. Mainly SnPb37 or
SnPb40 solders were used.
The lead-free substitutes will be different from the alloys substituting the SnPb37 solders for
soldering and partially also different from the surface finish alloys on PWBs.
¾ solders, which are actually used as solders in component packaging to contact the electronic
components internally. For this purpose, high lead-containing and high-melting solders are
used with more than 85 % of lead, for instance PbSn5 solder with a melting point of 315 °C.
So far, there is no appropriate lead-free substitute for these solders and they are exempted
from the lead-ban in the European RoHS Directive.

The European and Northern American solder manufacturer data is the only data source besides the
Senju data [67] giving information on the share of lead-free solders. According to [45], the share was
1 % in solder bars and 2.3 % in solder pastes. Assuming a 10 % share of solder pastes in the
production o tin-lead solders and finishes [67] [45], the average share of lead-free solders in
European solder production was around 1.1 %.
Senju Metals estimates a share of lead-free solders of about 8 % of the solder production excluding
the high-melting solders. The higher lead-free solder share of the Japanese manufacturers is plausible,
as Japanese companies were leading in the use of lead-free solders, far ahead of the European and
US companies. These different shares of the lead-free solders can be weighted with the market share
of the Japanese (20 %) [67] and the European/US manufacturers (55 %) [45]. Thus, the global share
of lead-free solders in solder consumption is about 2 % of the total solder production. Table 3-1
juxtaposes the data from the various sources to obtain a more complete overview.
The most probable data from the ZVEI data ranges above and the Senju Metal data ranges were
averaged and the results adopted as the figures for the actual consumptions in the year 2000. The
worldwide annual production of solders for the electrical and electronics industry thus is assumed
with 90,000 t per year. The 90,000 t of annual production are considered to be equivalent to the
annual consumption of solders assuming that offer and demand are balanced.
The annual sales data of the European and American solder manufacturers [45] confirm the range of
the total solder consumption, about 90,000 t to 100,000 t, though the source is from 2002, whilst
the others are from 2000. [45]
Solder manufacturers e. g. in China, Russia and Korea were not included into the survey. Their
production preferences could thus not be taken into account. The electronics industry, however, is a
highly globalized industry, and the markets for solders are global as well. It is therefore assumed that
the shares of solder bars, solder pastes, solder wires and lead-tin-type solders in the countries, which
were not included in the above data sources, do not deviate substantially. Manufacturers in these
countries use solders from Western and Japanese solder manufacturers, as those manufacturers sell
into these countries, for instance into China. Those manufacturers thus also cover a part of the
market in the countries, which are not included into the above considerations.
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Table 3-1: Global annual consumption of tin-lead-solders in electrical/ electronics industry (values from [34], [45], [67])

Solder

Range of
Estimates of
SnPb-Solder
[t/a], ZVEI, [34]

Most Probable
Ranges of SnPb
Consumption
[t/a], ZVEI [34]

Range of
Estimates
[t/a],
Senju
Metals,
[67]

Adopted
Values
[t/a]

A) Solder Bars

43,000 to
66,000

50,000 to 60,000

65,000 to
77,000

63,000

B) Solder Paste

5,000 to 10,000

~ 6,000

7,000 to
8,000

7,000

C) Solder Wires

3,300 to 5,000

< 4,000

4,000
(from [34])

4,000

51,300 to
81,000

< 60,000 to
70,000

76,000 to
89,000 t

74,000

2,000

2,000

-

2,000

F) SnPb
Component
Finishes

500 to 1,000

< 1,000

-

1,000

G) Lead-free
Solders

560 to 890
(1.1 % of D) [45]

660 to 770
(1.1 % of D) [45]

6,100 to
7,200
(8 % of D)

2,000
(3 %

H) PbSn-Type
Solders

8,000 to 12,000
(15 % of D) [67]

9,000 to 11,000
(15 % of D) [67]

12,000 to
13,000

11,000

Totals from
Sources
[34],[45], [67]
(rounded)

60,000 to
100,000

70,000 to 80,000

94,000 to
110,000

90,000

D) Total of SnPbType Solder
Applications
E) Solder Bars

for PWB finishes
in Hot Air Solder
Leveling (HASL)

of D)*

* weighted according to world market shares of Japanese and included European/US solder
manufacturers (25 % and 55 %) [67], [45]
In Figure 3-6, the different sources were summed up to illustrate the total composition of the solder
market in the year 2000.
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Figure 3-6: Composition of the tin-lead solder market for the electrical and electronics industry

(status 2000; values from [34], [45], [67], rounded)

The figure shows the absolute dominance of the solder bars with around 70 % of the total solder
production. Solder pastes only have around 8 %, solder wires around 4 % share. Printed wiring board
finishes with 2 % and component finishes with 1 % only have a small share in the total solder use.
The sources [34], [45], [67] coincide in the fact that 90 % of solders are solder bars, while the share
of solder pastes for reflow soldering is only 10 %. Referring to the entire solder market including
solder wires, tin-lead solders and lead-free solders, the share of lead-free solders is about 8 %. The
lead-free solders globally had a share of about 2 % of the entire electronics solder market.

Lead and Tin in Solders and Finishes
All tin-lead type solders together represent around 86 % of the total solder market. These alloys had
to be replaced by lead-free soldering materials in electrical and electronics equipment (EEE) until July
1, 2006.
The lead-tin solders with more than 85 % of lead content account for around 12 % of all solders. The
RoHS Directive has exempted these solders from the ban of lead so far.
Assuming that the lead-tin solders contain 90 % of lead, all other solders only 37 %, the use of tin and
lead in these soldering materials can be calculated from the amountst of these solders used in total
(Table 3-1 on page 73).
Figure 3-7 shows the breakdown to tin and lead contents of the tin-lead soldering materials.
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Figure 3-7: Worldwide amounts of tin and lead used in lead-containing soldering materials (values rounded)

The RoHS Directive will require substituting all lead-containing alloys with the exception of the
11,000 t of lead-tin solder. Thus, around 77,000 t of lead-containing alloys with around 28,000 t of
lead and 49,000 t of tin have to be replaced.
The exempted lead-tin solders contain 10,000 t of lead and around 1,000 t of tin, assuming that the
lead content of these alloys in average is 90 mass-%. Thus, around 26 % of lead use in soldering
materials are exempted, as currently no viable RoHS-compliant solders can substitute this type of
solder.
Unlike tin-lead solders, for technical reasons, the lead-free solders will not generally be used as
finishes at the same time. For the substitution of tin-lead by lead-free soldering materials, it is
therefore necessary discerning solders actually used as solders and those used as finishes, as in Figure
3-7. The solder alloys that had to be replaced by lead-free alloys until July 1, 2006 account for around
74,000 t containing 47,000 t of tin and 27,000 t of lead.
The tin in finishes amounts to around 2,000 t of tin and 1,000 t of lead. As the finishes on
components are out of the scope of this work, only the around 1,300 t of tin and 700 t of lead will
be taken into account in the coming chapters.

Data Reconciliation
Some tin-lead solder pastes contained around 2 % silver, e. g. the SnPb36Ag2 solder pastes. This
silver addition adds up to a maximum of 140 t per year assuming that all solder pastes used this
addition of silver. This amount would be around 0.6 % of the worldwide silver use or 0.8 % of the
primary silver production. Not all solder pastes do contain silver. Exact data could not be obtained.
The silver containing tin-lead solder pastes will be neglected.
The amount of tin used in tin-lead solders and finishes was assessed with around 50,000 t per year,
which is equivalent to around 90,000 t of annual solder use. ITRI/Tintechnology [79] assessed a tin
use of 90,000 t in electrical and electronics solders, corresponding to a total solder use of around
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130,000 t (see chapter 3.1.1 on page 65). The difference may partially go back to the different
reference years of 1999/2000 and 2004 for the ITRI/Soldertec data. An annual increase of solder use
of around 3.5 % despite of miniaturization and integration effects (see chapter 5.1 on page 183)
already would increase the solder use from 90,000 t to around 106,000 t annually.
The background and base of the ITRI/ Tintechnology data is not specified in the document [79],
while the solder manufacturer data go back to three sources and detailed assessments. The solder
manufacturer data will therefore be the used in the top-down approach as a base for the lead-free
soldering assessment and evalution, the more as the ITRI/Tintechnology data confirm the magnitude
of the total solder consumption.

3.2.2 Substitution of Lead-containing Solders and Metal Demand for Lead-free Substitutes

Solder Substitution Scenario
This chapter addresses the question of how much and which lead-free solders substitute the lead in
solders and finishes. How much of which metals will this substitution require?
Figure 3-8 on page 77 and Figure 3-9 on page 78 show the substitution scenario for reflow and wave
solders in Europa and in Japan from the SOLDERTEC Roadmap [116]. The roadmap is based on
interviews with manufacturers about the lead-free solders, which they use or intend to use. It reflects
the preferences of European and Japanese electronics manufacturers at that time. This replacement
scenario from 2002 is the most comprehensive and detailed scenario available and will be used as
the base replacement scenario in this thesis. Although the deadline for the transition to lead-free
soldering according to the RoHS Directive, July 1, 2006, has already passed, no data are available on
how EEE manufacturers actually substituted the non-RoHS compliant solders and finishes.
The Japanese and the European industry both prefer the tin-silver-copper (SnAgCu, SAC) solders,
both for reflow and for wave soldering. The Japanese industry with around 64 % shows a stronger
preference for SAC solders in wave soldering than the European one with only around 42 %. In
reflow soldering, the preference for SAC solder is similar.
Tin-silver (SnAg) is used in Japan and Europe as well both for reflow and for wave soldering, with a
stronger preference in Europe for wave soldering (8 %) than in Japan (5 %).
Tin-copper (SnCu) is mainly used in wave soldering in Japan and in Europe, with about the same
share. Only the Japanese industry mentioned SnCu solder as an alternative in reflow soldering with
around 1 %.
The Japanese industry has a higher preference for solders with bismuth additions, like the solders
SnZnBi, SnAgCuBi, SnAgBi. These additions reduce the melting point of the lead-free solders, which,
however, still are higher than those of the tin-lead solders.
Remarkably, the tin-bismuth solder (SnBi) is the exemption. The European, not the Japanese, industry
mentioned this solder with a bismuth content of 58 % for the application both in wave and in reflow
soldering with around 4 %. The low melting point of 138 °C and in principle qualifies this alloy for the
soldering of temperature sensitive components.
Figure 3-8 shows the scenario for the substitution of tin-lead reflow solders in Europa and in Japan.
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Figure 3-8: Use of lead-free reflow solders in Europe (top) and Japan [116]

(status 2002)

Figure 3-9 depicts the substitution scenario for wave solders in Europe and in Japan.
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Figure 3-9: Uses of lead-free wave solders in Europe (top) and Japan [116]

(status 2003)
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In general, the Japanese industry uses much more different lead-free solder alloys compared to the
European industry, as Table 3-2 shows.
Table 3-2: Number of different solders used in lead-free soldering

Reflow

Wave

Europe

3, others: 4 %

4, others: 4 %

Japan

6, others: 15 %

5, others: 8 %

The Japanese companies all know which solders they consider as appropriate lead-free alloys in their
products. In the European companies, the number of those who “Don’t know” is high with around
20 to 25 %. This underlines the leading position of the Japanese industry in the application of leadfree solders.
The solder use in Europe and in Japan was consolidated for reflow and for wave soldering
respectively based on the following assumptions:

¾ Around 30% of manufacturers will follow the Japanese lead-free soldering preferences [67]
[102], 70 % the European one.
¾ The companies who “Don’t know” which solder to use (see Figure 3-8 and Figure 3-9) will
use the same solders in the same shares as the companies who specified their intended leadfree solder use.
¾ The category “Others” in Figure 3-9, indicating the use of solders that are not mentioned
explicitly, was neglected. The shares of the explicitly mentioned solders then were scaled up
linearly so that the total of lead-free solders for reflow and for wave soldering respectively
was 100 % again.

Figure 3-10 shows the worldwide solder substitution scenario resulting from the above
considerations.
The SnAgCu solders are absolutely dominating with almost 80 % in reflow and more than 60 % in
wave soldering. The SnAg solder with around 11 % is the second substitute solder in reflow soldering
and number three in wave soldering. In wave soldering, the SnCu solder with almost 23 % is the
second choice after SnAgCu. The SnBi alloy has a share of around 4 % in both reflow and wave
soldering – a fact which will have far-reaching consequences for the bismuth consumption, as chapter
3.4.3 on page 117 will show.
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Figure 3-10: Scenario for worldwide use of lead-free reflow (top) and wave solders

(values rounded)

Around 90 % of solders are solder bars, only around 10 % are solder pastes for reflow soldering [34],
[45], [67]. Multiplying the 10 % share of the reflow solders in the total solder consumption with the
share of each solder in Figure 3-10 on page 80 results in the total share of each reflow solder in the
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total substitution scenario. Conducting the same operation with the wave solders and adding up
identical alloys results in the total share of each lead-free alloy in the substitution scenario.
Figure 3-11 shows the total use of lead-free solders as the result of the weighted averages of the
reflow and wave soldering alloys in Figure 3-10. The silver containing solders dominate with around
75 % of all lead-free solders used dominate the substitution scenario. This is the background for fears
arising that the supplies of silver might not be enough to allow this use in solders. The assessment of
the metal demand for lead-free soldering will be the next step.
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SnZnBi
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Figure 3-11: Scenario for worldwide use of lead-free solders

Metal Demand for Lead-free Solders
The exact composition of the lead-free solders is not specified in the SOLDERTEC source [116].
There are no standard compositions. Interviews and different solder manufacturer publications lead
to the following average compositions of the lead-free solders in the above substitution scenario:
¾ SnAg3.5
¾ SnAg3.5Bi4
¾ SnAg3.7Cu0.8 (SAC3.7)
¾ SnAg2.5Cu0.5Bi2
¾ SnBi58
¾ SnCu0.7
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¾ SnZn9
¾ SnZn8Bi3

The lead-free solders will replace the tin-lead ones equivalent to their volume, not equivalent to their
mass. This means that 850 g of a lead-free solder with 85 % of the density of tin-lead solder are
enough to replace 1,000 g of tin-lead solder.
The amounts of lead-containing solders and solder wires to be replaced are 74,000 t (see Table 3-1
on page 73). The 4,000 t of solder wires were distributed over the reflow solders – 400 t according
to the reflow solder share of 10 % - and the wave solders (3,600 t).
Multiplying the shares of each solder alloy from Figure 3-11 on page 81with the 74,000 t of tin-lead
solders to be replaced and with the SnPb37-related density results in the absolute amount of each
lead-free alloy. Table 3-3 gives the results of this calculation.
Table 3-3: Composition, relative density and worldwide amounts of lead-free solders (values rounded)

Solder

Sn
Ag3.5

SnAg3
Bi4

SnAg3.7
Cu0.8

SnAg2.5
Cu0.5Bi2

Sn
Bi58

SnCu
0.7

SnZn8
Bi3

Share

10%

0.4%

64%

1%

4%

21%

0.3%

SnPb37related
Density

84%

85%

84%

85%

99%

83%

84%

Absolute
(t)

6,000

300

40,000

500

2,900

12,900

200

Explanatory note: SnAg3.5, e. g., means 3.5 % of silver content in the alloy the rest being tin
The silver content of 3.7 % in the SnAg3.7Cu0.8 alloy is not really used in this composition, as it is
protected by patents. The Western industry tends towards 4 % of silver, the Japanese towards 3 % of
silver in this alloy. The 3.7 % are the average assuming that 30 % of EEE manufacturers share the
Japanese preferences, while the rest of the world follows the Western preference.
The lower densities of the lead-free solders reduce the demand for reflow/wave solders and solder
wires from
¾ 74,000 t
¾ down to 63,000 t.

This calculation is based on the following assumptions:
¾ The appliances that are currently out of scope of the RoHS Directive (medical devices,
monitoring and control instruments, automotive electronics) will also use lead-free solders
and materials from July 1, 2006 on.
This assumption applies to many or most manufacturers, as even before the deadline, the
component manufacturers will phase out components with tin-lead finishes. For reliability
reasons, many manufacturers of the exempted device categories will shift to lead-free
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soldering. The additional incentive for the automotive industry is the increasing demand for
high-melting solders due to increasing operating temperatures of the electronic equipment in
cars. Lead-free solders may suffice this requirement and are therefore already used in the
automotive industry.
The automotive industry uses around 7,000 t [126] to 15,000 t [135] of electrical and
electronics solders, with increasing tendency. The metal demands calculated for lead-free
soldering will thus be upper limits, although the automotive industry probably will apply more
and more lead-free solders.
¾ Wave and reflow soldering will produce the same or at least similar amounts of wastes
during soldering (see chapter 2.3 on page 30). In case the lead-free solders produce more
soldering wastes, the demand for lead-free solders would increase compared to tin-lead
soldering.
Lead-free solders generally tend to produce more soldering wastes than lead-containing
ones. Specific measures like nitrogen atmospheres can reduce these effects to levels even
lower than the tin-lead solders. This will, on the other hand, consume additional energy
demand for nitrogen production. These effects were not taken into account, as the data
situation constrained such considerations.

The amounts of each of the solder alloys in Table 3-3 on page 82 is multiplied with the share of each
of its metal constituents. Adding up identical metals results in the use of metals in lead-free solders
and wires as depicted in Figure 3-12.
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Figure 3-12: Use of metals in lead-free solders and solder wires
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The use of the above metals in lead-free soldering materials according to the SOLDERTEC scenario
[116] generates an additional metal demand compared to tin-lead soldering. Figure 3-13 shows this
additional metal demand as the difference of metal use in lead-free and tin-lead solders.
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Figure 3-13: Additional use of metals in lead-free solders replacing tin-lead solders

The use of lead-free solders will thus prevent the use of around 27,000 t of lead. The lower material
density of the lead-free solders will save around 11,000 t of metals in solders. Figure 3-13 will be
discussed later in chapter 3.2.4 on page 89 together with the additional metal demand of lead-free
finishes.

3.2.3 Substitution of Lead-containing Printed Wiring Board Finishes and Metal Demand for the
Lead-free Substitutes
This chapter addresses the substitution of lead-containing finishes on printed wiring boards and the
demand of individual metals, which the lead-free finishes will cause.
The finishes on components could not be included in this assessment due to data constraints.

Substitution of Lead-containing Printed Wiring Board Finishes
So far, tin-lead surface finishes on PWBs and components are commonly used. Figure 3-6 on page 74
shows a share of 2 % of the total use of SnPb solders for finishes on PWBs, and 1 % on components.
Based on the 90,000 t of tin-lead alloys per year, the amount of alloys for finishes is
¾ around 2,000 t for PWB finishes,
¾ and around 1,000 t for finishes on components.

A comprehensive scenario is only available for the replacement of the tin-lead finishes on the printed
wiring boards in the SOLDERTEC document [116], based on information from Japanese and
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European electronics manufacturers. Figure 3-14 shows the intended use of lead-free finishes as
substitutes for tin-lead finishes in 2003.
Intended Use of Lead-free Finishes in Europe

Ni/Au
31%

Don't know
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9%

Au/Pd
3% SnAgCu
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12%

Intended Use of Lead-free Finishes in Japan

Other Finishes
18%

Ni/Au
37%

Au/Pd
3%

SnCu
12%

SnAgCu
21%

Sn
9%

Figure 3-14: Intended use of lead-free finishes in Europe (top) and Japan [116]

The nickel/gold finish is the preferred substitute both in Europe and in Japan with more than 30 %.
Tin is the second preference in Europe, while the Japanese industry favors the tin-silver copper finish
with more than 20 %, and the tin-copper finish with more than 10 %. In Japan as well as in Europe,
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the gold/palladium finish has a share of only 3 %. Thus, finishes with noble metals silver and gold have
a considerable share. The use of these scarce, ecologically valuable and expensive metals requires an
assessment of the worldwide demand of these metals due to intended use in these finishes.
Only in Europe, around 30 % of the manufacturers in 2003 did not yet know, which lead-free finish
they would use.
Both in Japan and in Europe, five lead-free finishes are the main substitutes. In Japan, however, 18 %,
double of that in Europe, intended using other finishes. Like with the solders, the Japanese industry
tends using a higher variability of lead-free finishes. This requires more knowledge, but facilitates a
more appropriate reaction to a variety of technical requirements. The situation thus underpins the
leading position of the Japanese industry in lead-free soldering.
The European and the Japanese substitution scenarios are fused based on the same conditions like
for the solders:
¾ Around 30% of manufacturers will follow the Japanese lead-free soldering preferences [67]
[102], 70 % the European one.
¾ The companies who “Don’t know” which finish to use (see Figure 3-14) will use the same
finishes in the same shares as the companies who specified their intended lead-free solder
use.
¾ The category “Others” in Figure 3-14 on page 85 was neglected. The shares of the explicitly
mentioned finishes then were scaled up linearly so that the total of lead-free finishes was
100 % again.
Figure 3-15 shows the total intended use of lead-free finishes as substitutes for the tin-lead finishes
on printed wiring boards.
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Figure 3-15: Intended use of lead-free finishes on printed wiring boards
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Nickel/gold now has a share of almost 50 %, and gold/palladium another 5 %. Pure tin and tin-silvercopper are ranking second with around 17 % and 15 %, and silver has a share of 10 %.
The SOLDERTEC Lead-free Soldering Roadmap [116] does not specify the exact composition and
layer thicknesses of the finishes. Interviews and literature investigations lead to average compositions
and layer thicknesses of the lead-free finishes [96].

¾ Ni/Au: 5µm/0.1µm
¾ pure tin: 0.75 µm
¾ silver: 0.2 µm
¾ SnAg3.5Cu0.8: 20 µm
¾ SnCu0.7: 20µm
¾ Au/Pd: 0.5 µm
¾ SnPb37 hot air levelling (HAL) : 20 µm (reference)

The amounts of metals used in the lead-free alloys can only be calculated via the areas of finishes
produced. The reference is the area, which the tin-lead finish covers. With an average layer thickness
of 20 µm, this area amounts to

A=

m

ϕ SnPb ⋅ h

=

2,000
m 2 ≈ 11,000,000m 2
8.8 ⋅ 2 ⋅ 10− 5

Equation 3-1: Caculation of HAL-finished PWB surfaces

ϕ SnPb

density of tin-lead alloy

m
h

worldwide mass of tin-lead alloy applied as PWB finish
average layer thickness of HAL finish

The total finish surface is allocated to the lead-free finishes according to their shares in the total use
as specified in the above Figure 3-15. With the composition and layer thicknesses above, the
amounts of finishes and metals in the finishes can be calculated.
Figure 3-16 shows how much of which lead-free finishes will replace the tin-lead finishes on PWBs.
Around 600 t of lead-free finishes will be sufficient to replace around 2,000 t of tin-lead finishes. Most
lead-free finishes have lower densities and are applied in thinner layers on PWBs.
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Figure 3-16: Amounts of lead-free finishes replacing SnPb PWB finishes

The above use of lead-free finishes results in the use of metals in lead-free finishes as depicted in
Figure 3-17. These lead-free soldering metals will replace around
¾ 1,300 t of tin and
¾ 740 t of lead
in printed wiring board finishes.
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Figure 3-17: Additional use of metals in PWB finishes replacing tin-lead finishes
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Figure 3-18 shows the additional use of metals in lead-free PWB finish replacements as difference of
metal use in lead-free and tin-lead finishes. It is assumed that the Japanese and European preferences
are used worldwide.
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Figure 3-18: Additional use of metals for replacement of tin-lead finishes on printed wiring boards

The consumption of nickel will increase for around 240 t. The lead-free finishes contain 10 t of silver
and of gold, and one ton of palladium. The effects of the use of these metals, although the amounts
are small, may have considerable effects in particular on energy and resource consumption, which will
be assessed in chapter 4.3 on page 145 and chapter 4.2.3 on page 133.

Data Limitations and Reliablity
The above calculated area of PWB finishes strongly depends on the tin-lead solder amounts. A
deviation of ±0.1 % from the 2 % of tin-lead alloys for PWB finishes results in a change of 11,000 m
of PWB pad area. As the 2 % of PWB finish alloys are an estimate, the above 11,000,000 m of pad
area must be taken with some care. Actually, there are hints that the SnPb-HAL pad finish surface
area could as well be smaller [96], only only around 30 % of the above result or even less. As market
data for PWBs are only available in monetary units, it is not possible to reconciliate the 11,000,000 m
result with any other reliable sources. However, given the data situation, the 11,000,000 m of SnPbfinishes on PWBs can be considered as maximum value as well as the deducted values: the amounts
of lead-free substitute metals and the finish cost (see page 159).
2

2

2

2

3.2.4 Additional Metal Use in Lead-free Soldering
Lead-free soldering changes the use of metals in solders and finishes. Figure 3-19 displays these
changes, calculated as the sum of additional use of metals in lead-free solders and finishes on printed
wiring boards as shown in the previous chapters. The finishes on components were neglected due to
data constraints. In total, lead-free soldering saves around 13,000 t of metals due to the lower density
of the lead-free soldering metals and the thinner layers of the lead-free finishes.
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Figure 3-19: Change of metal use by replacement of tin-lead in solders and printed wiring board finishes

To give a standard of comparison for the values in Figure 3-19, they are related to the annual mining
production of each of the metals. Figure 3-20 shows the worldwide averages of the annual mining
production for each metal from 1999 to 2003.
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Figure 3-20: Worldwide annual mining production in million tons (values from [125], bismuth: [97])
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Figure 3-21 shows the additional use of metals for lead-free solders and finishes as percentages of the
annual worldwide mining productions.
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Figure 3-21: Change of metal use by lead-free soldering (values rounded)

The figure shows that in particular the use of bismuth could trigger considerable additional mining
activities. The current amounts of bismuth, which are brought to the market is just around 6,000 t
per year [97][98]. Additionally, lead-mining is the source for around 85 % of primary bismuth
[98][125]. The question arises whether the use of bismuth as a substitute for lead will actually
increase the lead-mining activities, the more as around 30 % of primary silver also are extracted from
lead ores. Chapter 5.1.5 on page 197 will show that the interlinkage of bismuth and lead in ores
requires an extended concept of efficiency and that there is enough bismuth to cover the use of
1,700 t in lead-free soldering materials in this substitution scenario (chapter 5.1.6 on page 202).
The impacts on the silver (8 %) and tin markets (4 %) are more moderate. The use of the other
metals as outlined in the scenario will not have much effect on their markets. Their shares of the
additional use in the annual mining are far below 1 %, with gold having the highest share of 0.4 %.
The shift to lead-free soldering reduces the use of lead for less than 1 % of the annual mining only.
The above amounts of metals, however, are only of importance for a limited time scope. They are
only required in the transition phase, when the electronics industry phases out the tin-lead solders.
As from July 1, 2006, the RoHS Directive requires all products brought to the EU market to be leadfree in the solders and finishes, the transition already happened at least for all the products sold in
the European market within a short time. So far, no supply shortages of tin, silver or bismuth have
been reported due to lead-free soldering. The metal prices generally had increased in the last years.
Whether the transition to lead-free soldering has any impact at all, cannot be assessed within the
scope of this work.
Within around two to 20 years, the lead-free soldered products will become waste. Certain amounts
of metals will be recycled and will be available again for further use. The above gross use of the
amounts of metals in soldering materials within these two to 20 years will result in the net
consumption of these metals.
The assessment of the net consumption and the impact on resources and the environment thus
requires an additional study of the end-of-life of waste of electrical and electronics equipment
(WEEE) and the performance of the end-of-life infrastructure. For many metals, like e. g. lead, so far it
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has not been clear whether and how much of them actually is recycled from WEEE at end-of-life.
The next chapter addresses this issue.

3.3

Impact of Recycling on Consumption of Soldering Metals

This chapter shows the EoL processes for WEEE, their technical and economical conditions and the
resulting recycling rates for individual metals in solders and finishes. These data will allow calculating
how much of these metals can be recycled worldwide from soldering materials.
Recycling of soldering materials occurs in manufacturing of electrical and electronics equipment and in
the end of the life phase of EEE:
¾ Recycling of used wave solder baths and drosses and in smelters or refurbishment to solders
¾ Recycling of solder wastes from reflow soldering in smelters or refurbishment to solders
¾ Recycling of printed wiring boards in electrical and electronics devices at the end of life
phase, by pre-treatment and subsequent recycling in smelters, or direct treatment of certain
devices and printed wiring boards in smelters

3.3.1 Recycling of Wastes from Soldering

Amounts of Wastes in Wave and Reflow Soldering
In wave soldering, drossing and impurifications of the solder bath cause 25 to 50 % of waste [113].
The average used in this work is 29 %, based on data from three different EEE manufacturers [2],
[41]. This means that wave soldering worldwide generates around 18,000 t of solder wastes every
year. Only 45,000 t of the total of 63,000 t of wave solders actually are applied on the printed wiring
boards (PWBs). Around 18,000 t of wave solders per year become solder wastes.
Lead-free solders might produce higher rates of solder wastes. The higher soldering temperatures
might produce more drosses, and the higher tin content increase the impurification with copper from
the printed wiring boards. Data, however, have not been available, and additional measures like the
use of nitrogen can reduce the effect to normal or even overcompensate it. The waste rate in wave
and reflow soldering are therefore assumed to be equal for tin-lead and the lead-free solders.
In reflow soldering, around five to 15 % only of solder paste end up as waste [29]. For this work, the
average 7 % of three EEE manufacturers were adopted[2], [41]. From the annual 7,000 t of solder
pastes, in the end about 6,500 t are applied on PWBs, around 500 t become production wastes.

Recycling of Metals from Waste Solders
In industrialized countries, used solder baths, drosses and reflow solder wastes either go back to
solder manufacturers or to companies that are specialized to recover these kinds of materials [1].
The high metal concentrations are a strong economic incentive for recycling. It can be assumed that
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in the industrialized countries like in Japan, EU and in North-America, around 90 % of these wastes
will undergo a recycling process. In 2002, about 30 % [102] of the world electronics assembly (based
on market value) took place in other countries outside the EU, Japan, and North-America, e. g. in
China. This market value of assembly does not necessarily correspond to the amounts of soldering
materials. As solder related data are not available, it must be assumed nevertheless, that this market
value corresponds to the solder volumes. The 30 % of assembly market value produced outside the
classical industrialized countries in Europe, Japan and Northern America nowadays (2006) is probably
higher, but a more current average value was not available.
There is contradicting information about what happens to soldering wastes in the countries outside
the industrialized countries. It ranges from “no recovery” to “comparable to the standards in
industrialized countries” [41]. Assuming that the market value is equivalent to the amounts of solders
used, and that no recycling takes place outside the industrialized countries, the average global
recovery rate R for wave solder wastes would be around

R = 90% ⋅ 70% ≈ 60%
The tin-lead as well as the lead-free solder wastes from wave and reflow soldering will either be
refurbished to new solders or alloys or undergo a metal recovery. There are no data available about
recycling rates of metals from waste solders.
In case of refurbishment to solders, it can be assumed that the metal losses are very low. If the solder
wastes undergo a metal recycling process, the recycling rates can be assumed to be much higher than
in recycling processes of printed wiring boards (see chapter 3.3.1 on page 92 and chapter 3.3.4 on
page 100). Recycling of metals from complex metal mixes like printed wiring boards reduces the
metal recycling rates [47]. In solder wastes, however, the complexity is low and the concentrations of
the single metals are high.
It is thus assumed that all metals besides silver in the solders will be recycled to around 90 %. Silver
as a noble metal will have higher recycling rates of around 95 %. If there are any losses at all, the
processes for economical reasons will be optimized to reduce the silver losses to the minimum.
The overall recycling rate rtot of silver from soldering wastes thus is

rtot = R ⋅ rAg = 60% ⋅ 95% = 57% .
For the other metals, the recycling rate is around 54%.

Distribution of Soldering Metals over Printed Wiring Boards and Soldering Wastes
Figure 3-22 shows the amounts of tin, lead, silver, bismuth and copper on the printed wiring boards
and the metal losses to the environment as a result of the above calculations. More than 70 % of the
soldering metals after soldering are applied on the printed wiring boards, less than 30 % end up in
wastes. Almost 60 % of these metals in wastes are recycled in post-industrial recycling (solder waste
recycling).
Lead-free soldering applies only around 46,000 t of metals on printed wiring boards, around 12,000 t
less than tin-lead soldering. The amounts of tin on the printed wiring boards, however, are around
9,000 t more than for tin-lead soldering. The tin-losses to the environment from lead-free soldering
are 2,000 t higher than for tin-lead soldering. 9,000 t of a total of 16,000 t are recycled from soldering
wastes.
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Figure 3-22: Distribution of soldering metals over printed wiring boards, recycled wastes and metal losses to the
environment

(all values rounded)

On printed wiring boards, around 20,000 t of lead are applied, and around 3,000 t are released into
the environment. Another 4,000 t are recycled from soldering wastes.
Silver and bismuth releases from lead-free soldering amount to around 200 t of 500 t of total wastes
respectively, while around 1,300 t are applied to the printed wiring boards.
Besides the bulk metals tin, lead and bismuth, lead-free solders only bring up minor amounts of
copper and zinc. They were taken into account nevertheless, as they might have an influence on the
potential toxicity (chapter 4.3.1 on page 145) and energy consumption (chapter 4.2.3 on page 133).

94

Conclusions
The values in Figure 3-22 show the importance of solder waste recovery and metal recycling, in
particular of the wave soldering wastes, which amount to around 19,000 t compared to only 500 t of
reflow solder wastes. The high metal concentrations and the composition of few metals only
facilitates effective recovery with high recycling rates of around 50 to 60 %. The recycling rates could
increase effectively, if more of the solder wastes would be recovered. Solder waste recycling must
therefore be encouraged. The currently high metal prices (status 2006) should be an incentive
anyway to recycle these valuable metals (see chapter 0 on page 157).
More than 70 % of the soldering metals are assembled into EEE on the printed wiring boards and
finally end up as WEEE with these products. It is therefore crucial to investigate the EoL conditions
and the metal recycling rates of the metals in the printed wiring boards.

3.3.2 Overview and Basic Conditions of WEEE EoL Treatment

Economy and Ecology in End-of-Life Operations
Recycling of WEEE economically does not always yield profits. While WEEE with noble metals (NM)
and platinum group metals (PGM) achieve high profits, low grade WEEE causes cost. The economic
driver behind WEEE recycling thus is the content of NM and PGM, and only to a minor degree the
copper content.
Pre-processors and recycler categorize WEEE and PWB into four categories according to their
content of NM and PGM:
¾ high grade (HG),
¾ medium grade (MG),
¾ low grade (LG),
¾ very low grade (VLG).
There are no sharp criteria to differentiate between these categories. Each actor in the EoL
treatment has his own criteria following his individual technical and economical conditions. The annex
gives an example composition for each class of printed wiring boards. Nevertheless, the
categorization has technical and financial consequences, as the recycling processes as well as the
financial conditions of recycling can be different for the different WEEE/PWB categories. In particular
the treatment of high grade PWBs can differ from the treatment of the other PWB or WEEE
categories.
The parting line between WEEE causing cost and the one yielding profits among other factors
strongly depends on the metal prices on the world market. The raw material prices influence the EoL
treatment of WEEE. Although recycling in many cases ecologically is highly desirable, the most
important aspect to understand is that recycling operations within the legal framework are optimized
under economical aspects. Pre-processors and smelters are companies that survive on profits and
they try to maximize their profits as any other company. Pre-processors and recyclers play an
important role in resource management. Nevertheless, the driver behind their operations is business,
not ecology. The clue to understand the status and the potential ecological performance of EoL
operations therefore is to take into account the economic conditions.
Recycling takes place in a competitive environment. This means that the owner of WEEE will sell to
the pre-processors offering the highest profit or lowest cost. The pre-processors will sell their metal
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fractions to the smelter that offers the maximum profit for it, in case of valuable scrap, or minimum
cost, in case of low value scrap. This depends on the economic yield or the cost which a smelter can
achieve from a certain secondary material with its processes and its know how.
There is even an increasing competition between the pre-processors and copper smelters for certain
types of WEEE, e. g. mobile phones. Additionally, pre-processors and smelters state that exports of
WEEE to China are increasing so that the available WEEE processing capacities in Europe cannot be
used to full capacity.
For the resource consumption of soldering metals resulting from their use in soldering materials, the
overall recycling rates are crucial. These recycling rates are the result of the WEEE collection and
recovery rates, the separation performance of pre-processing and the metal-specific recycling rates in
copper smelters. It is important to differentiate the technically possible and the economically viable
separation and recycling rates of each metal. The technically possible recycling rates are much higher
than the recycling rates, which pre-processors and smelters actually achieve for metals under the
economical limitations of the recycling business. It can be cheaper, e. g., to dispose of certain residues
like filter dusts than to reprocess them in order to increase the recycling rates of the metals
contained. The assessment of the recycling performance for the soldering metals must be based on
the economically viable recycling conditions, not the technically possible ones. The relation of labour
and energy cost, technological performance and in particular metal prices influence the recycling rates
of metals.
The following chapters will show the recycling performance of pre-processors and smelters under
the economical and technological conditions in 2003 [47].

Overview on WEEE End-of-life Treatment
Figure 3-23 shows the general treatment scheme of waste of electrical and electronics equipment
(WEEE). After collection, pre-processors normally will treat the WEEE. Some WEEE or parts thereof
may be re-used, either directly or after repair and refurbishment. In total, however, re-use only affects
a minor, negligible amount of WEEE. The main EoL treatment of WEEE is the removal of hazardous
substances and components, shredding and mechanical separation into fractions, which then are
processed in smelters, cement kilns and incinerators:
1) Pre-Processing
o Disassembly for removal of components with hazardous substances, e. g. switches
containing mercury, batteries, etc. according to annex II of the WEEE Directive [49]
o Disassembly beyond legal minimum requirements
A small amount of WEEE containing noble metals and platinum group metals, mainly on
the printed wiring boards, is sorted out of the waste stream. It undergoes a special
shredding and mechanical separation process. Alternatively the high grade WEEE is
disassembled to remove the printed wiring boards either for a special shredding and
mechanical separation or for direct treatment in copper smelters.
o Shredding and mechanical separation into fractions [77], [82]
The standard EoL treatment is the direct shredding and mechanical separation of WEEE
after the removal of hazardous substances or components according to Annex II of the
WEEE Directive. This recovery operation results in four different fractions:


copper fraction
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iron fraction



aluminum fraction



plastics fraction

Figure 3-23: General end-of-life scenario for WEEE

Only copper smelters can recycle the metals in solders and finishes, including the noble metals and
platinum group metals, from the copper fractions. The target of the mechanical separation process
therefore is to concentrate as much as possible of these metals in the copper fraction. The
technological conditions and knowhow decide about the quality of the separation and thus also
about the recycling rates of metals in the subsequent recycling processes.
2) Treatment of fractions
o the plastics fraction is treated in incinerators or cement kilns,
o the iron fraction in iron smelters,
o the aluminum fraction in aluminum smelters and
o the copper fraction in copper smelters.


The soldering metals can only be recycled from the copper fraction in copper
smelters. The investigation of the EoL treatments therefore will focus on the
preprocessors and the copper smelters.



The following chapters will explain the conditions and recycling performance of preprocessors and copper smelters more in detail. As data outside Europe could not be
obtained, this work will focus on the situation in Europe.

97

3.3.3 Metal-specific Separation Performance of WEEE Pre-processing

Sorting and Disassembly Beyond Minimum Legal Requirements
Any sorting and disassembly operations beyond the legal requirements in annex II of the WEEE
Directive strictly follow economic criteria. In the context of printed wiring board recycling,
disassembly economically only is a viable option for high grade WEEE containing printed wiring
boards with high contents of noble metals or platinum group metals. The entire device is separated
from the rest of the WEEE and either directly goes to the smelters (e. g. mobile phones, see
HUISMAN [72]) or the printed wiring boards are disassembled from the rest of the devices and then
go to the smelters. Variations of this proceeding are possible, but the reason behind is always the
economical optimization. HUISMAN [72] has made an in-deep research of the economical and
ecological efficiency of different EoL treatment scenarios for WEEE. This work therefore will just
show the principal possibilities.
The separate treatment or the high grade devices avoids the losses of noble metals and platinum
group metals, which always occur in the subsequent shredding and mechanical separation processes
(see chapter 3.3.3 on page 98). For high grade printed wiring boards, this loss economically is more
expensive than the additional expenses for the separate treatment. For printed wiring boards with
lower noble metal and PGM contents, the labor cost for sorting and disassembling are too high in
most industrialized countries with high salaries.
The situation might be different in low-salary countries like China or India. There, however, in many
cases the recyling infrastructure like the pre-processing and smelting is not as effective as e. g. in
Europe. As more disassembly generates less complex material fractions, disassembly facilitates higher
recycling efficiencies. It is an on-going discussion whether exports of WEEE to China actually should
be allowed. This work is based on the situation in the industrialized countries and it will focus on the
conditions in Europe. In most other countries, detailed information is not available.

Metal Specific Separation Performance
For low and medium grade WEEE, additional treatment – sorting, disassembly - beyond the legal
requirements does not generate enough economical benefit to pay the additional cost of sorting and
disassembly. The standard procedure therefore is the minimum treatment followed by shredding and
mechanical separation.
Figure 3-24 shows the separation performance for the metals that are relevant for soldering materials
in very low and low grade WEEE processing. The metals in solders and finishes in the figure can only
be recycled from copper fractions in copper smelters. The figure shows that around 25 % of all
metals besides copper are not separated into the copper fraction. Almost 20 % are found in the
plastics fraction and thus will be lost. As the contents of noble metals are low in low grade WEEE or
in low grade printed wiring boards, the absolute amount of noble metals lost is still low and the
economic loss is limited. In the end, only around 75 % of the metals and around 80 % of copper are
separated into the copper fraction from where they can be recycled in copper smelters.
In high grade WEEE, the noble metal content is high. Therefore, 20 % of losses in absolute weight is
high and poses a high economic loss. They should either be collected separately, or are sorted from
the general WEEE waste stream. In some cases, they can be sent directly to copper smelters, for
instance mobile phones (see HUISMAN [72]). There are no losses of NM and PGM or any other
metals that can be recycled in copper smelters. However, iron and aluminium are lost in the copper
smelters, as well as plastics.
Shredding after sorting and possibly disassembly of printed wiring boards for comminution without
mechanical separation processes is a further EoL treatment option for high grade WEEE. The
shredded WEEE is then sent to the copper smelter for further treatment. The losses of NM and
PGM are also close to zero in this treatment option.
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Figure 3-24: Separation of metals into different fractions in low grade WEEE treatment [37]

(100 %: content in WEEE before any EoL treatment)

In both these EoL variations, the deliberation is whether the avoided losses of NM and PGM in a
mechanical separation process economically compensate the losses of aluminium, iron and plastics in
the copper smelting process or the additional cost for sorting and disassembly.
Alternatively, recyclers sort out the high grade WEEE and process it in a separate mechanical
separation process. The objective here is to reduce the loss of noble metals and at the same time
prevent losses of non-iron and aluminium metals, which cannot be recovered in the copper smelters.
Further on, smelters do not welcome high contents of plastics materials in the input (feed). Figure
3-25 shows the separation performance of such a high-grade WEEE specific mechanical separation
process.
The high grade WEEE mechanical separation directs almost 90 % of the non-copper metals into the
copper fraction, around 10 % more than the general mechanical separation process in Figure 3-24.
The share of these metals in the plastics fraction decreases from 19 % to around 1 %. The metal
shares in the iron fraction increase from 3 to 6 %, in the aluminum fraction from 2 to 4 %. The high
grade mechanical separation process thus redistributes the metals from the plastics fraction mainly
into the copper fraction, but also into the other metal fractions. The share of copper in the copper
fraction remains the same with around 80 %. Otherwise, the redistribution follows the same pattern,
with shrinking percentages in the plastics fraction, but growing shares of copper in the iron and
aluminum fraction.
The reasons for these changes are not further investigated within this work. The values are adopted
to calculate the resource consumption resulting from the use of soldering metals as assessed in
chapter 3.2 on page 71.
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Figure 3-25: Separation of metals into different fractions in high grade WEEE treatment [37]

The metals in solders and finishes can only be recycled from the copper fraction. The non-ferrous
metals in the other fractions cannot be recycled and will thus be lost to the environment. The focus
of the further EoL investigation therefore is on the recycling performance of copper smelters.

3.3.4 Recycling of WEEE and PWBs in Smelters

Technical and Economical Conditions of Smelting Operations
Copper smelters treat the copper fraction of WEEE pre-processing with the soldering metals.
Primary copper smelters produce copper from copper ores, secondary copper smelters are
specialized on producing copper from secondary sources like copper-containing metal scraps, WEEE
or printed wiring boards (PWB).
Primary as well as secondary copper smelters optimize their processes to produce copper with a
high yield and purity from ores or secondary copper sources. Additionally, the copper smelters have
high yields and recycling rates for noble metals (NM) as well as the platinum-group metals (PGM).
These metals are economically valuable, even if they occur in lower concentrations. The NM and
PGM are the “cash cows” of the recycling business in pre-processing and in the copper smelters, and
any loss of these metals causes reduces the profitability of the recycling operation.
Apart from copper, NM and PGM, other metals like tin, zinc, lead and in some copper smelters also
bismuth can be recycled in copper smelters as well. Their recycling rates are optimized as much as
possible without compromising the recycling rates of NM and PGM. In order to achieve maximum
economical profit, smelters exchange fractions for further treatment. Copper smelters sell filter dusts
containing zinc and lead, for instance, to lead/zinc smelters for further processing.
Some electronics companies have been pushing the use of antimony in electronics solders from time
to time, but without success so far. The electronics industry also thinks about using indium in some
soldering applications. Both antimony and indium were therefore included into the investigation of
recycling rates.
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Some smelters consider antimony and bismuth as unwanted substances. If the smelter cannot bring
out the bismuth in the process as metal or in a certain fraction, parts of it end up as impurification in
the final products, e. g. the copper. These smelters normally limit the bismuth concentration in the
feed (input into the smelter). [47]
Whether and how far smelters have adapted their processes to handle substances like bismuth and
antimony depends on the composition of their main input, which can be ores or secondary wastes
for recycling or both. Primary copper smelters have long-time contracts with copper mines, so that
they process constant qualities of ores. If those ores have higher contents of bismuth and antimony,
these smelters will be able to handle bismuth and antimony in their feeds.
Some copper smelters can handle bismuth in the input. Some at least indicate that they have limits,
which they could overcome with some process improvements, if e. g. the electronics industry should
use bismuth more extensively in the future [47]. There are some solders containing bismuth (see
chapter 3.2.2 on page 76).
The analytics of the contents of a copper fraction is the base for the payments or cost of treatment
in the copper smelter. Especially for high grade WEEE or printed wiring boards, or high grade copper
fractions, the smelter must have a high quality sampling unit. In case of a wrong analyzes of the noble
metal and platinum group metal content, the owner of the WEEE or the smelter might lose a lot of
money.
In case of the high grade PWBs, the throughput time, the time from the input into the processes until
the metals are available as metals again, is a crucial criterion as well. For noble metals and platinum
group metals (PGM), these times can range from about 30 days to around 100 days. Noble metals
and PGM are recycled from the anode slimes, which is the final step in the process chain.
Secondary materials can be fed into the process at different points of the process chain. From the
technical point of view, more complex input materials require more process steps to separate the
metals. Such complex material mixes like PWBs or copper fractions from WEEE pre-processing
therefore enter the process chain at the beginning, the less complex solder wastes from the
electronics industry, if recovered in copper smelters, at a later point.
If complex materials enter the smelter more at the beginning of the process chain, they pass through
more process steps. In each process step, a certain amount of metals may end up in slags or filters or
in other fractions from where they are not or only partially recovered. The recycling of metals from
complex material mixes like the copper fractions from WEEE recycling is less efficient than from
other secondary input materials. However, this reduction of the recycling rates mainly affects the
“side” metals, e. g. tin, lead, zinc in a copper smelter, not the economic carrier metals like the noble
metals and the platinum group metals (PGM). The process steps generally are optimized to maximize
the yields of these economic carrier metals.
Within the technical limits defined by the complexity of the inputs, metal scraps can fed into the
smelting processes at different points. The input point decides about the path which the metals take
in the process and thus also about the recycling rates of the different metals in the scrap.
The decision about the input point and the recycling rate for different metals within the technological
limits follows the economical optimization principle. The smelter optimizes the recycling rates for the
whole range of metals in the input (feed). For example, the decision could be whether to allow a
minimum decrease of the silver recycling rate in order to increase that of tin considerably. Or, vice
versa, to considerably decrease the tin yield in order to increase the silver output. The composition
of the feed, the recovery cost depending on the input point and the process, and the relative market
prices of metals in the end decide which process variation is economically more viable.
As already mentioned, complex WEEE/PWB scrap enters the process more at the beginning, used
solder baths generally at a later point of the process chain. This means, that especially for tin, lead,
zinc, nickel, bismuth and other metals besides the NM and the PGM, the recycling rates will be lower
from WEEE or the copper fractions thereof compared to less complex materials like used solder
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baths or silver containing copper scraps. This again underlines the importance and efficiency of solder
waste recycling, as described in chapter 3.3.1 on page 92.
Iron and aluminum smelters do not recycle other metals from the input streams. This means that
noble metals are lost in the iron and aluminum smelters, as well as copper, tin or other metals. Vice
versa, iron and aluminum will not be recycled in copper smelters.

Output of Copper Smelters from WEEE and Copper Fraction Treatment
The top-down approach applied in this work requires using globally averaged recycling rates of the
soldering metals. Data, however, were only accessible for Europe. As both the technical standard and
the know how is very high in Europe, the assessed recycling rates probably are higher than the world
average.
The recycling rates are calculated as averages of five European primary and secondary copper
smelters including the recycling of metals in subsequent fraction treatments in tin, lead and zinc
smelters [47]. There are no specific differences in recycling rates between primary and secondary
copper smelters. Each copper smelter is different concerning the recycling rates and the output form,
in which metals are recycled: as metals, alloys, acids or salts. The individual data of the smelters are
confidential and cannot be published.
To arrive at average recycling data from the different individual recycling performances, the smelterspecific recycling rates and outputs were averaged according to the maximum capacity of the
smelters to process WEEE or fractions thereof [47].
Building up and maintaining processing capacities for WEEE causes cost. In the long term, smelters do
not maintain process capacities for WEEE if they cannot use them. The maximum processing capacity
for WEEE or fractions thereof was therefore adopted as the most appropriate weighting criterion to
calculate the average recycling performance from the individual smelter performances. The actually
processed WEEE per year in each smelter fluctuates considerably over time and thus cannot reflect
the medium- or long-term actual amounts of WEEE processed in smelters.
Figure 3-26 shows the result of smelting operations in copper smelters including the recycling of
metals in subsequent treatment of copper smelter output fractions in tin, zinc, and lead smelters.

¾ Recovery as metals
All smelters recover copper, noble metals and PGMs (platinum group metals) as metals,
some of them in plant cooperations within the same enterprise. The recycling rates are at
least 95 %, normally 98 % and more [47].

¾ Nickelsulfate
All smelters recover nickel as nickel sulfate. At least 80 % of the Ni input is brought out as
Ni-sulfate which is sold e. g. to electroplating companies for further use.
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Figure 3-26: Average outputs from WEEE recovery in copper smelters including subsequent fraction treatments [47]

(100%: input into copper smelter)

The other fractions produced differ from smelter to smelter.
¾ Lead metal and lead-bismuth-alloys
Smelters with a lead refinery in addition to metallic lead produce lead-bismuth alloys, which
contain about 70 to 96 % of the bismuth input. This alloy is then sent to other smelters
which are specialized to separate bismuth from lead. [47]
¾ “Mischzinn” (mixed tin)
Smelters without lead refinery generate mixed tin alloys that absorb about 50 % of the lead
input and around 55 % of the tin input into the smelter. This fraction is sold to other smelters
for further treatment or to solder manufacturers who manufacture new solders from it,
mostly for applications which do not require high quality solders. [47]
¾ Antimony compounds
Some smelters recover antimony (antimony) as salts or antimony litharg. Around 70 to 75 %
of the antimony input into the smelter can thus be recovered and will be sold to other
smelters for refinement. [47]
¾ Zinc from filter dusts
None of the smelters recovers Zn as metal. If zinc is recovered, it is recovered from filter
dusts. These dusts absorb 40 to 70 % of the zinc input as Zn-oxide.
If no lead-refinery is available and if the tin and lead cannot be recovered in mixed tin
fractions, besides the zinc, these filter dusts contain up to 60 % of lead and 60 % of the
overall tin input. If tin and lead can be brought out as mixed tin fractions, still about 30 % of
lead and 20 % of tin end up in the filter dust fraction together with the Zn-oxide. This filter
dust fraction is also sold to specialized smelters for further processing. [47]
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¾ Recycling of indium
Although indium is a very expensive material - around 830 Euro/kg compared to around
380 Euro/kg for silver in April 2006 [83] - the recycling in smelters requires specific
knowledge and equipment. Smelters therefore hardly bring it out, and they get no payment
for indium in other metal fractions, as it is considered as an unwanted impurity. As indium is
just a trace element in the feeds, for most smelters it does not pay off to adapt and upgrade
the processes for indium recovery.
The above smelter outputs result in the recycling rates as shown in the next chapter.

Metal Recycling Rates in Copper Smelters
To obtain the overall metal-specific recycling rates from the above smelter outputs, it must be
discussed, how far the metals in the above about output fractions are accepted as recycled.
It goes without controversy that the metals brought out in pure metal fractions are counted as fully
recycled. In this work, the metals in all copper smelting fractions described in the previous chapter
besides the slags are counted as fully recycled, too. The filter dusts were assumed to be recycled and
therefore do not appear as an extra fraction. Although slags can be used e. g. in road construction,
the metals in these slags are lost as resources. It is not justified to define this kind of use as metal
recycling.
The reasons and consequences of this recycling definition will be explained in chapter 4.1.2
(Consequential Mass Flow Approach) on page 123. Figure 3-27 shows the resulting metal-specific
recycling rates in copper smelting operations.
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Figure 3-27: Overall average metal-specific recycling rates of copper fraction treatment in smelters [47]

(100%: input into copper smelter)

The recycling rates for copper, NM and PGM are close to 100 %, which is positive with respect to
the use of such metals in lead-free solders and finishes. Nickel has a high recycling rate of more than
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80 %. Before the beginning of these investigations in 2003, it was not clear, whether and how much
of lead could be recycled in copper smelters. These results show that around 65 % of lead are
recycled from WEEE or fractions thereof. Bismuth and zinc have a similar recycling rate like lead.
The recycling rate of tin is around 13 % lower than that of lead. Tin is the main lead-substitute and
principal constituent of tin-lead and even more of most lead-free solders (chapter 3.2.4 on page 89).
The comparably low tin recycling rate of around 50 % causes considerable negative impacts on
resources losses (chapter 4.3 on page 145) and energy consumption (chapter 4.2.3 on page 133) in
particular for lead-free soldering. An improvement of the tin recycling rate is therefore a key to
reduce negative impacts on sustainable development of lead-free soldering.
Antimony can only be recycled for less than 50 %. The recycling rate of indium with only around
10 % is even lower. The use of antimony and indium in soldering materials is not recommendable.
The overall EoL performance for WEEE results from the interaction of collection, pre-processing and
smelting. The next chapter will show these overall recycling rates.
3.3.5 Overall EoL Recycling Rate of Soldering Metals

Overall Recycling Rate in Post-Consumer Recycling
The overall metal-specific recycling rates of metals from printed wiring boards (post-consumer
recycling) γ i, PWB are calculated as the product of the collection and recovery rate, the separation
performance of each metal into the copper fraction (Figure 3-24 on page 99 for low and medium
grade WEEE, Figure 3-25 on page 100 for high grade PWB), and the recycling rate for each metal in
the smelters (Figure 3-26 on page 103).

γ

i , PWB

= rc ⋅ rp , i ⋅ rs , i

Equation 3-2: Calculation of the overall metal-specific recycling rate from PWBs

γ
i
rc

i, PWB

metal-specific recycling rate in post-consumer recycling
type of metal
WEEE collection and recovery rate

rp,i

metal-specific separation rate into Cu-fraction in pre-processing

rs,i

metal-specific recycling rate in smelting

There are no reliable data on how much of the produced EEE actually is collected and recovered,
not even in the industrialized countries. It is assumed that the collection and recovery rate is low,
which, among other reasons, motivated the European Union to enact the WEEE Directive [49]. This
directive obligates the member states to collect a minimum of 4 kg of WEEE per year and inhabitant
[49]. There are no data showing how these 4 kg correlate with the amount of EEE produced. There
are some hints that the recovery rate in Germany, e. g., is around 30 %. It is lower in most other
member countries of the EU, and it is thought to be much higher in countries like Sweden, where
around 60 % of collection and recycling are assumed. However, it is not clear what 100 % are –
probably the amount of WEEE in each country per year, not the amount of EEE produced in these
countries or worldwide.
The European Union probably worldwide still is in leading position compared to most countries
outside the EU. For this work, the worldwide average collection and recovery rate rc is therefore
assumed with 10 % of the worldwide produced EEE. With this assumption, the worldwide average
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metal recycling rate

λ i, PWB

from post-consumer recycling (WEEE recovery at EoL) becomes very

low, as Figure 3-28 depicts. All metal-specific recycling rates

λ i, PWB

are below 10 %.
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Figure 3-28: Worldwide average recycling rate of post-consumer WEEE recycling (all values rounded)

Table 3-4 shows the amounts of metals recycled from lead-free soldered PWBs in post-consumer
recycling. The values are the product of the metal specific recycling rate from Figure 3-28 and the
amounts of each metal on the PWBs as indicated in Figure 3-22 on page 94.
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Table 3-4: Amounts of metals recycled from PWBs in postconsumer recycling
Sn
Ag
Bi
Cu
Ni
LG
Metals Recovered
1,700
100
100
20
15
from LF PWBs (t)

Zn

Au

Pd

Total

0.90

0.7

0.04

1,900

Given the comparably high recycling rates in pre-processing/smelting, the collection and recovery rate
is the most severe limitation in post-consumer metal recycling from soldering metals. The next
chapter shows the influence of increased collection and recovery rates on the metal resource savings.

Influence of Higher Collection and Recovery Rates on Metal Losses
The data of the mechanical separation performance and the process yields allow calculating the
theoretical number of life cycles until 50 % of the metals used in a specific application are released
into the environment. The result gives the halflife-time of the metal in the technosphere, before it is
released into the environment.
Each use of a metal i in the soldering materials results in the loss L.

Li =

mi , L
mi

= (1 − λi , PWB )

L
i

loss to the environment
type of metal
metal specific post-consumer recycling rate

λi, PWB

For N life cycles of metal i in the same application, e. g. in the same type of PWB with the same
processing and end-of-life treatment, the loss is

N ⋅ Li = N ⋅ (1 − λi , PWB )
For

N ⋅ Li = X i , the number of life cycles Ni, X can be calculated, until the share Xi of metal i is

lost to the environment:

Ni, X =

For

Xi

1 − λi , PWB

λi, PWB = 0

(no collection or no recovery at end-of-life), the above equation results in

Ni, X = X i
However, when the loss of metal i actually occurs in the EoL phase of the EEE, the product has
already passed one life cycle, so that Ni, X in this point must be “1”. Adding the factor 1-Xi corrects
the result correspondingly.
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Ni, X =

Xi

1 − λi , PWB

+ (1 − X i )

1
Ni , X = 1 + X i ⋅ (
− 1)
1 − λi , PWB
Equation 3-3: Number of life cycles in same application to the loss of share Xi of metal i

Figure 3-29 shows the number of life cycles in PWBs for Xi = 50 %. This corresponds to the loss of
50 % of the original amount of metal i. The multiplication with the life time of the EEE in which the
metals are applied would result in the halflife-time of the metal in the technosphere assuming
identical conditions in each application and life cycle.
The figure clearly indicates that in particular NM, PGM and copper with the high recycling rates

λi, PWB

profit from higher collection and recovery rates. An increase of the recovery rate from 10 %

to 30 %, e. g., increases the number of life cycles from 1.04 to 1.14 life cycles, an increase of around

λ Sn, PWB is only 5 %, only half of the silver
increase. The figure thus additionally shows that an increase of the recycling rates λi, PWB for the
10 %. The increase for tin with its lower recycling rate

metals like tin has even a stronger effect on the theoretical number of life cycles than an increase of
the recovery rate.
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Figure 3-29: Metal application cycles until 50 % of metal loss to the environment
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Total Recycling Rates of Soldering Metals
Besides post-consumer recycling, post-industrial recycling (recycling of solder wastes from PWB
assembly) had been assessed in chapter 3.3.1 on page 92. The total worldwide metal-specific
recycling rates λ i, tot can be calculated as

λ i , tot =

λ i , w ⋅ mi , w + λ i , PWB ⋅ mi , PWB
mi , w + mi , PWB

Equation 3-4: Worldwide total recycling rates of metals in solders and finishes

λ i, tot
λ i, w
λ i, PWB
i
mi,w
mi, PWB

overall worldwide metal-specific recycling rate
metal-specific recyling rate in post-industrial recycling
metal-specific recycling rate in post-consumer recycling
type of metal
metals in solder wastes
metals on printed wiring boards after soldering

The data required for the above equation are already available:
¾ the recycling rates
page 92

λ i, w

and amounts of metals in solder wastes in chapter 3.3.1 on

¾ the post-consumer recycling data

λ i, PWB

in the previous chapter

¾ the amounts of metals remaining on printed wiring boards in Figure 3-22 on page 94

Figure 3-30 shows the results of Equation 3-4 calculated for the substitution scenarios for solders and

λ

i, PWB values for low grade WEEE
finishes in chapter 3.2 on page 71. The figure is based on the
recycling. As currently the influence of post-consumer recycling is small compared to post-industrial
recycling, the influence of this choice on the result is negligible. Additionally, the share of high grade
printed wiring boards is only around 5 % [82] to 10 % [96]. The low grade WEEE treatment scenario
therefore is the standard scenario.
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Figure 3-30: Worldwide overall recycling rates of metals in solders and finishes based on low grade WEEE recycling

(100 %: metal content of solder and/or finish; dotted columns: metal only contained in PWB finish)
The figure shows that at the current low collection and recovery rates in post-consumer recycling,
the post-industrial recycling of the solder wastes makes an important contribution to the overall
recycling rates. All metals contained in solders or in solders and finishes profit from solder waste
recycling. The recycling rates of the metals contained in solders or in solders and finishes considerably
increase, if the solder waste recycling is included. The recycling rate for silver, for instance, increases
from 7 % to 23 %, an increase of almost 330 %. All metals in solders show similar increases. The tin
recycling rate increases from 4 % to 19 %, an increase of 475 %. The increase is higher than for silver,
as the tin recyling rate in post-consumer recycling is much lower than that of silver. This means, that
post-industrial recycling is an important measure in particular to reduce the losses of the metals with
lowest recycling rates in post-consumer recycling, which are all metals besides copper, NM and PGM.
EEE manufacturers should promote the post-industrial recycling of solder wastes.
At the same time, however, it must be stated that the positive impact of post-industrial recycling is so
enormous because the collection and recovery rates of WEEE in the EoL phase are so low. After the
soldering process, the printed wiring boards contain more than 70 % of the total solder metals (see
Figure 3-22 on page 94) plus the finish metals, while the base for the post-industrial recycling is less
than 30 % of the metals used in solders. This shows that, although post-industrial solder waste
recycling is important, post-consumer recycling offers a huge improvement potential. Higher
collection and recovery rates for WEEE and improved recycling rates in particular for tin can verify
this potential.

3.3.6 Conclusions
NM, PGM and copper have high recycling rates in copper smelters of close to 100 %. The recycling
rates of the other metals like nickel (around 80 %), lead, bismuth and zinc (around 65 %) and tin
(around 50 %) are lower. Tin thus has the lowest recycling rate, although it is the main substitute of
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lead in solders and although it is the constituent with the highest share in lead-free solders. Shredding
and mechanical separation of WEEE reduce the recycling rates of the soldering metals for up to
25 %. The soldering metals cannot be completely separated into the copper fraction, from where
they can be recycled in copper smelters. For the PWBs, mechanical separation processes should
therefore be limited as much as possible, and the direct way to the smelters should be preferred.
This option, however, economically and ecologically only makes sense for PWBs that are either
valuable enough to pay off for sorting and dismantling them from WEEE, or for devices like mobile
phones, where the PWB has a high share in the total weight of the product, as HUISMAN showed
[72].
The low collection and recovery rates of WEEE are the bottleneck causing high losses of metals into
the environment. An increase of the WEEE collection rate is a valuable contribution to reduce the
metal losses. For all metals with lower recycling rates, in particular tin, an upgrade of the recycling
processes in order to increase the recycling rate in smelters is the most effective way to reduce the
losses to the environment.
The data show that post industrial solder recycling, the collection and recycling of metals from solder
wastes in manufacturing, remains the most effective and economically viable way to reduce metal
losses. EEE manufacturers should therefore increase the collection and recovery of these solder
waste materials.
The use of metals like indium and antimony in solders, as discussed now and then, is not advisable.
The recycling rate of indium is far below 10 %. This scarce and expensive metal is thus lost. The
overall recycling rate of antimony is lower than that of tin resulting in high losses of this potentially
more toxic metal than lead into the environment [40].
The data also show that more collection, recovery and recycling of WEEE cannot stop the releases
of lead into the environment. The losses in the mechanical separation and the subsequent treatment
in copper smelters allow releases into the environment of around 40 to 50 % of the lead used in the
PWBs, even at 100 % collection and recycling of all produced EEE. As collection and recycling rates
will never reach 100 %, the actual releases of lead into the environment are higher than 50 %. It is an
often-expressed opinion that more recovery could be an alternative to the ban of lead in electronics
as it would stop the lead releases into the environment, which definitely is not true.
The recovery and recycling operations, however, change the condition of the lead releases into the
environment. Untreated WEEE ends up in official or uncontrolled landfills and incinerators, and the
lead either goes to the filter dusts and slags in incineration, or just remains in the WEEE in the landfills
from where it may be eluted. The lead losses from recovery and recycling processes are in the form
of dusts and filter dusts, or are contained in slags that are inert immobilizing the lead to a large
extent. It can therefore be assumed that higher collection and recovery rates reduce the toxic
impacts of lead, but they cannot be controlled completely. It is therefore questionable whether
higher collection and recovery rates of WEEE would make the ban of lead obsolete, as opponents to
the lead ban often argue. If the toxic potential of lead is considered a threat, more collection and
recycling is an incomplete solution at best.

3.4

Additional Resource Consumption of Lead-free Soldering

The use of metals in lead-free solders and finishes does not result in resource consumption, as long
as the metals are recycled in post-industrial and post-consumer recycling. The amounts of metals
used in tin-lead and lead-free solders (chapter 3.2 on page 71) and the metal-specific recycling rates
in the previous chapter facilitate calculating
¾ the additional metal resource consumption resulting from the use of metals in lead-free
solders and finishes,
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¾ how much lead actually will be avoided and how much lead is released into the environment
with tin-lead soldering, and
¾ whether the concerns are justified that lead-free soldering will consume too much of scarce
metals like silver and bismuth.

3.4.1 Bulk Material Flows of Soldering Metals
Figure 3-31 shows the bulk material flows of tin-lead and lead-free soldering materials. The figures are
a combination of:
¾ the solder replacement scenario in Figure 3-11 on page 81,
¾ the finish replacement scenario in Figure 3-15 on page 86,
¾ the amounts of metals used in solders and finishes in chapter 3.2 on page 71,
¾ the use and the recycling of solder wastes in the manufacturing scenario in chapter 3.3.1 on
page 92,
¾ and the average total metal specific recycling rates of metals in Figure 3-28 on page 106) with
an assumed collection and recovery rate of 10 % as a global average.

The upper of the two images for tin-lead soldering shows that only 13,000 t, or around 18 % of the
soldering metals will be recycled in total. Around 11,000 t corresponding to around 82 % of the
recycled metals are from post-industrial solder waste recycling.
Around 62,000 t or 83 % of tin-lead soldering metals will be released into the environment and thus
are lost. The application of metals in solders and finishes thus is a highly dispersive use.
The bottom figure shows the same mass flow for the lead-free soldering materials. It was assumed
that the tin-lead soldered PWBs and the lead-free soldered PWBs have the same collection and
recovery rates of 10 % globally.
The lower density of the lead-free soldering alloys and the thinner layers of finishes on the PWB
compared to the tin-lead finishes reduce the soldering materials used for 13,000 t, a reduction of
around 17 %. Around 12,000 t or 19 % of the soldering metals are recycled. Most of the recycled
metals, around 10,000 t or 83 %, are from post-industrial solder waste recycling.
Around 52,000 t of soldering metals, around 81 %, are released into the environment and thus are
lost. The absolute loss is around 10,000 t less than the 62,000 t of metal losses in tin-lead soldering, a
reduction of 16 %, which is an equivalent reduction to the total reduction of solder material use.
The overall metal losses thus are very similar in tin-lead and lead-free soldering with around 80 %.
The use of metals in lead-free soldering thus is a highly dispersive application of metals, similar to tinlead soldering. Lead-free soldering thus reduces the amounts of metals used for soldering as well as
the amounts of metals released into the environment. Lead-free soldering does not shift the shares
of the flows compared to tin-lead soldering.
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Figure 3-31: Flows of metals in tin-lead (top) and lead-free solders and finishes at a global recovery rate of 10 %

(mass imbalances due to rounding)

The next chapter will show the metal composition of the metal releases into the environment.

3.4.2 Losses of Soldering Metals to the Environment
The composition of the 62,000 t of metal releases into the environment in tin-lead soldering and
52,000 t for lead-free soldering in Figure 3-31 on page 113 is crucial for
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¾

the amounts of each soldering metal lost to the environment and the metal-specific
resource consumption

¾

the potential toxicity released into the environment with the metals

¾

the energy consumed for mining and smelting in order to replace the lost metals in the
technosphere according to the consequential mass flow approach (see chapter 4.1.2
on page 123).

Metal Emissions into the Environment
Table 3-5 shows the metal releases into the environment from soldering wastes and from PWBs in
the EoL phase.
Table 3-5: Metal releases into the environment from tin-lead (top) and lead-free soldering processes and from PWBs at
EoL
Recovery
Rate
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%

Recovery
Rate
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%

Sn

Ag

Bi

Cu

Ni

Pb

Zn

Au

Pd

Total

40,599
38,752
36,906
35,059
33,212
31,365
29,519
27,672
25,825
23,978
22,132

0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0

24,269
22,887
21,505
20,123
18,741
17,359
15,978
14,596
13,214
11,832
10,450

0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0

65,000
62,000
58,000
55,000
52,000
49,000
45,000
42,000
39,000
36,000
33,000

Sn

Ag

Bi

Cu

Ni

Pb

Zn

Au

Pd

Total

50,783
48,501
46,220
43,938
41,656
39,374
37,092
34,810
32,528
30,246
27,964

1,454
1,330
1,205
1,081
956
832
707
583
459
334
210

1,458
1,376
1,295
1,213
1,132
1,051
969
888
807
725
644

345
316
287
258
229
200
171
142
113
84
56

240
220
200
180
160
140
120
100
80
60
40

0
0
0
0
0
0
0
0
0
0
0

19
18
17
16
14
13
12
11
10
8
7

10
9
8
7
6
5
4
3
2
1
0.2

1
1
0.5
0.4
0.4
0.3
0.2
0.2
0.1
0.1
0.01

54,000
52,000
49,000
47,000
44,000
42,000
39,000
37,000
34,000
31,000
29,000

The tables show how WEEE collection and recovery reduces the metal losses, from 65,000 t down
to 33,000 t for tin-lead soldered PWBs, a reduction of around 50 %. For lead-free soldered PWBs,
the reduction is approximately equal with around 47 %. The 10 % collection and recovery rate is
marked, as it is the assumed worldwide average rate.
The details of the metal emissions into the environment are discussed in the context with Figure
3-32 and with Table 3-6 on page 116.
Figure 3-32 illustrates the share of each metal in the total metal releases at a certain collection and
recovery rate. The emissions are calculated as quotient o the emission of each metal into the
environment at a certain collection and recovery rate and the total emission of metals at this
collection and recovery rate in the above Table 3-5.
Both in tin-lead and lead-free soldering, tin is the main constituent in the metal emissions from
soldering wastes and printed wiring boards. Its share in the metal emissions is increasing with the
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recovery rate, as compared to all other soldering metals it has the lowest recycling rate. The other
metals therefore profit more from increased recovery rates than tin. This again underlines the
necessity to improve the recycling rates for tin in the end-of-life processes.
Tin-Lead Soldering
100.0%
Metal Share in Emissions

90.0%
37.1% 36.8% 36.5% 36.1% 35.6% 35.1% 34.5% 33.8% 33.0%
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Figure 3-32: Composition of metal releases into the environment from tin-lead (top) and lead-free solder wastes and
printed wiring boards at end-of-life

The share of tin in the metal losses in tin-lead soldering increases from 63 % to around 67 %, while
the lead contribution decreases from 37 % to 33 % due to the better recyclability of lead compared
to tin.
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Silver and bismuth both have a share of around 3 % in the metal releases at low recovery rates. The
share of silver decreases to around 1 %, that of bismuth to around 2 % with increasing recovery
rates. Silver profits from its high recycling rate.
Copper, nickel, gold and palladium contribute with less than 1 % to the metal emissions into the
environment. For gold, the share is between 0.02 % decreasing to around 0.001 %. Gold therefore is
not visible in Figure 3-32. Nevertheless, this small mass flow causes considerable resource value
losses (see chapter 4.3 on page 145).

Additional Consumption of Individual Metals in Lead-free Soldering
Table 3-6 shows the additional metal losses to the environment from lead-free solders and finishes
for the substitution scenarios in Figure 3-11 (page 81) and Figure 3-15 (page 86). The losses are
identical to the resource consumption. The figures are the differences of metal releases into the
environment between lead-free soldering and tin-lead soldering at different collection and recovery
rates. It was assumed that the tin-leadly soldered PWBs and the lead-free soldered PWBs have the
same collection and recovery rates both in post-industrial and post-consumer recycling. The
additional metal releases into the environment are equivalent to the additional resource consumption
of lead-free soldering.
Table 3-6: Additional metal emissions into the environment from soldering wastes, lead-free soldered PWB and lead-free
PWB finishes (all values rounded)
Recovery
Rate
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%

Sn

Ag

Bi

Cu

Ni

Pb

Zn

Au

Pd

Total

10,200
9,700
9,300
8,900
8,400
8,000
7,600
7,100
6,700
6,300
5,800

1,450
1,330
1,210
1,080
960
830
710
580
460
330
210

1,460
1,380
1,290
1,210
1,130
1,050
970
890
810
730
640

340
320
290
260
230
200
170
140
110
80
60

240
220
200
180
160
140
120
100
80
60
40

-24,000
-23,000
-22,000
-20,000
-19,000
-17,000
-16,000
-15,000
-13,000
-12,000
-10,000

19
18
17
16
14
13
12
11
10
8
7

10
9
8
7
6
5
4
3
2
1
0.2

1
1
0.5
0.42
0.36
0.30
0.24
0.18
0.13
0.07
0.01

-10,300
-10,000
-9,700
-8,300
-8,100
-6,800
-6,400
-6,200
-4,800
-4,500
-3,200

Even at 0 % recovery and recycling, the values in Table 3-6 are lower than additional amounts of
these metals used in lead-free solders and finishes as shown in Figure 3-19 on page 90. The reason is
the post-industrial recycling of solder wastes from EEE manufacturing, which reduce the metal
emissions, even if there is no post-consumer WEEE recycling (see Figure 3-22on page 94).
Lead-free soldering saves between 24,000 t to 10,000 t of lead, depending on the recovery rate. The
global collection and recovery rate of WEEE is assumed with 10 %, as mentioned before. At this
recovery rate, the avoided lead amounts are around 23,000 t.
The higher tin concentrations in lead-free solders require between 10,000 t (0 % and 10 % recovery)
and 6,000 t of tin additionally. Globally, the collection and recovery rate is assumed with around
10 %, as mentioned before. The additional silver consumption ranges between 1,500 and 200 t, and
around 1,300 t at 10 % WEEE recovery. This is the same range like bismuth with 1,500 t to 600 t,
and around 1,400 t of additional bismuth consumption at 10 % WEEE recovery.
Copper is the fourth largest metal emission into the environment, ranging between 340 t to only
60 t, with 320 t at 10 % recovery. Nickel follows with 240 t to 40 t, with 220 t at 10 % recycling. Zinc
with 19 to 7 t is a smaller metal emission, and finally gold ranges between 10 down to a few hundred
kilograms at 100 % recovery, the emission at 10 % recovery being 9 t. Nevertheless, this small
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amount of gold has a considerable impact on the resource depletion of lead-free soldering, as
chapter 4.3 on page 145 will show. The emission of palladium is only around one t at 10 % recovery
and then goes back close to several ten kilograms.
The table also shows that even at 100 % recovery, which is not realistic, there are still lead emissions
into the environment of around 10,000 t. These are around 35 % of the lead used in solders and
finishes. A worldwide WEEE recycling rate of 60 %, which would be ambitious, could reduce the lead
releases into the environment to around 16,000 t. More WEEE collection and recovery would
therefore mitigate the problem of the toxic lead potential released into the environment, but it
cannot completely prevent the emissions. As long as this amount of lead emissions from WEEE into
the environment is considered a problem, the higher collection and recovery rates alone cannot
solve it.
The total metal emissions into the environment in lead-free soldering are around 10,000 t to around
3,000 t lower, depending on the recovery rate. The emissions at 10 % are around 10,000 t lower
than in tin-lead soldering.

3.4.3 Additional Metal Consumption and Metal Mining
As a yardstick of comparison, the additional metal consumption for lead-free soldering is related to
the annual mining production of each metal. Figure 3-33 shows the percentage of additional metal
consumption from Table 3-6 on page 116 in the worldwide annual mining of the respective metal in
Figure 3-20 on page 90.
Figure 3-33 shows that the use of bismuth in the replacement scenario may have considerable impact
on the bismuth supply and availability even at high recovery rates. The use of only 4 % of SnBi58
solder (see Figure 3-11 on page 81) is the main driver to increase the bismuth consumption for up to
24 % of the annual global mining production and 23 % at 10 % collection and recovery rate. Chapter
5.1.6 on page 202 will show that there is enough bismuth to cope even with this considerable
additional supply.
Lead-free soldering increases the silver consumption for up to 8 %, and at least 2 % of the total
annual silver mining. The additional silver consumption is around 7 % at 10 % recovery rate. Silver
supplies have been tight, and the demand as well as prices [84] have been increasing [99] in the last
years. As the interactions of mining, demand and offer and prices of metals are highly complex, it is
impossible within the frame of this work to estimate the impacts on mining and on prices.
Tin consumption will increase between around 5 % to 3 % depending on the recovery rate. Leadfree soldering will thus increase the stress on tin resources, which is already high from the electronics
industry. Currently, the electrical and electronics industry already uses between 20 and 30 % of the
total tin use in solders and finishes.
The price for tin has also doubled recently. The impact of additional tin consumption can therefore
cannot be predicted due to the high complexity of the market. Especially the strong development of
the emerging countries like India and China are driving the prices with uncertain effects on the
further development of the supply and price situation.
The amount of lead avoided is less than 1 % of the global annual mining production. However, the
situation is completely different in the end-of-life stage. There, 15 % of the lead in waste for disposal
originates from WEEE, and it is the second biggest source for lead in waste [6]. The argument that
the ban of lead is not necessary because it just affects such a small share of the total lead use thus is
not correct. The input-oriented argumentation is misleading. As long as lead is considered a threat to
human health and for the environment, the output into the environment is the better base for the
discussion.
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Figure 3-33: Additional global resource consumption for lead-free soldering at 10 % collection and recovery rate

The use of the other metals in lead-free solders and finishes hardly can have any impact. Their
additional consumption due to lead-free soldering is only around 0.4 % for gold and far below 0.01 %
for copper, nickel, zinc and palladium.
Lead-free soldering will thus mainly affect the consumption of bismuth, and to a minor degree of
silver and tin. Lead-free soldering thus will have an impact on the mining and smelting of these metals,
but the effects cannot be predicted. The interaction of supply, demand and prices is too complex,
the more as the development of tin consumption in other applications cannot be included into this
work.

3.4.4 Conclusions
Worldwide, tin-lead soldering every year releases around 24,000 t to 10,000 t of lead into the
environment, depending on the collection and recycling rate. The worldwide hunting with lead shots,
for instance, every year disperses around 93,000 t of lead into the environment [109], which is
around 4 times more compared to tin-lead soldering in the electrical and electronics industry. It
would have been an option to assess whether the ban of lead in lead shots would have been a
better contribution to sustainable development.
The substitution of lead in solders and finishes saves between 0.8 % and 0.4 % of the annually mined
lead and correspondingly can reduce the global lead mining activities. The impact on lead mining
therefore is negligible. Due to the low collection and recycling rates, WEEE nevertheless is the
second biggest source of lead in waste for disposal in industrialized countries at the time being. As a
precautionary measure, it is therefore advisable to increase collection and recycling of WEEE to keep
this lead in the technosphere rather than concentrating it on disposal sites. When the lead-free
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soldered EEE reaches the EoL phase, the recycling of valuable NM, PGM and tin still is a reason to
maintain or further increase high collection and recycling rates.
The use of only 4 % of tin-bismuth solder with 58 % of bismuth drives up the bismuth consumption
for more than 20 %. Bearing in mind that lead mining is a main source for bismuth, the question
arises whether the use of bismuth as a substitute for lead will require increased lead mining. This
question will be addressed in chapter 5.1.6 on page 202.
The increase of tin consumption ranges between around 3 to 5 % of the global annual mining, for
silver between 2 and 8 %. The amount of additionally consumed gold is only around 0.4 %, mainly for
the finishes on the PWBs. The consumption increases of the other metals are far below 1 % of the
annual mining.
Whether and how lead-free soldering will affect the mining and prices of these metals, is impossible
to tell in the complex interactions between demand, prices, and mining activities. The above
increases besides for bismuth, however, should not be substantial. Lead-free soldering should not
overstress the resource situation and supplies of these metals. The situation may be different for
bismuth, which will be discussed further on in chapter 5.1.6 on page 202.
The introduction of lead-free soldering calls for increased WEEE collection and recycling rates. The
higher share of valuable tin in lead-free soldered EEE from the resource value point of view
additionally requires recycling processes that allow higher recycling rates in particular for tin.
The intention of the WEEE Directive to increase the collection of WEEE and thus also the recycling
rates in Europe is a step into the right direction. Whether or how tin recycling improves, cannot be
foreseen yet. There have been several attempts, mainly solder recycling directly from PWBs, which
for economical reasons have not been successful so far.
The mass flows of the metals in solders and finishes are the base for the environmental, resource and
economical evaluation of tin-lead and lead-free soldering.
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4 Environmental, Resource and Economical Effects of Lead-free
Soldering
This chapter addresses the environmental, resource and economical impacts of the ban of lead.
The following research questions are investigated in detail:
1) How can the core requirement of sustainable development - satisfy our needs today without
compromising future generations’ abilities to satisfy their needs - be solved or balanced for
metals, a non-renewable resource? What is an appropriate approach to make this
requirement tangible for the impact assessment?
2) What are the economical impacts of lead-free soldering?
3) Does the higher metal value of soldering metals influence the EoL treatment of WEEE and
what are the effects of these changes?
4) How does lead-free soldering change the worldwide energy consumption, the toxic potential
of WEEE and the losses of resource value to the environment?

4.1

The Consequential Mass Flow Approach

The core requirement of sustainable development - satisfy our needs today without compromising
future generations’ abilities to satisfy their needs – is a challenge for consumption of non-renewable
resources like metals. Each metal consumption thus necessarily affects the ability of future generations
to satisfy their needs.
In principle, however, the use of metals can be decoupled from metal primary metal resource
consumption, due to the infinite recycling potential of metals. The end-of-life phase thus is the point
in the life cycle where metal use – which still includes the possibility of recycling and re-use - switches
to consumption of metals if the metals are not recycled from WEEE or PWB but dissipated into the
environment so that any re-use becomes impossible. The use of a metal thus does not cause
additional primary resource consumption as long as it is recycled in the end-of-life phase and from
manufacturing wastes.
Proper management of the end-of-life phase of EEE and the performance of the end-of-life
infrastructure thus are essential on one hand. On the other hand, producers must align the material
selection and the material composition of EEE to the structure and performance of the end-of-life
infrastructure. VERHOEF [127] and CASTRO [23] have highlighted these principles in their works.
The objective is the maximum use of the recycling potential of metals, provided, however, that this
does not interfere with other environmental life cycle requirements like e. g. energy consumption,
which also is linked to the consumption of valuable non-renewable resources.
This requires that the product designers have good knowledge of the characteristics and
performance of the end-of-life infrastructure. Vice versa, the actors at end-of-life have to know the
products they want to treat and optimize their processes in order to achieve a maximum alignment
of all actors in the life cycle.
Producers have the ability and hence the full responsibility to adapt their product designs to the
infrastructure in order to make full use of the recycling potential of the metals in EEE.
In this work, a new approach towards the consideration of metal mass flows through the
technospehere was developed and applied. This approach focuses on the producer responsibility to
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develop products that allow using the infinite recycling potential of metals as far as possible at
minimum energy consumption and toxic emissions.
The following chapter first describes the conventional consideration of mass flows.

4.1.1 Conventional Mass Flow Approach
The conventional mass flow approach starts with the input side. If metals are used in a product, the
consideration starts with the composition of the metals on the market.
Metals on the market are a mix of recycled (share X) and primary metals (share 1-X). The
composition of product A from recycled and primary metals thus is

X ⋅ m + ( 1-X) ⋅ m
The use of recycled metals in a product is advantageous in life cycle assessments (LCA), as the
energy consumption and the emissions for metal recycling in LCA generally is lower than those of
primary metal mining and smelting.

Figure 4-1: Conventional mass flow approach

X: Share of recycled metals on the metal market
R: Metal recycling rate from product A
m: mass of product A
The share X of recycled metals is available from the end-of-life performance of other products. It has
nothing to do with the specific EoL treatment and the recyclability of the metals in product A.
Nevertheless, product A benefits from the recyclability of other products, even if product A itself
does not contribute anything to make metals available in the technosphere for other products.
Due to the infinite recycling potential of metals, the metal markets only offer metals such as silver.
The markets do not differentiate primary and secondary silver, as they have the same properties. It is,
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in fact, even impossible to buy recycling silver or recycling gold. The use of recycled metals thus is not
a merit of the manufacturer of product A, but is simply unavoidable.
An additional problem is that the quantitative composition of metals on the market from primary and
recycled metals can only be estimated and varies over time. This approach thus contains additional
data inaccuracies.
At end-of-life, the metal share R of product A can be recycled and will be available for use in the
technosphere. The share

(1 - R)
will be lost to the environment.
As explained before, the loss of metals to the environment switches the use of metals to the
consumption of resources. Sooner or later, the share

(1 - R)
of metals lost to the environment must be replenished in the technosphere from primary resources.
The conventional mass flow approach does not link the metal losses from product A to the primary
production of these metals. The metal losses from all other products determine the primary metal
production. It assumes that the share of primary metals

( 1-X) ⋅ m = m (primary metal)
which was not available on the market from the recycling of other products than product A had to
be produced from primary metal sources. The recycled amount of metals

x⋅m = m
is available from other products and reduces the primary metal consumption of product A.
The conventional mass flow approach therefore is not compatible with the producer responsibility to
use the infinite recycling potential of metals.
In this work, a new approach, the consequential mass flow approach, is therefore developed that
starts with the metal losses from product A and thus with the output-side, not with the input side
like the conventional mass flow approach.

4.1.2 Consequential Mass Flow Approach
This approach is output-oriented and is based on the infinite recycling potential of metals. The
approach starts with the end-of-life phase, as Figure 4-2 shows.
At end-of-life, the amount of

R ⋅m
of metals can be recycled from product A. Due to the infinite recycling potential of metals, this
amount can remain available in the technosphere for further use.
The amount of

(1 - R) ⋅ m
of metals in the product A is lost to the environment.
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Consequentially, the amount of metals lost to the environment sooner or later will have to be
replenished from primary sources as long as there is a market for this metal. The primary resource
consumption is therefore equated with the metal loss (1 - R) ⋅ m from product A at the end of
life phase or during manufacturing.
For the energy consumption calculation for the production of the metals in the product (chapter
4.2.2 on page 131), product A is thought to be composed of the shares

(1 - R) ⋅ m
of recycled metals and

R ⋅m
of primary metals.

Figure 4-2: Consequential mass flow approach

The consequential mass flow approach decouples the use of a metal from primary resource
consumption as long as the metal is recycled from product A. And product A does not benefit from
any other than its own end-of-life performance with the use of recycled metals.
The end-of-life performance of product A is now directly linked to the primary resource
consumption (a crucial parameter in sustainable development) so that the loss of metals to the
environment drives the primary resource consumption. As the composition of metals on the market
from primary and recycled materials is no longer of relevance, this data insecurity issue is no longer
applicable. The consequential approach thus directly reflects the requirements of sustainable
development. It correctly highlights the indefinite recycling potential of metals as the use of metals
does not necessarily result in the primary resource consumption of metals.
The consequential mass flow approach can only be applied for metals. It is not appropriate for any
other materials without an infinite recycling potential like for instance plastics or paper.
The resource consumption in both the conventional and the consequential approach is calculated as
(1-R) m. The crucial difference is in the calculation of the primary resource consumption. The
.
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resulting product composition becomes effective in the calculation of the energy consumption for the
primary resource production linked to the use of metals in a product, as chapter 4.2.2 on page 131
will show.

4.1.3 Limitations in the Exploitation of the Infinite Metal Recycling Potential
Although metals have an infinite recycling potential, it remains to be seen how far this potential can
be verified in the EoL phase of electrical and electronics products. The consequential mass flow
approach is based on the infinite recycling potential. The limitations to realize the infinite recycling
potential of metals must be addressed and whether and how they can be influenced throughout the
life cycle of electrical and electronics products. It does not make sense to apply the consequential
mass flow approach, which holds the producers and their products responsible for the realization of
this potential, if the manufacturers and recyclers cannot influence the limitations in the realization of
the infinite metal recycling potential.

Collection and Recovery of WEE
The collection rates of WEEE on a global scale are unknown, but most likely they are low. In the
previous chapters, around 10 % of the produced EEE were assumed as the global collection and
recovery rate. This results in a huge loss of metals ending up with WEEE in incineration, landfills or
just somewhere in the landscape at wild disposal sites.
Although 100 % collection and recovery of the produced EEE is unrealistic, the rates can be
substantially increased. Worldwide, legal efforts like for instance the WEEE Directive in Europe or the
Household Appliances Regulation in Japan target increasing WEEE collection and recovery. It remains
to be seen how far these efforts are successful or whether additional legal or other measures are
necessary.

Quality and Performance of Metal Recovery Operations
The performance and quality of the recovery operations, the mechanical treatment comprising
sorting, shredding and separation, crucially influences the success of the subsequent fraction
treatment in smelters.
The copper fraction is the target fraction for the soldering metals. The soldering metals cannot be
recycled from the iron, the aluminium or the plastics fraction.
The complete separation of the soldering metals into the copper fractions therefore is an objective in
the mechanical separation processes. Physical limitations, however, hamper the complete separation.
In the process of mechanical separation, the separation rate for a specific metal from an input stream
decreases with a rising concentration rate (purity) of that metal into a certain output fraction [64]. If
the copper fraction is required not to contain plastics, aluminium or iron, but just the non-ferrous
metals besides aluminium, the separation rate of these non-ferrous metals into the copper fraction
goes down. With increasing purity of the copper fraction, the losses of the copper fraction metals to
other fractions increase as well.
Figure 4-3 shows the principle of the purity-separation dilemma. Increasing the separation rate of a
specific metal from an input stream into a certain fraction increases the contamination of this fraction
by other materials. A higher separation rate, e. g. of aluminium increases the risk of co-separating PM,
NM and copper into the aluminium fraction from where they cannot be recycled. [64]
The mechanical separation thus cannot achieve a 100 % separation of all metals into the appropriate
fractions. The purity of fractions thus cannot be the ultimate target of recovery and recycling
activities. The recovery operations require balancing the concentration rate on one hand and the
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separation performance on the other hand with respect to the subsequent recovery processes and
the overall ecological and economical optimum. Several studies and research results are available
showing different ways of how to achieve this target, in combination with the alignment of the
fraction quality and the smelter requirements. [64] [77] [82]

Figure 4-3: The separation-concentration dilemma ([64], modified)

HUISMAN [72] showed that this balance must be set at the point where a maximum of ecological
and economical value can be maintained during the total EoL phase of electrical and electronics
products. Different sorting and shredding steps and combinations thereof can improve the balance.
Output fractions, tailormade for specific smelters, further on improve the balance [64][77].
Additionally, the careful selection of metals and metal combinations in the product design phase can
mitigate the separation-concentration dilemma [23]. Metal combinations that require treatment in
different smelters should be avoided. A combination for instance of aluminium and noble metals if
not separated in the EoL phase, either results in the loss of the copper in the aluminium smelter or
the loss of the the aluminium in the copper smelter. The separation in mechanical treatments causes
losses as well.
Additionally, the combination of many different metals should be avoided as well, even if these
metals can be recycled for example in the copper smelting process. Although the soldering metals in
combination with copper on PWBs can be recycled in copper smelters, the complexity of metal
mixes reduces the recycling rates, as already mentioned in chapter 3.3.4 on page 100.
Although the separation-concentration dilemma sets limits to the realization of the full recycling
potential of metals, these limits are influenceable.

The NM/PGM/Cu-Side Metal Dilemma
Recycling rates of 100 % in highest purity for all metals in the copper smelter input are impossible to
achieve in real smelting operations. There is always a certain loss. To achieve the maximum financial
profit, copper smelters increase the recycling rates of the economical main metals NM, PGM and the
purity of these outputs. This reduces the separation of economical side-metals, in particular tin. This
priority setting maximizes the overall profit from the smelting operation, as explained in chapter 3.3.2
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on page 95. Parallel to the separation-concentration dilemma in the mechanical separation processes,
there is a NM/PGM/Cu-side metal dilemma in the copper smelters.
The limitations of the smelting operations cannot be completely solved, but they can be influenced:
¾ Optimum alignment between the mechanical separation and the smelters [64]
¾ Optimized smelting processes with adequate subsequent treatment of smelting output
fractions [47] in other smelters
¾ Proper alignment of the product designs to the conditions of the metal EoL processes
[23][127]

Quality of Recovery Output Fractions and the Infinite Metal Recycling Potential
Chapter 3.3.4 on page 100 describes that copper smelters and other smelters treating fractions from
copper smelting operations produce different output fractions.
1) sufficiently pure metal fractions (e. g. copper, NM, PGM), which fulfil the respective industry
norms for pure metals,
2) metal impurifications and metal traces within the limits in the pure metal fractions (e. g. silver
traces in copper)
3) alloys with defined qualities according to standards or beyond standard specifications (impure
fractions) for direct use or for further treatment (e. g. “Mischzinn fractions, lead-bismuth-tin
alloys)
4) metal salts and other metal compounds for direct use or further treatment (e. g. nickelsulfate or tin salts)
5) filter dusts from which metals are recycled in a subsequent recovery operation
6) filter dusts and other fractions which are disposed off
7) slags, which are used for road construction etc.
In this work, the infinite recycling potential of soldering metals is considered to be realized as long as
the metals remain available in the technosphere in a form in which they can be re-used directly or in
a recycling fraction from which they can be recycled in the EoL phase following a later application.
According to this approach, the infinite recycling potential of metals is considered to be realized in all
output fractions besides the filter dusts for disposal and the slags. In case a metal or an alloy cannot
be directly re-used from an output fraction, it must, however, be provided that the metal can be
recycled as a useable fraction in a later EoL phase.
Silver as impurity in copper, e. g., is recycled. Although it cannot be used as silver, it remains within
the technosphere. At the end of the next life cycle, the silver can be separated from the copper
again, and it has any chance to become available again in the technosphere in the same quality as
primary silver.
For an iron impurification in copper, the situation is different. The iron remains within the
technosphere, but it is not available as iron. In the next EoL stage, the copper will be recycled in a
copper smelting process. The iron will never become available in the technosphere as iron again, but
will become slag sooner or later and thus be lost to the environment.
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The slags, filter dusts and other fractions for disposal or use in applications that do not require the
material properties of the metal are not counted as recycled. The use of slags containing metals in
road construction only uses the volume of the metals or their compounds in the slags. In all cases,
the metals are no longer available in the technosphere for further use.
The purity of the output fractions is not the highest priority of metal recycling. Purity and complete
separation cause metal losses to the environment according to the concentration-separation dilemma
and according to the NM/PGM/Cu-side-metal dilemma. Putting the highest priority to the purity thus
contradicts the principle to make full use of the infinite recycling potential of metals in the
consequential mass flow approach.
The priorities and objectives of recovery operations must be
¾ keeping metals in metal cycles within the technosphere from which they can be recycled in
the current or in one of the future EoL phases. The soldering metals, for instance, are
considered as recycled and the infinite recycling potential is realized, as long as they remain
within the saleable metals and fractions of the copper cycle described in chapter 3.3.4 on
page 100.
¾ producing an output quality in the recycling process that is good enough to be sold on the
market, either for direct use as metal or as a fraction for further recovery. It can be assumed
that in this case the metals in the fractions sooner or later replace the same metals that
would have to be generated from primary resources otherwise.
Whether the metal will eventually undergo a recovery process in a future life cycle following the
considered one falls under the responsibility of the next EEE producers applying the recycled metals
in their products.
With the priority shift away from the purity, this thesis assumes a contrary position to the general
scientific and environmental opinion that puts the highest priority to the purity of recycling outputs, if
possible as pure metals. Recycling processes also produce alloys beyond standard specifications, as
well as metal salts and other metal compounds, as shown in chapter 3.3.4 on page 100. In the
common environmental and scientific understanding, this is considered a loss of quality [23] and a
change of the intrinsic material properties. In this understanding, the infinite recycling potential of the
metal has not been realized. The scope is limited to the EoL operations of the current life cycle.
This thesis takes a different standpoint with respect to the specified approach to sustainable
development. Purity causes additional metal losses and thus is against the principle of sustainable
development. This does not mean that the purity of metal outputs is not an objective of recovery
operations. It is just not the correct priority.
The changes of the intrinsic material properties are acceptable as a measure of whether the infinite
recycling potential of metals has been realized. These changes, however, are temporarily. Metals offer
the unique possibility to reverse these changes in one of the next EoL phases in case the EoL
processes direct or keep the metals into the appropriate metal cycles. There is no plausible reason
why the scope must be narrowed to the current life cycle only in the case of the metals. The change
of the intrinsic material properties of smelter output fractions does not oppose the realization of the
infinite metal recycling potential.
Further on, “impure” metal fractions can be mixed with pure metal fractions in order to dilute the
“contaminants” to a degree where the fraction can suffice the quality criteria of a standard pure
metal. This dilution is a reason to reduce the ecological value of the output fraction. The recovery
process output of one kilogram of “contaminated” copper, e. g., is no longer accepted as a substitute
for one kilogram of primary copper if it has to be diluted with primary copper in order to achieve the
maximum allowable limit concentrations for standardized pure copper. In case it must be diluted with
another kilogram of primary copper, it is assumed to only replace half a kilogram of primary copper.
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Also in this point, this thesis has a different standpoint. The one kilogram of contaminated copper
must be accounted as a replacement of one kilogram of primary copper as long as the contaminated
copper fraction can be sold on the market and is diluted in order to achieve a certain copper quality.
In this case, the one kilogram of contaminated copper obviously satisfies the demand for copper
exactly like primary copper. Otherwise it would not be used for dilution and it could not be sold for
this purpose. Thus, as long as the market accepts the contaminated copper fraction for dilution in
order to produce a pure copper with defined qualities, the one kilogram of formerly contaminated
copper replaces one kilogram of primary copper.
The recyclability of metals in recovery processes thus supersedes the purity of the metal output
fractions from this recovery process with respect to sustainable development. As mentioned before,
recycling is, however, just one priority next to energy consumption and cost.
These arguments as well as the consequential mass flow approach can only be applied for metals.
They are not appropriate for any other materials without an infinite recycling potential like for
instance plastics or paper.
The pre-processors and smelters are permanently working and researching to improve the process
performance. The recycling output has been improved and increased throughout decades and is thus
influenceable, although within certain limits [47]. As pointed out before, the product design, the EoL
process and the alignment of the different EoL processes ranging from sorting, mechanical separation
and smelting have a positive influence on the recyclability of the products.
The consequential mass flow approach thus is correct even though the realization of the infinite
recycling potential of metals is limited in EoL operations.
The author first applied the consequential mass flow approach on the assessment of metal use in
lead-free soldering in 2000 [30] and in 2001 [31]. In 2002, WERNER published a similar approach for
aluminium, the value corrected substitution approach, based on the infinite recycling potential [134].
WERNER additionally introduced a value corrected substitution factor secondary aluminium used in
products.
This factor reflects the assumption that recycled metals, or in this case aluminium, cannot fully replace
primary aluminium, if it has to be diluted with primary aluminium. As described in the previous
chapter, the author of this thesis holds the view that this correction is not necessary as long as the
contaminated metal fraction can be sold for dilution with primary aluminium in order to be used as
aluminium. This shows that although the author of this work was the first one to use such an
approach, other researchers have arrived at similar mass flow models.
The consequential mass flow approach in particular affects the calculation of energy consumption
linked to the use of metals in solders and finishes, as will be discussed in the next chapter.

4.2

Energy Consumption

Energy consumption is a central environmental parameter. This chapter addresses how the
consequential mass flow approach developed in the previous chapter influences the calculation of the
energy consumption and how much energy lead-free soldering will consume additionally.

4.2.1 The Energy Use and Consumption Concept
Due to the infinite recycling potential of metals and equivalently to metal use and consumption in the
consequential mass flow approach (chapter 4.1.2 on page 123), energy use must be differentiated
from energy consumption. The following energy use is associated to the use of metals in solders and
finishes:
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¾ Energy use for soldering metal mining and smelting to primary metals
¾ Energy use for the solder and finish production as well as the assembly and soldering
processes of printed wiring boards (PWB)
¾ Energy use for recovery and recycling of metal wastes during production and in the end-oflife phase (EoL) of the product

Etotal = EP + EM + ER
Equation 4-1: Total energy use for metals throughout the life cycle
Etotal

total energy investment

EP

total energy investment for primary metal production

EM

total energy investment for processing of a metal in the technosphere

ER

total energy investment for PWB re-use or metal recovery and recycling

The used energy is not consumed, but manifested in the metals, the solders and finishes, and in the
finished PWB. The re-use of an assembled PWB, e. g., saves the energy Etotal used in metal
production, solder and finish production, and the processing of the solder in the soldering process.
In case of metal recycling only, the energy EM used for solder and finish production and for soldering
is destroyed and can be interpreted as energy consumption.
Recycling can at least save the energy EP, which was used for soldering metal mining and smelting. If
the metals are not recycled, this energy is lost to the environment with the metals, which are
released into the environment from production wastes or in the EoL phase. The use of the energy EP
becomes the energy consumption Ep.
Re-use and recycling also use energy. This energy ER is used to restore a quality of the product or the
metal, which had been available before, or simply to keep the metal available within the
technosphere (see chapter 4.1.3 on page 125). The recycling of a metal from a solder to the pure
metal state or to an alloy is an example for this (see chapter 3.3.4 on page 100). The energy use ER
for re-use and recycling thus always is energy consumption, as this energy is necessary to maintain the
energy used in primary metal production. The re-use of PWBs is negligible.
For metals, the energy use ER for recovery and recycling generally is smaller than that for the primary
metal production EP. The smaller energy consumption ER saves the total or part of the higher energy
use EP into primary metals, as
ER < EP
Recycling of metals is therefore an important contribution to reduce the energy consumption,
besides the contribution to make full use of the infinite recycling potential and thus save resources.
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4.2.2 The Consequential Mass Flow Approach and Energy Consumption
The different view on the mass flows in the conventional and the consequential approach influences
the energy use and consumption EP for primary metal production and ER for recovery and recycling.
Re-use of PWBs is not a relevant issue. The energy used for solder and finish production and for
soldering is consumed anyway, as only the re-use of PWBs could save the energy used for these
applications.
According to Figure 4-2, the consequential approach assumes the metal mass composition of a
product as
.

.

m = (1-R) m + R m

During the primary metal production, the energy EP had been used. According to the consequential
mass flow approach, the amount of energy consumed from this energy use is equivalent to the
amount of energy used into the metals, which are released into the environment if the metals are not
recycled. The energy used for primary metal production is then lost with the metals released into the
environment and thus consumed. Additionally, recycling requires the energy investment ER.
According to the consequential mass flow approach, the energy consumption for the production of
the soldering metals on a printed wiring board and in soldering wastes can therefore be calculated
according to:

Econsumed = (1 − R) ⋅ m ⋅ eP + R ⋅ eR ⋅ m
This equation can also be expressed as:

Econsumed = [(1 − R) ⋅ eP + R ⋅ eR ] ⋅ m
Equation 4-2: Energy consumption for metals in soldering materials in the consequential mass flow approach
Econsumed
eP

Energy consumption for production and recycling of soldering metals in solder wastes and on
PWBs
Energy consumption per mass unit of metal production

eR
R
m

Energy consumption per mass unit of recycled metal
Recycling rate
Total mass of metals applied on PWBs in the soldering process including solder wastes

Following the view of the conventional mass flow approach in Figure 4-1, the metal mass m of the
PWB is composed of

m = (1 − X ) ⋅ m + X ⋅ m
X

Share of recycled metals in conventional mass flow approach

The energy investment losses from mining, smelting and recycling of a metal in the conventional
approach are calculated as:

Econsumed = (1 − R) ⋅ ((1 − x) ⋅ m ⋅ eP + x ⋅ m ⋅ eR ) + R ⋅ m ⋅ eR
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The metal share 1-R is recycled from the PWBs and soldering wastes. The energy used in the share
(1-x) of primary metals metals is the energy eP for primary metal production. The energy eR had
been used for the recycling of the metal share x in the previous life cycle (see Figure 4-1 on page
122). The recycling of metals from PWBs and soldering wastes with the recycling rate R uses the
recovery and recycling energy ER. In the above equation, it is assumed that the energies for recovery
and recycling are equal in all life cycle stages. The above equation can then be expressed as follows:

Econsumed = [(1 − R) ⋅ ((1 − x) ⋅ eP + x ⋅ eR) + R ⋅ eR ]⋅ m
Equation 4-3: Conventional calculation of energy consumption
Econsumed

Energy consumption for production/recycling of soldering metals

EP

Energy consumption for mining and smelting

ER

Energy consumption for recycling

eP

Energy consumption per mass unit of metal production

eR
X
R
m

Energy consumption per mass unit of recycled metal
Share of primary metals in conventional mass flow approach
Recycling rate
Total mass of metals applied on PWBs in the soldering process including solder wastes

The difference in energy consumption of the two approaches is

ΔE = Econsequential − Econventional = (1 − R) ⋅ x ⋅ m ⋅ (eP − eR )
Equation 4-4: Energy consumption difference of conventional and consequential mass flow approach

ΔE

difference in energy consumption between consequential and conventional mass
flow approach

Econsequential

Energy consumption in consequential mass flow approach

Econventional

Energy consumption in conventional mass flow approach

Compared to the conventional approach, the consequential mass flow approach results in a higher
energy consumption. The difference ΔE is the amount of energy, which is required additionally to
replenish the non-recycled metals in the technosphere from primary metal sources. The
consequential mass flow approach links the metal losses to primary metal production, contrary to the
conventional approach (see Figure 4-1 on page 122 and Figure 4-2 on page 124).
According to the conventional mass flow approach, the share x of soldering metals are secondary
.
metals available on the market. The energy consumption of the recycled share (1-R) x is therefore
calculated with the energy consumption ER for recycling.
According to its basic assumptions, the consequential approach calculates the energy consumption
for the production of the share (1-R) x with the energy use for the primary metal production ep,
which is higher than the energy use eR for the recycled metal.
.

The above Equation 4-4 on page 132shows that the difference ΔE for the energy consumption of
the two approaches becomes ΔE = 0 for a recycling rate of 100 %, or if there are no recycled
metals on the market. The share x of recycled metals on the market for the conventional approach
then is x = 0.
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As long as eP>eR, which generally applies to metals [19], the consequential approach results in a
higher energy consumption than the conventional approach. Vice versa, the next equation shows that
the consequential approach requires a higher recycling rate R to achieve the same energy
consumption like the conventional approach.

Econventional = E
Econsequential = E′
E = E′

R′ = R ⋅ (1 − x) + x
Equation 4-5: Recycling rate in consequential approach to equal energy consumption in conventional approach

E
E’
R
R’
X

Energy consumption in conventional approach
Energy consumption in consequential approach
Recycling rate in conventional approach
Recycling rate in consequential approach
Share of recycled metal in metal on the market

For x = 0, if the metals on the market have no recycling share and are only primary metals, the
recycling rates for equal energy consumption are equal as well.
In the conventional approach, the share x of recycled metals on the market reduces the energy
consumption of a product, if the energy consumption ER for metal recycling is smaller than the
energy consumption for primary metal production EP. This is generally true for recycled metals [19].
Compared to the calculation with the consequential approach, the product has a lower energy
consumption, even if the recycling rate of metals from the product is zero.
The consequential approach requires higher recycling rates of the product in order to reduce the
energy consumption to the same degree, as long as recycling consumes less energy than primary
metal production. The product can only reduce the energy consumption for metal production by its
own performance at end-of-life.
Additionally, the share of recycled metals on the market for each metal is no longer required
eliminating a considerable source of data insecurities, the more as this share depends on many
influencing parameters and is variable over time.
The results of this work so far show that the low recovery rates are the bottleneck in the
sustainability of soldering in general and even more in lead-free soldering. The new consequential
mass flow approach gives incentives for more recovery and recycling of metals from manufacturing
wastes and in the EoL phase. The new approach and the resulting calculation of the energy
consumption thus highlight and promote sustainable development.

4.2.3 Total Energy Consumption of Soldering Materials
According to Equation 4-1 on page 130, the total energy use for a metal is calculated as

E = EP + EM + ER
E
E
E
E

P

M

R

Total energy use for metal
Energy for metal production and refining
Energy for processing (manufacturing) of metal
Energy for recycling and re-use
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The total energy consumption E resulting from the above use of energy is

E = (1 − R − RU ) ⋅ EP + (1 − RU ) ⋅ ( EP + EM ) + R ⋅ ER
Equation 4-6: Total energy consumption throughout the metal life cycle

EL
EP
EM
ER
Ru
R

Total energy use
Energy use for metal production and refining
Energy use for metal processing
Energy use for recovery and recycling
Re-use rate
Recovery and recycling rate

The re-use of electronics products saves the energy used for the metal production and the
manufacturing of the product. In case of soldering, re-use of PWBs saves the energy used for primary
metal production, for solder and finish production as well as the soldering process. The re-use of
electrical and electronics products or parts thereof can be neglected. Re-use is at most marginal
compared to the total amount of electronics products or parts produced. The re-use rate RU is
therefore assumed to be “0”. The energy used for the product manufacturing is therefore consumed.
A product contains more than one metal. The recycling rate as well as the energy consumption of
metals in the same recycling process is specific for each metal, so that both the recovery rate as well
as the energy consumption for recycling and recovery must be indicated individually for each metal in
the product.
The overall recycling rate λi of a metal i is the product of the WEEE recovery rate R and the metal
specific recycling rate ri in the recovery processes.

Ri = R ⋅ r i = λ i
The overall loss rate of metal i from a product into the environment is calculated as

1 − R ⋅ ri = 1 − λi
The energy consumed in the manufacturing processes of a product may also differ from metal to
metal or from alloy to alloy and must be indicated individually for each metal or alloy as well.
Equation 4-6 for the total energy consumption of metal use in a product can therefore be
transformed to:

E = ∑ mi ⋅ ((1 − λi ) ⋅ eP , i + eM , i + λi ⋅ er , i )
i

Equation 4-7: Calculation of total losses of energy investments

EL
i
mi
R

λi

total loss of energy investments
specific metal
mass of metal i in product
recovery rate in percent of produced product
metal specific overall recycling rate
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eP,i
eM,i
er

metal-specific energy use per mass unit for primary metal production
metal-specific energy use for metal processing
energy use for recycling

The above approach to energy consumption will now be applied to the assessed mass flows and
processes in tin-lead and lead-free soldering.

4.2.4 Primary Energy Consumption of Soldering Material Use throughout the Life Cycle
The primary energy consumption of the lead-free and tin-lead soldering is calculated with Equation
4-7 on page 134. The energy uses and consumptions are indicated in primary energy to reconciliate
the data of different sources.
The total energy consumption is indicated as the additional energy consumption resulting from the
use of lead-free solders and finishes according to the substitution scenario described in chapter 3.2
on page 71. The absolute energy consumption cannot be calculated. The scope of this work only
comprises the operations in each life cycle stage, where lead-free causes differences compared to tinlead soldering. The energy consumption for the storage of solders and for the assembly with pickand-place machines, for instance, are the same for lead-free and lead-containing soldering materials,
as well as any inspection processes after soldering.
The processes with different energy consumption along the life cycle are:
¾

Primary energy consumption for primary metal production

¾

Primary energy consumption for reflow and wave solder production

¾

Primary energy consumption for recycling

¾

Primary energy consumption for soldering

Additional Primary Energy Consumption for Primary Metal Production and Metal Recycling
Table 4-1 shows the data, which are the base for the calculation of the energy consumption of
primary metal production and recycling.
Table 4-1: Energy use for primary metal production and recycling [2], [19]
Primary Energy Use

Sn

Ag

Bi

Cu

Ni

Pb

Zn

Au

Pd

Primary metal production (J/ t)
6.72E+10 3.00E+12 2.65E+11 1.05E+11 2.47E+11 3.39E+10 8.01E+10 3.65E+13 3.56E+13
Post-industrial recycling (% of prim. E.)
45%
25%
45%
45%
45%
45%
45%
25%
25%
Post-consumer recycling (% of prim. E.)
90%
50%
90%
90%
90%
90%
90%
50%
50%

Data on the energy consumption for recycling are not available. The energy consumption data for
post-consumer recycling are derived from BUWAL [19]. According to this source, generally, the
energy use for ore mining, concentration and transport are around 10 to 20 % of the total energy
use. Recycling thus at least saves this part of the energy consumption. However, WEEE collection and
mechanical separation is energy consuming as well. It was assumed, that recycling of the metals from
WEEE in average saves 10 % of energy.
The NM and PGM highly benefit from recycling, as the concentration of these metal in WEEE or in
the copper fractions are higher than in the respective ores [65]. Like for the other metals, exact data
are not available. The energy consumption for the recycling of these metals from WEEE was
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therefore assumed with 50 % of the energy consumption for the primary production of these metals
from metal ores.
Post-industrial recycling consumes less energy than post-consumer recycling. Compared to the postconsumer recycling, shredding and mechanical separation are not necessary, and the transports are
less compared to the volumes of metals in ore concentrates, as the metals are highly concentrated in
the soldering wastes. Additionally, these metal wastes are not complex and thus save processing
steps and energy in the smelters (see chapter 3.3.4 on page 100). The energy consumption of postindustrial recycling was therefore assumed with 50 % of the post-industrial recycling.
According to the consequential mass flow approach, the metal releases from production wastes and
from the product into the environment are equal to the amounts of primary metals produced for a
product. For the calculation of energy consumption of primary metal production for tin-lead and
lead-free soldering, the releases of each of the above metals into the environment from lead-free
soldering at 10 % global collection and recovery rate (see Table 3-6 on page 116) are multiplied with
the metal-specific energy consumption for primary metal production.
Example calculation for tin and lead:

EP , tin = 9,500t ⋅ 6.72 ⋅1010

J
= 6.38 ⋅1014 J
t

EP , lead = −23,000 t ⋅ 3.39 ⋅1010

J
= 7.80 ⋅1014 J
t

The single primary energy consumptions for each metal are summed up and thus result in the
additional energy consumption for primary metal production of lead-free soldering. The results are
shown in the figures of the next subchapter.

Primary Energy Consumption for Metal Recycling
The energy consumption for recycling is calculated with the amounts of each metal recycled from tinlead and lead-free soldering wastes and PWBs as Figure 3-22 on page 94 shows. The amounts of
each metal are multiplied with the respective energy consumption for the post-industrial and postconsumer recycling of this metal in Table 4-1 on page 135. The energy consumptions of all single
metals are added up for lead-free and tin-lead soldering.
Figure 4-4 shows the primary energy consumption for primary metal production and for postindustrial and post-consumer metal recycling. The primary energy consumption for the primary metal
production and recycling of lead-free soldering materials is more than double of the tin-lead energy
consumption. Tin is more energy intensive than lead (see Table 4-1 on page 135). In both cases, the
tin production and recycling is the main driver of energy consumption. The total energy consumption
for the tin production and recycling in lead-free soldering alone is approximately equal to the total
energy consumption for tin-lead soldering materials.
The noble metals are around two magnitudes more energy intensive than tin and lead (Table 4-1 on
page 135). Silver therefore is the main driver of energy consumption for primary metal production
and recycling of lead-free soldering materials. Although it’s mass share in the substitution scenario is
less than 4 %, its contribution to the metal-related energy consumption is around the same like that
of
tin.
Gold shows a similar effect. Although the amount of gold is less than 10 t or 0.1 %, its energy
consumption is visible in Figure 4-4.
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Figure 4-4: Primary energy consumption for primary metal production and metal recycling from soldering wastes and
PWBs

Collection and recovery decrease the energy consumption the tin-lead soldering materials for around
5 % at 10 % WEEE recovery, 14 % (30 % recovery) and almost 30 % for 60 % collection and
recovery of WEEE. For lead-free soldering, the reduction is around 7 % at 10 % WEEE recovery,
around 20 % (30 % recovery) and almost around 40 % for 60 % collection and recovery of WEEE.
It must be taken into account that the data for the energy use of metal recycling in post-industrial
solder recycling and post-consumer WEEE recycling are insecure. The figures should be taken with
care indicating a tendency. Higher recycling and recovery rates have a positive impact on the energy
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consumption, and the lead-free soldering materials benefit more from it than the tin-lead ones, in
particular those containing NM and PGM.
Another way to decrease the energy consumption thus is reducing the amount of silver and other
noble metals and PGM in the soldering materials, as long as the soldering temperatures do not
increase and thus drive the energy consumption in the soldering processes, which are another main
contributor to the energy consumption, as will be shown in the next sub-chapters.

Primary Energy Consumption for Solder Production
Table 4-2 shows the primary energy use for reflow and wave solder production.
Table 4-2: Energy use for reflow and wave solder production (source of tin-lead solder: [2])
Reflow Solders

Absolute Amount (t)
Melt.-Point in % of SnPb Solder
Primary E per t Solder Production

SnPb
SnAg
SnAgBi SnAgCu SnAgCuBi
SnBi
SnCu
7,000
600
60
4,700
100
260
21
100%
121%
119%
119%
119%
75%
0.4%
3.91E+10 5.25E+10 5.16E+10 5.16E+10
5.16E+10 3.28E+10 5.40E+10

SnZnBi Total Lead-free
200
5,900
107%
4.64E+10

Primary Energy Use Solder Production

2.74E+14 3.27E+13 3.27E+12 2.42E+14

8.63E+12

Wave Solders
Absolute Amount (t)
Melt.-Point in % of SnPb Solder
E per t Soldering
Primary E per t Solder Production (J/t)
Primary Energy Use Solder Production

SnPb
67,000
100%

SnAg
5,400
121%

SnAgBi
190
119%

5.39E+12 8.40E+12 1.11E+12

SnAgCu SnAgCuBi
35,000
370
119%
119%

2.39E+10 2.89E+10 2.84E+10 2.84E+10
1.60E+15 1.56E+14 5.30E+12 1.00E+15

SnBi
2,600
75%

SnCu
13,000
124%

2.84E+10 1.81E+10 2.97E+10
1.05E+13 4.74E+13 3.86E+14

3.02E+14

SnZnBi Total Lead-free
0
57,000
107%
0.00E+00
0.00E+00

1.61E+15

Data were only available for the production of tin-lead reflow and wave solders. The energy use of
the tin-lead solder production was therefore multiplied with the melting point ratio of each lead-free
solder with the tin-lead solders. The energy use for lead-free solder production is the sum over the
products of the amount of each lead-free solder with the solder-specific energy consumption. The
primary energy consumption for the tin-lead solder production is calculated equivalently.
The energy use for lead-free and tin-lead wave solder production is equal. The lead-free reflow
solder production requires around 10 % more energy than the tin-lead solder production. In total,
the energy use for the production of the lead-free solders in the adopted substitution scenario is
around 2 % higher and thus approximately equal. Although the melting points of most metals
involved in the lead-free solder production are higher than in tin-lead solders, the lower densities of
most lead-free solders reduce the amount of required solders for around 10,000 t.

Additional Primary Energy Consumption for Application of Finishes on PWBs
Table 4-3 shows the basic data for the calculation of the energy use of PWB finishing related to the
tin-lead finish substitution scenario in chapter 3.2.3 on page 84.
Table 4-3: Basic data and primary energy consumption for finishing of PWBs
Finish
Share (1)
Total m²
Area-specific Energy Consumption (J/m²) (2)
Total Energy Consumption (J)

SnPb HAL
Ni/Au
Sn
Ag SnAgCu
SnCu
Au/Pd
100%
49%
17%
10%
15%
4%
5%
11,000,000 5,400,000 1,880,000 1,140,000 1,600,000
480,000
500,000
3.60E+06 2.52E+06 5.04E+06 1.80E+06 4.27E+06 4.47E+06 2.52E+06
1.4E+13
9.5E+12
2.1E+12
6.8E+12
2.1E+12
1.3E+12
4.0E+13

Sources:
(1) SOLDERTEC [116]
Figures in italics: estimates

Total Lead-free
100%
11,000,000
3.5E+13

(2) Pre Consultants [2]

The figures in italics are own estimates. The area-specific energy use for the application of the
SnAgCu and the SnCu finish are derived from the SnPb hot air leveling (HAL) finish. The latter is
multiplied with the melting point ratio of the SnAgCu and the SnCu alloy and the SnPb alloy to
obtain the area-specific energy use of these lead-free finishes.
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The area-specfic energy consumption of the Au/Pd finish is assumed to be equal to that of the Ni/Au
finish.
In total, the above data for the area-specific energy consumption are afflicted with insecurities. The
data depend on the processing equipment and the process parameters [96].
Multiplying the square-meters of each finish in Table 4-3 with its area specific energy consumption
results in the total energy consumption of each of the finish. The energy consumptions of all lead-free
finishes are added up and compared to the standard SnPb HAL finish. Figure 4-5 depicts the results.

4.E+13

Au/Pd
SnCu

SnAgCu

Energy Use (J)

3.E+13

Ag

2.E+13

Sn

1.E+13

Ni/Au

0.E+00
SnPb HAL

Lead-free Finishes

Figure 4-5: Energy use for PWB finishing

The figure shows that the energy consumption for lead-free finishing is lower than the SnPb-HAL
.
surfaces. The difference is around 4 10 J or 10 %. Given the data insecurities, it is considered as
approximately equal.
12

Additional Energy Consumption for Soldering
Data for the primary energy consumption of soldering are only available for tin-lead soldering per
amount of solder on printed wiring boards [2], as the next table shows. These data are averages of
different soldering processes of three different EEE manufacturers [41].
The energy consumption data for lead-free soldering had to be deduced from the tin-lead soldering
data. The lead-free solders were grouped into melting point categories, as Table 4-4 shows.
The amounts of solders in each group were reduced for the solder waste, as the energy data refer to
the amounts of solder applied on the printed wiring boards. It was assumed that per 10 °C deviation
of the lead-free solder melting point from the tin-lead solder melting point the throughput of the
soldering processes increases or decreases for 5 %. Higher energy transmission to the solder and the
whole PWB needs more time. The throughput therefore has to be reduced. The assumption could
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be confirmed only with one data set, as tin-lead soldered and lead-free soldered, but otherwise
identical PWBs were not available for testing.
Table 4-4: Basic data and primary energy consumption of soldering processes
Reflow Soldering
Absolute Amount (t)
Melting Point Range (°C)
Increase of Throughput
Energy Consumption per Time
Energy Adjustment Factor
Prim. Energy Cons. per t of Solder on PWBs
Primary Energy Consumption (J)

Wave Soldering
Absolute Amount
Melting Point Range (°C)
Increase of Throughput
Energy Consumption per Time
Energy Adjustment Factor
Prim. Energy Cons. per t of Solder on PWBs
Primary Energy Cons. (J)

SnBi
240
131 to 140
25%
74%
59%
5.01E+11
1.20E+14

SnPb
6,500
181 to 190
0%
100%
100%
8.49E+11
5.52E+15

SnZnBi
170
191 to 200
-5%
105%
111%
9.41E+11
1.60E+14

SnBi
1,900
131 to 140
25%
74%
59%
8.14E+10
1.55E+14

SnPb
45,000
181 to 190
0%
100%
100%
1.38E+11
6.22E+15

SnZnBi
0
191 to 200
-5%
105%
111%
1.53E+11
0.00E+00

SnAgCu, SnAgBi,
SnAgCuBi
4,500
211 to 220
-15%
116%
136%
1.16E+12
5.21E+15

SnAg, SnCu Total Lead-free
600
5,500
221 to 230
-20%
121%
151%
1.29E+12
7.71E+14
6.26E+15

SnAgCu, SnAgBi,
SnAgCuBi
SnAg, SnCu Total Lead-free
25,000
13,000
40,000
211 to 220
221 to 230
-15%
-20%
116%
121%
136%
151%
1.88E+11
2.09E+11
4.71E+15
2.72E+15
7.58E+15

Further on, the energy consumption for lead-free soldering decreases or increases in percentages of
the melting point difference compared to tin-lead soldering. The energy consumption of soldering
ovens is nearly independent on the throughput and thus only depends on the operation time of the
ovens [29]. In the above table, this change of the energy consumption in percentages is indicated as
“Energy Consumption per Time”. The resulting energy adjustment factor for each lead-free solder in
percentages of tin-lead soldering is calculated as

Energy Adjustment Factor =

Primary Energy Consumption per Time
100% + Change of Throughput

Equation 4-8: Change of energy consumption for lead-free soldering

Decreases of the throughput are negative changes and have a negative algebraic sign. Less
throughput per time increases the energy consumption per amount of solder applied on the printed
wiring board.
For each lead-free solder, the energy consumption of the tin-lead solder process per ton of tin-lead
solder applied on the PWB is multiplied with the solder-specific energy adjustment factor resulting in
the total worldwide energy consumption for the respective solder. The energy consumptions of the
different lead-free solders are added up. Figure 4-6 shows the resulting worldwide primary energy
consumption for the soldering of tin-lead and lead-free reflow and wave solders.
The reflow soldering of the lead-free solders in the substitution scenario use around 14 % more
primary energy than its tin-lead counterpart. In lead-free wave soldering, the increase is even 22 %. In
total, the energy use for lead-free soldering in the substitution scenario is around 18 % higher than
for tin-lead soldering.
In most publications, the focus concerning the energy consumption of soldering processes is on the
reflow solder processes [2], [54]. The energy consumption per mass unit of solder processed is more
than six times higher in reflow soldering compared to wave soldering.
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Figure 4-6: Primary energy consumption of soldering processes (values rounded)

The top-down approach applied in this work reveals that worldwide, wave solder processes
consume more energy than reflow solder processes. The amounts of wave solders to be processed
are around 9 times higher than the reflow solders. The total energy use in wave soldering processes
therefore is around 1.2 times higher than for reflow solders. A certain percentage of energy efficiency
increase, for instance 5 %, in wave solder processes thus on the global scale saves more energy than
in reflow solder processes. For the single equipment, the benefit is bigger for reflow soldering ovens,
due to the higher energy consumption per time of operation.

Total Energy Consumption of the Use of Tin-lead and Lead-free Soldering Materials
Re-use of WEEE, PWBs or solder alloy recycling in the worldwide scale are negligible and at this low
occurrence have no impact on the above energy consumption. The energy uses for solder alloy
production and soldering must therefore be considered as consumed, together with the energy used
for the recycling of the metals from solders and printed wiring boards.
Figure 4-7 shows the total energy consumption of the processes in the life cycle, in which lead-free
and tin-lead soldering materials are different. The figure shows that in the use of tin-lead soldering
materials, the soldering processes dominate the energy consumption in the life cycle, followed by the
primary energy consumption for primary metal production.
The lead-free soldering materials in the substitution scenarios cause the highest energy consumption
for primary metal production, in particular for the use of silver and tin.
Both in tin-lead soldering as well as in lead-free soldering, the wave soldering consumes more energy
than reflow soldering. The lead-free soldering scenario even aggravates this effect. As the soldering
processes are main contributors to the energy consumption throughout the life cycle, efficiency
increases of the soldering equipment can improve the energy balance of both soldering materials, and
even more for lead-free soldering materials.
Reflow solder production and PWB finishing processes are of minor influence on the total energy
consumption. Only the energy consumption for the wave solder production has some a share in the
total energy consumption, which is worth mentioning in the total context.
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Figure 4-7: Energy consumption of tin-lead(top) and lead-free soldering materials along the life cycle

The energy consumption of lead-free soldering material use benefits more from higher collection and
recovery rates than their tin-lead counterparts. The positive effect is a maximum of 1 % for tin-lead
material soldering material use and thus negligible in the total energy balance. For the lead-free
materials, the energy saving is around 1 % at 10 % WEEE collection and recovery, 3 % (30 % WEEE
recovery) and 5 % for 60 % WEEE recovery. Although, due to the data insecurities, the results should
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be considered critically, WEEE collection and recovery should be an important contribution to
energy saving for metal production.
The next sub-chapter shows the differences between tin-lead and lead-free soldering energy
consumption in more details.

Additional Primary Energy Consumption for the Use of Lead-free Soldering Materials
Figure 4-8 summarizes the worldwide energy consumption of tin-lead and the lead-free substitution
scenario calculated with Equation 4-7 on page 134. The figure shows the additional energy
consumption for lead-free soldering materials use, which is the difference of the calculated energy
consumptions of lead-free and tin-lead soldering material use over the entire life cycle.
The surplus energy consumption for primary metal production and recycling dominate the total
additional energy consumption for lead-free soldering material use. The wave solder processes are
the second biggest energy consumers, followed by the reflow soldering processes.
Higher collection and recovery rates reduce the total surplus energy consumption in the life cycle for
3 % at 10 % WEEE recovery, 8 % at 30 %, and 16 % at 60 % WEEE recovery. Higher recovery and
recycling rates thus are a substantial contribution to reduce the additional energy consumption of
lead-free soldering material use. The energy consumption for recycling of lead-free soldering
materials is higher than for tin-lead soldering materials, but still the lead-free soldering materials
benefit more from recycling.
The energy consumption of recycling at “0 %” WEEE recovery is not zero, as the post-industrial
recycling of soldering wastes does not depend on the WEEE collection and recycling rate (see
chapter 3.3.1 on page 92).
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Figure 4-8: Additional primary energy consumption of lead-free soldering materials use

143

As the energy consumption of primary metal production drives the energy consumption in lead-free
soldering, besides recycling the reduction of the energy-intensive NM and PGM content considerably
reduces the energy consumption, as discussed before.
Lead-free soldering further increases the already high energy consumption of the soldering processes
in the life cycle (Figure 4-7 on page 142). The use of low-melting solders like the tin-bismuth solder
with a melting point of 138 °C wherever technically possible would defuse the soldering processes as
environmental hot spots of lead-free soldering. The use of bismuth is also preferable from the
resource and efficiency point of view (see chapter 5.1.6 on page 202). However, the material
properties, in particular the low melting point, put narrow limits to the applicability of this solder.
As explained before, the energy efficiency increase of the soldering ovens, in particular of the wave
solder ovens, is a crucial contribution to reduce the overall energy consumption throughout the life
cycle of soldering materials. Figure 4-8 shows that the lead-free soldering scenario increases the high
energy consumption of the soldering processes, in particular for wave soldering. This situation
requires efficiency improvements of the solder ovens, especially of the wave solder ovens.

Additional Energy Consumption and Energy Generation
Depending on the recycling rate, the lead-free soldering scenario increases the primary energy
consumption for about 7 to 8 PJ (peta-joule, 10 Joule) or around 40 to 44 % compared to tin-lead
soldering. The global primary energy consumption in the year 2000 was around 4 10 J [42]. The
lead-free soldering scenario would thus increase the worldwide primary energy consumption for
around 0.002 %. The increase in the global carbon dioxide (CO2) emissions is in the same range,
assuming that the different energy sources used in the life cycle of soldering materials correspond to
the worldwide average of energy sources used.
15

.

20

Assuming an energy generation efficiency of 33 % in average, the additional primary energy demand
for lead-free soldering material use of around 8 PJ is equivalent to 2.2 billion kWh. The additional
primary energy consumption for the use of lead-free soldering is equivalent to less than 10 % of the
energy output of a nuclear power plant (nuclear power plant Emsland or Gundremmingen, Germany
[104]) or around 20 % of a hard coal plant (hard coal plant Bergkamen, Germany [104].
If it is an acceptable argument against lead-free soldering that the use of lead in solders and finishes is
less than 1 % of the worldwide lead use, the above 0.002 % of additional primary energy
consumption and CO2 emissions could be an argument for lead-free soldering as well. The pure
input mass flows, however, are not sufficient as an argument. It is necessary to take a closer and
broader look to the possible impacts of the lead ban and its environmental, resource and
sustainability consequences rather than just focusing on a single mass flow.
Potential toxicity, resource and economical effects and the resulting consequences for sustainable
development will be the main issues treated in the rest of this chapter 4 and in chapter 5.

Conclusions
The soldering processes in particular the wave solder ovens, are main drivers of energy consumption
both in tin-lead and lead-free soldering material use. Lead-free soldering further on increases the
energy
consumption.
The use of low melting solders, like the tin-bismuth solders, as far as technically possible, can mitigate
the energy consumption of soldering. Energy efficiency increases in particular of wave solder ovens
will reduce the energy consumption as well.
The energy consumption of primary metal production for solders and finishes is the other dominating
contributor to the total energy consumption, in particular of the lead-free soldering materials. The
use of the highly energy intensive silver and gold are the main drivers behind this effect. The use of
NM-free solders, tin-silver-copper solders with 3 % or less silver content instead of 4 %, as well as the
application of pure tin or other NM-free finishes reduce the energy consumption.
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Higher collection and recovery rates for WEEE are a another valuable contribution to reduce the
additional energy consumption of lead-free soldering materials, in particular if NM and PGM are used.
Higher collection and recovery rates of lead-free soldering materials are also a valuable contribution
to reduce other adverse effects of lead-free soldering material use, as the next chapter will show.

4.3

Toxic Potential and Toxic Impacts

The ban of lead in the RoHS Directive was a precautionary action to prevent potential risks of toxic
impacts from lead in EEE in the EoL phase (see page 26 above for the justification of the lead ban in
the RoHS Directive). This chapter addresses the question whether and how far the substitutes of
lead actually achieve this target and reduce the toxic potential and the actual impacts from soldering
materials.

4.3.1 Potential Toxicity of Metal Releases
Lead and the other metals in solders and PWB finishes all have a certain toxic potential. However,
this toxic potential can easily be controlled as long as the metals remain within the technosphere. In
solder and finish manufacturing as well as in soldering processes, measures of occupational health and
safety are sufficient to protect the workers and the environment from hazardous impacts at a very
high safety level.
The situation changes as soon as the metals set free into the environment. In mining and smelting,
from wastes during manufacturing, and in recovery operations in the EoL phase, metals may be
released into the environment. The toxic potential of the metals then generates a risk of hazardous
impacts.
For the mining phase and the solder and finish manufacturing phase, data about metal releases into
the environment were not available. The main metal releases into the environment, however, occur
during solder manufacturing, if the metal wastes are not recycled (see chapter 3.3.1 on page 92), and
in the EoL phase, where the collection and recovery rate is low and the recyclability for most metals
is far below 100 % (see 3.3.5 on page 105).
Table 3-5 on page 114 shows the metal emissions during the soldering processes and in the EoL
phase. With these metals, a certain toxic potential is released into the environment. This toxic
potential can be measured with the IZM/EE Toxic Potential Indicator (TPI). This methodology is
based on legal material classifications and threshold values and is a simple method to assess the toxic
potential of materials. The TPI only evaluates the toxic potential of the material itself. It does not
include upstream processes. Annex II on page 275 gives more detailed information about the TPI
method.
Table 4-5: TPI-values of metals
Evaluation Method

TPI (Giga-TPI/t)

Sn

Ag

1.20

37.82

Cu

Bi

0.00

1.63

Ni

33.53

Pb

20.77

Zn

0.63

Au

0.00

Pd

1.83
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The table shows that tin, bismuth, copper, zinc, gold and palladium have a small toxic potential. Silver,
nickel and lead have high toxic potentials. The TPI-value of silver is even higher than that of lead,
mainly due to its toxicity in colloidal form for aquatic organisms.
The total toxic potential of the metal emissions into the environment from tin-lead and lead-free
soldering material use is calculated as follows:

Φ = ∑ ( 1 − λ i) ⋅ m i ⋅ τ

i

i

Equation 4-9: Calculation of toxic potential of metal emissions into environment

Φ
λi

toxic potential or risk of hazardous impact

mi

mass of metal i released into the environment
toxic potential of metal i, e. g. TPI/t of metal

τi

overall recycling rate of metal i

Multiplying the metal releases into the environment in Table 3-5 on page 114 with the TPI-values in
Table 4-5 results in the toxic potential released into the environment from tin-lead and lead-free
soldering materials use.
The potential toxicity of lead-releases into the environment dominates the total toxic potential in the
use of tin-lead solders. Collection and recovery reduce the released toxic potential of lead, and to a
minor degree that of tin. The toxic potential (TPI) is of lead is around 17 times that of tin.
Additionally, the combined recycling rate of pre-processing and copper smelter treatment of lead in
post-consumer recycling is around 50%. This is around 10 % higher than for lead. Thus, lead benefits
more from higher collection and recovery rates of WEEE than tin.
In lead-free soldering material use, the toxic potential of the tin and silver emissions from soldering
and post-consumer recycling dominate the total toxic potential of metal emissions. The high
contribution of tin goes back to the high share of tin in the lead-free solders. Silver is a strong
contributor to the total toxic potential. Despite of its mass share of less than 3 % in the metal
releases into the environment (see Figure 3-32 on page 115), the silver share in the total toxic
potential is around 44 %. Due to its high recyclability of more than 70 %, the silver contribution
decreases from around 44 % to around 18 % at 100 % collection and recovery. Higher collection and
recovery rates thus do not only reduce the energy consumption and the resource value loss, but also
are an effective measure to decrease the toxic potential of the metal emissions to the environment.
Figure 3-32 on page 115 illustrates that the share of nickel in the total emissions into the
environment is less than 1 %. Nevertheless, nickel contributes between 6 % and 3 % to the toxic
potential of the emissions. The high toxic potential on one hand, and the good recyclability (more
than 60 %) cause this effect, analogously to silver.
The tin contribution to the toxic potential of the emissions is only around 50% to 70 %, although its
share in the metal emissions is more than 90 %. Like in tin-lead soldering, its relative share increases
with the collection and recovery rate due to the low recycling rate of only around 40 %.
The share of the other metals in the total toxic potential of the metal emissions is negligible. Bismuth,
which is used in similar amounts like silver (Figure 3-12 on page 83) does not have a toxic potential
in the IZM/EE TPI method and thus does not appear in Figure 4-9.
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Figure 4-9: Toxic potential of metal emissions into environment from tin-lead (top) and lead-free soldering material use

In Figure 4-10, the toxic potential of each lead-free soldering metal at each recovery rate was divided
by the total toxic potential of tin-lead soldering at the same recovery rate. The results of all lead-free
soldering metals were summed up for each recovery rate. Figure 4-10 shows the result, the
contribution of each metal in the lead-free soldering materials to the tin-lead normalized toxic
potential of lead-free soldering in percentages of the tin-lead soldering toxic potential. Figure 4-10
makes even more obvious the advantageous development of the lead-free toxic potential with
increasing collection and recovery rates. Figure 4-9 depicts the quotient of the lead-free toxic
potential and the tin-lead toxic potential over the collection and recovery rate.
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Figure 4-10: Toxic potential (TPI) of metal releases from lead-free soldering material use normalized with tin-lead
soldering material use

The toxic potential of the emissions related to the use of the lead-free soldering materials in the
substitution scenario (chapter 3.2 on page 71) is less than 25 % that of the tin-lead soldering material
emissions. Tin, silver and nickel are the main contributors to the toxic potential of lead-free soldering
material emissions, as explained before.
The toxic potential of the lead-free soldering material emissions decreases compared to tin-lead. The
lead-free soldered PWBs therefore in particular benefit from higher collection and recovery rates of
WEEE.
Silver benefits most from recycling, and thus its toxic potential contribution decreases most with
increasing recovery rates. Tin has the lowest recycling rate of the metals contributing to the toxic
potential of the emissions. Although collection and recovery reduce the total toxic potential, the
relative contribution of tin to the total toxic potential released even increases in Figure 4-10.
The TPI measures the toxic potential related to the use of the soldering materials. The crucial point
is, however, how far the reduced toxic potential of the metal emissions from lead-free soldering
material use reduces the risk of hazardous impacts or the actual impact. The ban of lead thus is in line
with the environmental consistency requirements of sustainable development.

4.3.2 Hazardous Impacts Related to Soldering Material Use
While the IZM/EE TPI method measures the toxic potential, the revised Eco-Indicator 99 method [2]
is an approach to actually assess the risk of hazardous impacts related to the toxic potential of
material emissions. It is the exposition, which makes the difference between the toxic potential and
the actual impact from potentially toxic materials on environment and health. The fate anaysis
assesses to how much of a potentially toxic substance in which chemical form humanbeings or
certain compartments of the environment are exposed to and which damage this exposition may
cause [2]. Equation 4-9 on page 146 must be completed for the exposition factor E.
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I = Φ ⋅ Ε = ∑ ( 1 − λ i) ⋅ m i ⋅ τ i ⋅ εi
i

Equation 4-10: Calculation of toxic impact from metal emissions into environment

I

toxic impact

Φ
E

total toxic potential of a metal or alloy over the life cycle
total exposition over the life cycle

λi

overall recycling rate of metal i

mi

mass of metal i released into the environment
toxic potential of metal i, e. g. TPI/t of metal

τi

exposition to metal i

i

In the following, lead-free soldering metal emissions are assumed to be emitted into industrial soil
during manufacturing and from landfill sites, and into air during incineration processes. Table 4-6 gives
the toxic impact factors τ i ⋅ ε i for emissions of different soldering metals into industrial soil and air.

Table 4-6: New Eco-Indicator values for emissions into industrial soil and air [2]
Evaluation Method

Sn

Ag

Bi*

Cu

Ni

Pb

Zn

Au

Pd*

New Eco-Indicator Toxicity Soil (Daly/t emitted) 3.90E-04 1.20E+00 0.00E+00 1.52E-03 2.88E-02 5.22E-01 5.53E-02 2.80E-01 0.00E+00
New Eco-Indicator Toxicity Air (DALY/t emitted) 1.65E-02 2.35E+01 0.00E+00 2.30E-02 8.39E-02 1.35E+01 7.77E-01 6.30E+02 0.00E+00

* values not available
The values for bismuth and palladium are not available and hence are set to zero. No information has
been available allowing a quantified assessment of the bismuth toxicity like for the other metals.
There is, however, some evidence that bismuth has a much lower toxic potential compared to lead.
Biological Impact of Soldering Metals.
For further information see Annex IV
The evaluation value of gold into air is high compared to that of the other metals. In the IZM/EE TPIapproach, gold has the TPI-value of zero. The TPI-value is based on legal threshold values (see
Annex II). Gold does not have such a legal classification and in the TPI-method therefore is
considered as a harmless substance with the toxic potential of zero. The reason for the high toxicity
of gold emissions into air could not be cleared.
The emission-related impact is calculated using Equation 4-10 on page 149 with the evaluation
factors τ i ⋅ ε i in the above Table 4-6 and the metal emissions on Table 3-5 on page 114.
Analogously to Figure 4-10 on page 148, Figure 4-11 shows the toxic impacts of the metal emissions
to industrial soil and air of the different lead-free soldering metals in percentages of the total toxic
impacts from tin-lead soldering metal emissions. As the worldwide amount of emissions into soil or
air are unknown, it was assumed that all metals in Table 3-5 are released into industrial soil. The
figures only show the relevant impacts. The impacts of soldering metals, which the figure does not
display are negligible. Their contribution to the total impact is less than 0.1 %.
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Figure 4-11: Toxic impacts of lead-free soldering metal emissions into industrial soil (top) and into air in percentages of
toxic impacts from tin-lead soldering material emissions

Figure 4-11 shows a similar pattern like the potential toxicity evaluation in Figure 4-10 on page 148.
The toxicity of lead-free material emissions with around 10 to 15 % is clearly lower than the tin-lead
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soldering material emissions. Silver is the main driver of the lead-free soldering material toxicity and is
strongly decreasing with increasing collection and recovery rates. The contribution of tin is even
smaller than in the toxic potential analyses in Figure 4-10. Nickel does not make a substantial
contribution to the toxicity.
Remarkably, the minor amount of around 10 t of gold from the lead-free finishes (see Figure 3-17 on
page 88) has a share of around 2 % in Figure 4-11 and thus around 8 % in the total toxicity of leadfree soldering material emissions into air in incineration or other EoL processes.
Thus, besides the high energy consumption and the resource value loss of gold and silver use in
soldering materials, the toxicity is another reason to avoid noble metal use in general and gold use in
particular.

4.3.3 Toxic Potential of Bismuth
The toxic potential and the toxicity of soldering metals was tested in the EFSOT project [40]. For
bismuth, in particular, there was little knowledge about its toxic potential before the EFSOT project
had started. It has not been widely used so far, as the total annual mining of around 6,000 t shows.
The tests did not show any particular toxic potential of bismuth. Its toxic potential is by much lower
than that of lead and tin, and it was not found to be carcinogenic (see Annex IV on page 281).
At the current status of knowledge, there are no hints of a toxic potential of bismuth that should bar
its use in solders and finishes.

Limitations
The toxic potential and the related risk assessment is limited to the metal emissions into the
environment during EEE manufacturing and in the EoL phase. While during the processing and
manufacturing phase, soldering metals can be controlled in the technosphere with appropriate
measures of occupational safety and health, the situation is different in mining.
The energy related emissions in the mining and smelting phase are included indirectly via the energy
consumption (chapter 4.2 on page 129). All other emissions into the environment are not taken into
account. A reliable assessment of these emissions is not available [60] and therefore could not be
taken into account.

4.3.4 Conclusions
The substitution of lead in solders and finishes for the soldering materials in the substitution scenario
substantially decreases the potential toxicity released into the environment with the soldering metals
as well as the risk of hazardous impacts. The substitution of lead thus is a successful contribution to
reduce the toxic potential as well as the toxic impacts from soldering metals in WEEE.
Silver and gold are the main contributors to the potential toxicity of emissions and to the toxic risk
related to the use of lead-free soldering materials. Higher WEEE collection and recovery rates
effectively reduce the potential toxicity and the risk of toxic impacts from these noble metals. High
energy consumption and resource value losses are related to the application of these metals as
soldering metals.
The high share of tin as the main lead substitute in most PWBs in particular reduces the toxic load
potential released into the environment. Tin has a low toxic potential and therefore, in terms of
toxicity of WEEE, is an appropriate lead substitute. The resource value losses due to the comparably
low recycling rates require substantial improvements of the tin recovery processes.
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In this context, bismuth becomes an option again. Bismuth does not contribute neither to the toxic
potential of metal releases from PWBs into the environment, nor to the actual toxic impacts of these
releases. At the same time, the use of bismuth reduces the tin consumption, as in most solders,
bismuth additions reduce the share of tin in the solders and finishes.
In the total view, if the toxic potential and the risk of toxic impacts from lead in electronics are
considered a serious environmental problem, the substitution of lead is a success. Whether the high
priority on toxicity actually is justified, is at first a political and societal decision and shall not be
discussed in this work.

4.4

Loss of Resource Value (“Resource Depletion”)

The Surplus Energy Concept for Resource Scarcity
The consumption of metals results reduces the metal resources. This effect is usually addressed as
“resource depletion”. The “resource depletion” concept, however, arises the impression that metal
resources deplete or disappear over time, which is not true. Actually, metal mining decreases the
concentration of metals in the ores over time, as the richest ores for economical reasons will be
mined first. The metal resources thus will not be depleted or disappear, but the concentration of
metals in the ores decreases [133]. The energy required for metal mining therefore increases over
time, as it requires ever more efforts in mining and smelting for the same amount of virgin metal.
Technological progress can reduce this additional energy consumption [133].
Annex III and source [2] explain how the the surplus energy, the energy increase for mining and
smelting of metals over a certain period of time, can be used to quantify the scarcity of metals. It is
assumed that there is no technological progress in this approach. The more rapidly the concentration
of a metal in ores decreases over time, the more rapidly the resource is dwindling. Higher surplus
energies of metals thus indicate a higher scarcity of this metal. Table 4-7 shows the surplus energies
of metals as defined in the EFSOT project [2].
Table 4-7: Surplus energy value of metals in MJ [2]

Metal
Iron
Lead
Zinc
Tin
Aluminium
Copper
Nickel
Silver
Palladium
Platinum
Gold

Surplus Energy (new)
0.54
4.25
7.59
8.55
10.1
33.2
41.1
436
464
2,220
31,100

The source does not contain data for the surplus energy of bismuth. Around 85 % of the bismuth is
co-mined with lead ores [69], [98], [125]. The mass ratio of bismuth to lead in lead ores currently is
around 1:200 ([69], also see chapter 5.1.6 on page 202). Assuming that this ratio remains stable over
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time, the surplus energy of bismuth can be calculated via that of lead. This calculation was discussed
and agreed upon with an expert in this field [60].
The primary energy consumption for primary lead mining is 3.39 10 J/t, and 2.65 10 J/t for bismuth
(see Table 4-1 on page 135). The ratio of the bismuth to the lead energy consumption is 7.8. If the
ratio of bismuth to lead of 1:200 is stable in the lead ores, the ratio of 7.8 for the mining and smelting
energy consumption must remain the same over time as well. This means that the surplus energies
must have the same ratio. The surplus energy for lead is 4.25 MJ. The surplus energy E Bi of bismuth
thus is calculated as
.

10

.

11

+

E Bi = 4.25 MJ 7.9 = 33.6 MJ
+

.

The surplus energy concept allocates the energy for mining of the different metals contained in the
same ore via the economical value [60]. The above calculated surplus energy value for bismuth
therefore would have to be multiplied with the market value ratio of bismuth to lead, which would
be around 8.8. The allocation of the energy consumption for the mining and smelting of bismuth and
lead from the same ore is based on the market value principle already. The calculated surplus energy
of 33.6 MJ must therefore not be corrected with the market value ratio of bismuth to lead.

Loss of Ecological Resource Value
Chapter 3.4.2 on page 113 shows the amounts and types of metals released into the environment
from soldering wastes and PWBs. According to the consequential mass flow approach in chapter
4.1.2 on page 123, the metals lost to the environment must be replenished from primary metal
sources and thus causes mining and smelting of the same amount of metals. The metals released into
the environment thus cause resource consumption. Its ecological value is the sum of the product of
the mass of each metal release into the environment from tin-lead and lead-free solders respectively
and the product specific surplus energy value.

Vloss = ∑ mi ,k ⋅ ϑi,k ⋅ (1 − λi ,k )
k, i

Equation 4-11: Ecological resource value lost with metals released into the environment
Vloss
k
mi,k

ϑi,k

λi ,k
1-

λi ,k

Ecological resource value lost to the environment
life cycle stage
mass of metal i in the product in life cycle stage k
surplus energy value of metal i in life cycle stage k
overall recycling rate of metal i in life cycle stage k (see Equation 3-2 on page 105).
loss rate of metal i to environment in life cycle stage k

The overall loss of each of the soldering metals to the environment

mi , loss = ∑ mi ,k ⋅ (1 − λi ,k )
k, i

is already available in Table 3-6 on page 116. The emission of each metal in the table into the
environment at 10 % collection and recovery is multiplied with the ecological resource value in the
above Table 4-7. Adding up all the resource values losses of the all metals results in the total loss of
resource value related to the use of the soldering materials.
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Figure 4-12 shows the result of the above calculation. It depicts the ecological resource value loss
related to the tin-lead and lead-free soldering material losses into the environment from soldering
wastes and in the EoL phase (post-industrial and post-consumer recycling).
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Figure 4-12: Ecological resource value losses in tin-lead (top) and lead-free soldering

Tin both in tin-lead and lead-free soldering material use causes high ecological resource value losses.
The losses from lead are comparably low.
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In lead-free soldering material application according to the substitution scenario, silver is the main
driver for resource value losses. Despite of its low mass share of less than 4 %, it contributes around
40 % to the total resource value loss at lower collection and recovery rates. Gold with less than
0.01 % of mass share in the substitution scenario at low collection and recovery rates has a share of
around 20 % to the total resource value loss.
Figure 4-12 confirms the conclusions drawn from the energy consumption over the life cycle that the
use of noble metals should be avoided or reduced as far as possible. Solders with no or lower silver
contents and noble-metal-free PWB finishes are preferable.
Recycling strongly reduces the resource value losses in particular for the application of lead-free
soldering materials. The silver and gold recycling rates in the recycling processes are higher than those
of all the other metals. As silver and gold with their high surplus energies drive the resource value
losses of lead-free soldering, recycling strongly reduces the losses. If EEE manufacturers apply NM or
PGM, high collection and recovery rates must therefore be aspired to minimize the resource value
losses in the lead-free soldering material application.
Even at higher collection and recovery rates, tin remains a driver of resource value losses both in tinlead and in particular in lead-free soldering material applications. The comparably low recycling rate in
the copper smelting processes (see chapter 3.3.4 on page 100) limit the positive effect of collection
and recycling, as well as the generally high losses of soldering metals to the non-copper fractions in
mechanical separation (see chapter 3.3.3 on page 98). Technological upgrades of the EoL processes
are therefore necessary to reduce the resource value losses in particular from lead-free soldering
material use.

SnPb-Normalized Resource Value Loss

The ecological resource value losses from lead-free soldering according to the substitution scenario
are divided by those losses from tin-lead soldering. This calculation results in the tin-lead normalized
resource value losses of lead-free soldering as depicted in Figure 4-13.
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Figure 4-13: Ecological resource value losses in lead-free soldering normalized with tin-lead soldering

At the current low collection and recovery level of only around 10 %, the lead-free soldering
materials cause around 3 times the resource value loss of tin-lead soldering. Even very high collection
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and recycling rates cannot reduce the resource value losses to the tin-lead soldering material level.
For 60 % collection and recovery, which is a realistic target, the resource value loss from lead-free
soldering materials still is around 2.5 times that of the tin-lead soldering material use.
The figure also proves that lead-free soldering benefits more from higher collection and recycling
rates. And the use of lead-free soldering materials requires higher recovery rates and improved EoL
processes in particular for tin to minimize the high resource value losses.

The Resource Value of Tin
Tin is a valuable and expensive metal (around 6,600 /t, compared to around 4,200 /t for copper and
990 /t for lead). The use of tin, since the lead of ban in solders and finishes, is discussed
contentiously. CARLIER, e. g., has assessed the sustainability of steel packaging, where tin is used as
surface coating, and the heavy life cycle impact of the tin has a major influence on the overall results
[22]. CARLIER, however, also states in a critical review of the tin life cycle, that the life cycle
assessment of tin is based on old and not very reliable data and recommends a reassessment of the
data inventory.
ALVARADO, Madsen and Goedkoop have reassessed the resource values (surplus energy values)
for metals within the EFSOT project [2]. In this review, the tin resource value was reduced from
600 MJ to 8.55 MJ [2]. This resource value was adopted also in the above calculations.
Thus, there are some hints that the resource value of tin possibly has been overestimated.
Nevertheless, the use of tin in most applications is highly dissipative generating high resource losses
(see 3.1.1 on page 65). It is thus advisable to improve the recyclability of tin wherever possible, which
requires further efforts also in WEEE recovery and recycling.

4.5

Economical Impacts of the Ban of Lead in Solders and Finishes

This chapter addresses the economical impacts of the lead substitution in solders and finishes. All
costs related to lead-free and tin-lead solders were assessed from the point of view of the EEE
manufacturers. They have to shoulder these higher cost in manufacturing. Due to the extended
producer responsibility e. g. in the WEEE Directive, the EEE manufacturers are also responsible for
the EoL cost of EEE.
The operational cost of the lead-free soldering substitution scenario will be assessed versus the cost
of tin-lead solders and finishes in the life cycle stages, in which lead-free and tin-lead soldering
materials use cause cost differences:
¾ solder and finish cost
¾ energy cost for soldering
¾ end-of-life

The shift to lead-free soldering and lead-free soldering itself cause additional cost for the electrical
and electronics industry. The transition cost mainly are
¾ research and staff training cost for the proper transition of manufacturing and products in line
with the RoHS Directive
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¾ transition cost for the internal reorganization of the companies, e. g. for component database
changes, component storage, supply chain etc.
¾ expenses for new equipment capable to cope with the requirements of lead-free soldering,
e. g. new wave and reflow solder ovens.

These costs are transition costs accruing in the transition period only. They are not taken into
account as reliable global figures were not accessible.
Lead-free soldered PWBs contain soldering metals like silver and gold with a higher economical value.
This might change the end-of-life treatments compared to tin-lead soldered WEEE and result in a
better economical and ecological EoL-performance (see chapter 3.3.2 on page 95). Whether the
increase of metal value in WEEE actually is high enough to justify a different treatment will be
addressed as well in this chapter.

4.5.1 Operational Cost of Lead-free Soldering
The application of lead-free soldering materials causes operational surplus cost:
¾ higher material cost for lead-free solders and finishes
¾ higher energy cost for reflow and wave soldering processes
¾ different, mostly lower EoL cost
The next sections will show with the worldwide cost operational surplus cost for lead-free soldering.

Solder Cost
Concrete prices for wave and reflow solders depend on the exact specification of the solder and
especially on the amounts purchased. This work uses average tin-lead solder prices of different solder
manufacturers for the purchases of big amounts of standard tin-lead solders. Small amounts of
solders are more expensive. The exact prices are negotiated between the solder manufacturers and
their customers and thus for competitive reasons are confidential. There are no standard prices for
solder pastes and solder bars.
For the worldwide solder cost assessment, average tin-lead solder prices were used as a base for the
worldwide solder cost calculation.
Table 4-8: Worldwide solder cost for EEE manufacturers
Reflow Solders

SnPb
46,000 €
4,100 €
650 €

SnAg
60,000 €
17,800 €
880 €

SnAgBi
60,000 €
17,900 €
860 €

SnAgCu
61,000 €
18,500 €
860 €

SnAgCuBi
57,000 €
14,400 €
860 €

SnBi
49,000 €
7,100 €
550 €

Total Amount of Solder (t)
Total Cost (€)

7,000
324,000,000 €

620
38,000,000 €

60
4,000,000 €

4,700
286,000,000 €

100
6,000,000 €

260
13,000,000 €

Wave Solders

SnPb
6,500 €
4,500 €
400 €
67,000
436,000,000 €

SnAg
21,800 €
19,800
480 €
5,400
117,000,000 €

SnAgBi
21,900 €
19,900
470 €
200
4,000,000 €

SnAgCu
22,500 €
20,500
470 €
35,000
795,000,000 €

SnAgCuBi
18,100 €
16,100
470 €
400
7,000,000 €

SnBi
9,700 €
7,900
300 €
2,600
25,000,000 €

Reflow Solder Cost (€/t)
Value of Metal Content (€)
Energy Cost Solder Prod. (€)

Wave Solder Cost (€/kg)
Value of Metal Content (€)
Energy Cost Solder Prod. (€)
Total Amount of Solder (t)
Total Cost (€)

SnCu
48,000 €
6,000 €
900 €

SnZnBi Total Lead-free
48 €
n.a.
6€
n.a.
n.a.

20
190
1,000,000 € 9,000,000 €
SnCu
8,700 €
6,600
500 €
13,000
113,000,000 €

6,000
357,000,000 €

SnZnBi Total Lead-free
8,300 €
n.a.
6,300
n.a.
n.a.
0
57,000
0 € 1,061,000,000 €

(Source of tin-lead solder prices: averages of 2 manufacturers)
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For lead-free solders, data were only available for the tin-silver-copper solder paste. For this work,
the cost differences between the tin-lead and the different lead-free solders are crucial. The
minimum possible cost difference is the difference of the metal values contained in the tin-lead and
lead-free solders and the difference in energy cost for solder production. The cost of the lead-free
solders was therefore calculated from the tin-lead reflow and wave solder cost.
The economic value of the metal content in the tin-lead solders and the energy cost for solder
production was subtracted from the tin-lead reflow and wave solders respectively. The metal value
and the energy cost of each lead-free solder was then added to the result of the above subtraction
to obtain the cost of each lead-free solder. The calculated result for the SnAgCu solder with 61 /kg
is very close to the tin-silver-copper solder paste price of around 60 /kg, which had been calculated
as the average of solder manufacturers’ price data.
Table 4-8 shows that in particular the silver in the solder alloys drives the cost of reflow and wave
solders. Silver containing solder pastes are around 30 % more expensive than tin-lead solders, the
silver free solder pastes less than 7 %.
For wave solders, the silver effect is even more obvious. The silver containing wave solder prices are
300 % of the tin-lead wave solders, the prices other lead-free solders around 140 %. The increase of
wave solder prices thus is much higher than for reflow solders. Reflow solder manufacturing requires
more process steps than wave solder production. The metal cost thus is diluted in reflow solders,
while it has a heavy influence on the wave solder price.
EEE manufacturers profit from the post-industrial recycling of their solder wastes. The solder waste
recycling scenario in chapter 3.3.1 on page 92 was the base for this calculation. Worldwide, the
recovery rate of soldering wastes is assumed with 60 %, and the recycling rates of the metals in the
soldering wastes are assumed with 95 % for the PGM and 90 % for the non-PGM (see chapter 3.3.1
on page 92).
No data are available for the payments, which EEE manufacturers receive for their solder wastes. It
was therefore assumed that the payments for wave soldering wastes are 80 % of the metal value in
these wastes. The metals are concentrated in these wastes, but contain impurifications, which reduce
the value of the wastes.
Reflow soldering wastes occur as rests in the solder paste packages and in cleaning agents. It is
assumed that EEE manufacturers will not be paid for these reflow soldering wastes, but in return do
not have to pay for their treatment and disposal.
Figure 4-14 sums up the additional solder cost including solder recycling. To show the possible
impact of payments for solder wastes, reflow solder recycling is taken into account in Figure 4-14.
The figure shows that the cost for lead-free solders are around 660 million Euro higher than for the
tin-lead solders. With 1.3 billion Euro compared to 640 million Euro, the cost for lead-free solders in
the scenario is around the double or 200 % that of the tin-lead solder. Especially lead-free wave
soldering is around 3 times more expensive than soldering with tin-lead wave solders. The higher
metal cost drives up the prices of wave solders, as explained before.
Producers profit from the recycling of the lead-free wave solders. Both lead-free and tin-lead wave
solder recycling amount to around 10 % of the wave solder cost and thus are a considerable cost
reduction factor. Reflow solder recycling can be neglected in the total cost calculation. The
assumption that EEE manufacturers will not be refunded for reflow solder wastes has no impact on
the result.
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Figure 4-14: Worldwide solder cost for EEE manufacturers (in MILLION Euro!)

Lead-free reflow solders only increase the solder cost for around 10 %. This is plausible, as the metal
cost is only a small share of the solder paste cost.

Cost of PWB Finishes
Table 4-9 shows the finish cost for the tin-lead HAL finish and the lead-free PWB finishes in the finish
substitution scenario (chapter 3.2.3 on page 84). The SnAgCu finish cost was calculated from the
SnPb HAL finish by adding the cost difference of the metal contents in the layer to the SnPb HAL
finish. The Au/Pd finish was calculated equivalently, but based on the Ni/Au finish. The energy cost
hardly contribute to the sqaremeter-prices, as they are below one Euro.
The squaremeter prices indicated in the sources are related to the squaremeter of PWB, not padarea on the PWBs. Around 90 % of PWBs are for consumer products with a pad share of around
30 % in the total PWB surface, the other 10 % are high density PWBs with a pad area of around
50 % [96]. The average pad-area thus is around 32 %. The squaremeter prices in the sources [96]
therefore had to be divided by 32 % to obtain the prices per squaremeter of pad-area to be finished.
Table 4-9: Worldwide finish cost for EEE manufacturers
Lead-free Finishes SnPb HAL (1)

Squaremeters
Price per sqm.
Total Cost (Euro)

11,000,000
39 €
430,000,000 €

Sources of squaremeter prices:
1 Lothar Oberender [96]

Electroless Ni/Au (1)
5,400,000
133 €
717,000,000 €

Pure Sn (1)
1,880,000
78 €
147,000,000 €

Ag (1)
1,140,000
79 €
90,000,000 €

SnAgCu (3)
Au/Pd (3)
1,600,000
500,000
41 €
144 €
66,000,000 € 72,000,000 €

Total Lead-free
11,000,000
n.a.
1,111,000,000 €

3 Own estimates

Lead-free finishes are more expensive. The main cost drivers are the gold and palladium containing
finishes. Figure 4-15 illustrates the worldwide finish cost.
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Figure 4-15: Worldwide cost for tin-lead and lead-free PWB finishes (cost in million Euro!)

The lead-free finishes of the substitution scenario cost around 1.1 billion Euro, around 250 % that of
the tin-lead finishes. The additional cost is around 680 million Euro.
Given the high data insecurity (see chapter 3.2.3 on page 84), it must be kept in mind that the above
finish cost probably are too high. They could as well be only around 30 % of the indicated values.
The cost ratio between the lead-free and the tin-lead finishes remains unchanged at around 150%.

Energy Cost for Soldering
The melting points of lead-free solders deviate from that of tin-lead solders. The use of lead-free
soldering solders affects the energy consumption in the soldering processes. Lead-free soldering does
not affect the energy consumption of solder paste printing and component placement on the PWBs.
These processes were therefore not taken into consideration to minimize the expense for data
mining.
Most of the lead-free solders in the replacement scenario in chapter 3.2.2 on page 76 have higher
melting points than the tin-lead solders. The wave and reflow solder processes therefore consume
more energy, as on page 139 shows. EEE manufacturers have to bear higher energy cost.
The average price of electricity of several EU countries and Norway was 0.0539 Euro/kWh in 2004
[7]. Outside Europe, electricity prices can be lower [7]. At the same time, energy prices increased
permanently in the last months (status September 2006). As more detailed global data on energy
prices for industry were not accessible, the above average was rounded up to 0.06 Euro/kWh and
used as the reference price to calculate the energy cost for soldering. The worldwide energy
consumption for tin-lead and each lead-free solder was calculated based on the energy consumptions
in It was assumed that per 10 °C deviation of the lead-free solder melting point from the tin-lead
solder melting point the throughput of the soldering processes increases or decreases for 5 %. Higher
energy transmission to the solder and the whole PWB needs more time. The throughput therefore
has to be reduced. The assumption could be confirmed only with one data set, as tin-lead soldered
and lead-free soldered, but otherwise identical PWBs were not available for testing.
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on page 139. The soldering ovens use electricity. The primary energy consumptions calculated are
converted into electricity consumption. The average worldwide electricity generation efficiency was
assumed with around 33 %. The energy cost for each solder type is the product of its energy
consumption in kilowatt-hours and the electricity cost of 0.06 /kWh. Table 4-10 shows the global
energy cost for tin-lead and lead-free soldering.
Table 4-10: Worldwide energy cost of reflow and wave soldering
Reflow Soldering

Primary Energy Consumption (J)
Electricity Consumption (kWh)
Energy Cost (Euro)

Wave Soldering
Primary Energy Cons. (J)
Electricity Consumption (kWh)
Energy Cost (Euro)

SnBi
1.20E+14
11,000,000
660,000 €

SnPb
5.52E+15
506,000,000
30,400,000 €

SnZnBi
1.60E+14
14,700,000
880,000 €

SnAgBi,
5.21E+15
477,200,000
28,600,000 €

SnAg, SnCu Total Lead-free
7.71E+14
6.26E+15
70,700,000
573,600,000
4,200,000 €
34,400,000 €

SnBi
1.55E+14
14,200,000
850,000 €

SnPb
6.22E+15
569,900,000
34,200,000 €

SnZnBi
0.00E+00
0
0€

SnAgBi,
4.71E+15
431,300,000
25,900,000 €

SnAg, SnCu Total Lead-free
2.72E+15
7.58E+15
249,100,000
694,600,000
14,900,000 €
41,700,000 €

Figure 4-16 sums up the energy consumptions of reflow and wave soldering.
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Figure 4-16: Global energy cost for tin-lead and lead-free soldering

(in million Euro, all values rounded)

The figure shows that lead-free soldering increases the energy cost in particular for wave soldering.
The energy cost for lead-free wave soldering is around 24 %, that of lead-free reflow soldering
around 13 % higher than in tin-lead soldering.
Manufacturers have to pay around 11 million Euro additionally for the energy cost of the lead-free
soldering processes. The total cost increase thus is around 19 %.
The next phase in the life cycle with differences between tin-lead and lead-free soldered PWBs is the
EoL phase.
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Summary of EEE Manufacturing Cost
The total cost of tin-lead soldering material use amounts to around 730 million Euro, for lead-free
soldering materials use to around 2 billion Euro. The total cost of lead-free soldering material use in
the substitution scenario thus is around 270 % that of the tin-lead soldering materials.
Figure 4-17 gives an overview on the additional cost of the lead-free soldering material use in the
substitution scenario.
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Figure 4-17: Additional worldwide cost of lead-free soldering material use in EEE manufacturing per year (all values
rounded)

Lead-free soldering in the global scale increases the manufacturing cost of EEE for 1 billion Euro per
year (rounded from 1.3 billion Euro per year) compared to soldering with tin-lead. The lead-free
finish cost is the dominating cost driver in EEE manufacturing. However, given the insecure data
situation of the amounts of tin-lead and lead-free finish areas (see chapter 3.2.3 on page 84), the
above cost must be considered as worst case. The actual additional finish cost could thus as well be
just around 30 % or less, below 230 million Euro. The total additional cost for lead-free soldering
material use therefore is rounded to 1 billion Euro per year. Next to the lead-free finishes, the solder
cost is the other main cost driver of lead-free soldering, in particular the lead-free wave solders.
The post-industrial recycling of wave solder wastes from EEE manufacturing reduces the
manufacturing cost for around 80 million Euro per year, or around 6 to 8 %. Reflow solder waste
recycling, if taken into account with the same conditions like wave solder recycling, would reduce the
cost for around 200,000 Euro per year and thus has no influence on the total cost situation.
The additional energy cost for the soldering of the lead-free solders only contributes around 1 % to
the total cost increase. This result is in contrast to the total energy consumption in the life cycle of
soldering materials, where the energy consumption in soldering is dominating the life cycle together
with or just behind the primary metal production (see chapter 4.2.4 on page 135). Ecologically, the
soldering processes thus are environmental hot spots in the life cycle of soldering materials, while
economically the material cost are the main cost drivers.
The next chapter addresses the cost impact of the EoL stage on the total cost situation for EEE
manufacturers.
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4.5.2 Calculation of Cost and Profit at End-of-Life
This chapter introduces the calculation of EoL cost and profit in copper smelters. This is necessary to
understand how lead-free soldering affects the EoL cost and treatment.

Payments and Charges at Pre-Processors
To reduce the expense for data collection, only those EoL steps were considered that are different
for tin-lead and lead-free soldered PWBs. For the general EoL scenario, it is assumed that WEEE with
lead-free and tin-lead soldered PWBs undergo the same treatment in pre-processing.
The first step after WEEE collection are specific treatments, which are legally or technically required
according to the WEEE Directive or respective regulations outside the EU. The next step then is the
shredding and mechanical separation (see chapter 3.3.2 on page 95). Lead-free soldering will not
change these kinds of treatments, as they are motivated by legal or technical requirements.
The EEE manufacturers are the owners of the collected WEEE for recovery according to the WEEE
Directive and other international legislation with extended producer responsibility. The owner of the
WEEE pays or receives a certain amount of money per ton of WEEE to be processed, depending on
the type of WEEE, the required specific treatment and the contents of valuable metals, mainly NM
and PGM, or other materials.
Pre-processors prepare the WEEE and the soldering metals in the PWB for the reccyling of the
soldering metals in the copper smelters. The calculation of the EoL cost and profit is therefore based
on the economical recycling conditions in the copper smelters.
The target fraction of pre-processing for the metals in solders and finishes is the copper fraction. The
next issue to be addressed is how copper smelters calculate the cost and profits for the treatment
and recycling of these copper fractions or of WEEE, in case the WEEE is treated directly in the
copper smelter.
To understand whether and how the more valuable metals in lead-free soldered PWBs may
influence the EoL treatment, it is necessary to comprehend the cost and profit calculation of copper
smelters.

Payments and Charges in Copper Smelters
Copper smelters pay the owner of the copper fraction or the WEEE for the content of NM, PGM
and copper, and they charge him for the treatment and the processing of in the smelter. Other
metals besides the above-mentioned are not remunerated.
The applied calculation scheme is international, although the concrete values and limits are specific
for each smelter. This chapter just describes the principle. Annex II gives the details of this
calculation.
¾ Lot Charge
Fractions are treated in lots, ranging, for example from 5 to 50 t of copper fraction material
per lot. The customer is charged a lot charge, which is a fixed amount per lot, not per ton of
PWBs or copper fraction. The lot charge is the payment for the analyses of the metal
content in the copper fraction.
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¾ “Metal Credit” and Minimum Deduction
The customer gets paid according to the analyzed content of NM, PGM and copper in the
copper fraction or the WEEE/PWB. However, this analyzed content is discounted either for
the metal credit or the minimum deduction.
For a NM, PGM or copper, not 100 % of the analyzed content will be paid for, but 3 % metal
credit will be subtracted resulting in 97 % of metal content for payment. The technical
background of the metal credit are the metal losses throughout the processing in the smelter.
In very low and low grade e-scraps, the content of metals like noble metals is very low. In
such cases, the metal specific “minimum deduction” is applied. The minimum deduction goes
back to the technical fact that the content of a metal in the slags cannot drop below a certain
minimum. This minimum is specific for each metal.
The minimum deduction is indicated as amount of metal content to be subtracted per ton of
material to be processed, e. g. 150 g/t.
¾ Minimum Deduction or Metal Credit?
If the absolute mass of metal resulting from the metal credit deduction is less than the
amount of the minimum deduction, the minimum deduction applies.
As an example:
The analyzed content in the e-scrap shall be 1,000 g of silver per ton of material. The metal
credit of 97 % reduces the silver content for 3 % or 30 g/t. These 30 g/t are less than the
minimum deduction of 150 g/t. The customer will therefore only be paid for
1,000 g – 150 g/t = 850 g/t
and not for 970 g/t.
The metal credit reduction is more favourable for the customer than the minimum
deduction, as the minimum deduction is much higher in percentages than the metal credit. In
the above example, the minimum deduction is a 15 % reduction of the silver content, while
the metal credit would be only 3 %.
¾ Reduction of LME
In Europe, the base for the payment to the customer is the LME (London Metal Exchange)
price. However, this price is reduced for a certain percentage. The LME reduction is specific
for each metal and differs from smelter to smelter.
¾ Payment of Metal Value
The minimum deduction or the metal credit is subtracted from the analyzed contents of NM,
PGM and copper. The smelter pays the WEEE owner for these reduced contents according
to the reduced LME price.

164

¾ Treatment Charge
The customer pays the treatment charge, which the smelter calculates per ton of WEEE,
PWB or copper fraction to be processed in the smelter.
¾ Refinement Charge
The smelter charges the customer for the refinement of the NM, PGM and copper.
¾ Penalties
The customer is charged for the presence of metals, which the smelter cannot process
properly, so that they might contaminate the main products, e. g. copper. Each smelter has
individual threshold values for these metals. Whether a smelter charges penalties depends on
the process technology. The penalties are metal and smelter specific. Such metals can be
nickel, cadmium, bismuth or antimony, for instance.
¾ Shredding Charge
Shredding in copper type smelters, if at all, only occurs as simple chopping of the PWBs into
smaller pieces to enable a proper sampling and processing of the WEEE fraction.

The next equation shows the overall calculation of recycling cost in a copper type smelter for a
copper fraction containing different metals.

P = M ⋅ ∑ [( A i − a i ) ⋅ (1 − k i ) ⋅ K i − Q i − D i − S − B ] − L M
i

P = M ⋅ ∑ [(1 − c i ) ⋅ A i ⋅ (1 − k i ) ⋅ K i − Q i − D i − S − B ] − L M
i

Equation 4-12: Calculation of recycling price with minimum deduction (top) and metal credit (bottom)

P
M
c
A
a
K
k
D
B
L
i
B
Q
S
M

price for recycling in copper type smelters
Total mass of fraction to be treated
Metal Credit
analysed metal content (kg/t)
minimum deduction (kg/t), if applicable
London Metal Exchange (LME) rate ( /kg)
reduction factor of LME rate (%)
penalties ( /t over limit)
treatment charge ( /t of fraction to be treated)
lot charge ( /lot)
Type of metal (Cu, Ag, Au, Pd,…)
treatment charge ( /t of fraction to be treated)
refinement charge ( /t of metal content in fraction)
shredding charge ( /t of fraction to be treated); NOT mechanical separation
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Increasing metal prices improve the profit from recycling and therefore are an incentive for collection
and recovery of WEEE.
Lead-free soldering adds silver, gold, palladium and copper to the PWBs in exchange for lead.
According to the above equation, the economical benefit from recycling increases.
How lead-free soldering influences the cost situation of WEEE in the EoL phase will be discussed in
the next chapter.

4.5.3 Impact of Lead-free Soldering on EoL Cost
Recycling sustains a certain share of the soldering metal value in WEEE. The question thus is how
much of this metal value recycling actually can save. The copper smelter pays the EEE manufacturer
or his pre-processor for the metal contents in the EEE, and he charges him for the treatment and
processing of the WEEE or the copper fraction. Equation 4-12 allows the calculation of the metal
value sustainment in the EoL-phase for lead-free and tin-lead soldered EEE.
In pre-processing, the standard treatment is shredding and mechanical separation with just the
technically or legally required minimum of dismantling and disassembly. WEEE with lead-free and tinlead soldered PWBs are assumed to undergo the same treatment in pre-processing. Any deviation
from this standard treatment requires additional work like sorting or even disassembly of the PWBs,
which causes additonal labour work. The labour work for sorting and disassembly, however, is
specific for each type of device. Within one type of devices, it may even be producer specific.
Given the high diversity of EEE, average general labour cost data for sorting and disassembly are not
available. It is therefore assumed that the treatment in pre-processing and thus all the pre-processing
cost is equal for WEEE with lead-free soldered and with tin-lead soldered PWBs.
Under these conditions, it is only possible to calculate the differences in the cost/profit situation for
WEEE with lead-free and tin-lead soldered PWBs. The pre-processing, which is assumed to be equal
for both categories, causes the same cost for lead-free and tin-lead soldered EEE and can be
neglected.
In the copper smelter, the tin-lead and lead-free soldering materials influence the cost and profit
situation.
Equation 4-12 shows that the price and the profit of recycling in the copper smelter depends on the
concentration of the NM, PGM and copper in the copper smelter input. It is in particular important
whether the concentration of the metals is above the concentrations where the minimum deduction
is applied. The minimum deduction reduces the metal values more than the metal credit (see
Minimum Deduction on page 164).
The calculation of the recycling cost of soldering metals therefore requires the concentrations of the
NM, PGM and copper in the copper smelter input and how lead-free soldering changes these metal
concentrations. These concentrations can be calculated from the PWB compositions and the result
of WEEE pre-processing.

Change of Metal Contents on PWBs by Lead-free Soldering
Pre-processors and copper smelters classify WEEE and PWBs according to their contents of NM and
PGM into the four categories (see chapter 3.3.2 on page 95)
¾

very low grade (VLG),

¾

low grade (LG),
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¾

medium grade (MG) and

¾

high grade (HG)

The NM and PGM concentration thresholds for the classification into one of these categories are
different for each pre-processors and copper smelter. Table 4-11 shows a categorization of tin-lead
soldered PWBs with the concentrations of those metals, whose target fraction in mechanical
separation is the copper fraction, including the soldering metals.
Table 4-11: Shares of copper fraction metals in the composition of different grades of tin-lead soldered PWBs
PCB Grade
VLG
LG
MG
HG

Sn

Pb

Sb

Zn

3.50% 0.032%

Ag

0.000%

9.50%

0.0%

0.00%

2.10%

2.0%

0.0% 0.0010%

0.001%

0.001%

17%

3.50% 0.100%
4.50% 0.250%

0.001% 17.00%
0.010% 18.00%

0.0%
0.0%

1.00%
2.00%

2.10%
2.60%

2.0%
3.0%

0.0% 0.0050%
0.0% 0.0150%

0.001%
0.001%

0.001%
0.001%

26%
30%

5.00% 0.450%

0.010% 20.00%

0.0%

2.50%

2.60%

3.0%

0.0% 0.0250%

0.040%

0.040%

34%

Bi

Cu

In

Ni

Au

Pd

Pt

Total

The share Ss of solders on PWBs in average is around 1.25 % of the total PWB mass [41]. Thus,
1.25 % of the above tin and lead are from solders and will be replaced for lead-free solders. The
around 70,000 t of tin-lead reflow and wave solders are applied together with around 2,000 t of tinlead finishes on the PWBs (see chapter 3.2.1 on page 71). The finish/solder ratio Sf thus is

Sf =

2,000t
= 2.9%
70,000t

The share S of SnPb37 solders and finishes on PWBs thus is

S = Ss + Ss ⋅ Sf = Ss ⋅ (1 + Sf ) = 1.25% ⋅ (100% + 2.8%) ≈ 1.29%
The share Ss of tin-lead solders will be replaced by lead-free solders and finishes taking into account
the lower density of lead-free soldering materials.
As substitution options, tin-silver-copper with 3.7 % of silver and 0.75 % of copper was selected as
the average quasi-standard tin-silver-copper solder alloy, and tin and Ni/Au as two alternative leadfree finishes. With the Ni/Au finish, the total mass share together with the SAC solder is 1.07 %, with
the tin finish it is 1.06 %.
For the substitution of the tin-lead solder alloy, 1.25 % of tin-lead solder must be substituted on the
PWBs. This means, that the share of tin must be reduced for 63 % of 1.25 % or 0.8 %, the share of
lead for 0.46%. Then, the metals from the SAC solder must be added. Around 1.06 % of SAC solder
can replace the 1.25 % of tin-lead solder, as the density of the SAC solder is only 85 % of the tin-lead
solder. The tin content in the SAC solder is 95.55 %. The SAC solder on the PWB thus increases the
tin content for 95.55 % of 1.06 %, which are 1.0 %. These 1.0 % must be added to the tin content on
the PWB. The additional content of tin compared to tin-lead soldering thus is the difference of
1.01 %
and
0.8 %,
or
0.2 %.
The contents of silver and gold are calculated equivalently.
The tin-lead finish to be replaced on the PWBs is 2.9 % of the tin-lead solder to be replaced, as
calculated above. For tin, 2.9 % of the 0.8 % of tin from the tin-lead solder must be subtracted
additionally, which are just 0.02 %.
The gold from Ni/Au finishes replacing the tin finish on the PWB is calculated via the ratio of metal
masses per square-meter of PWB finish.
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The thickness of the gold layer on the PWB pads is around 0.1µm (see page 86 ff). This is equivalent
to a gold mass of 1.9 mg per square-meter of Ni/Au finish. The mass of tin finish per square-meter is
around 180 mg. The amount of gold replacing the tin-lead finish thus is around 1 % of the tin-lead
finish. The tin-lead finish has a mass share of 2.9 % of 1.25 %, or 0.04 %. The additional gold on the
PWB from the Ni/Au finish therefore is 1 % of 0.04 %, or 0.0004 %.
The nickel and, in case of the lead-free tin finish also the amounts of additional tin from the finishes,
are calculated equivalently.
Table 4-12 shows the lead-free soldered PWB composition corresponding to the above tin-lead
soldered PWB. The table only lists the metals, whose target fraction in mechanical separation is the
copper fraction.
Table 4-12: Share of copper fraction metals on lead-free soldered PWBs with tin (top) and Ni/Au finish (LF:lead-free)
PCB Grade Sn
VLG LF.

LG LF
MG LF.
HG LF

3.709%
3.709%
4.712%
5.213%

PCB Grade Sn
VLG LF.

LG LF
MG LF.
HG LF

3.708%
3.708%
4.710%
5.211%

Ag
0.071%
0.139%
0.290%
0.490%

Bi
0.000%
0.001%
0.010%
0.010%

Cu
9.53%
17.05%
18.05%
20.05%

In
0.000%
0.000%
0.000%
0.000%

Ni
0.000%
1.002%
2.005%
2.506%

Pb
1.628%
1.628%
2.129%
2.129%

Sb
2.0%
2.0%
3.0%
3.0%

Zn
0.0%
0.0%
0.0%
0.0%

Au
0.0010%
0.0050%
0.0150%
0.0251%

Pd
0.001%
0.001%
0.001%
0.040%

Pt
0.001%
0.001%
0.001%
0.040%

Total
17%
26%
30%
34%

Ag
0.071%
0.139%
0.290%
0.490%

Bi
0.000%
0.001%
0.010%
0.010%

Cu
9.53%
17.05%
18.05%
20.05%

In
0.000%
0.000%
0.000%
0.000%

Ni
0.009%
1.011%
2.013%
2.514%

Pb
1.628%
1.628%
2.129%
2.129%

Sb
2.0%
2.0%
3.0%
3.0%

Zn
0.0%
0.0%
0.0%
0.0%

Au
0.0014%
0.0054%
0.0154%
0.0254%

Pd
0.001%
0.001%
0.001%
0.040%

Pt
0.001%
0.001%
0.001%
0.040%

Total
17%
26%
30%
34%

The comparison with Table 4-11 on page 167 shows that the substitution of the tin-lead solder and
finish for the tin-silver-copper solder with 3.7 % of silver (SAC3.7) and tin finish makes a difference in
the tin content of around 0.21 %. The difference in the silver share is 0.041 %. The lead share
decreases for 0.472 %.
The nickel-gold finish (Ni/Au) increases the share of nickel and gold in the total weight of the PWB.
The difference in the gold content is around 0.0004 %, the difference of nickel content around
0.009 %. The tin content decreases, as the SnPb-HAL surface is not replaced by tin, but Ni/Au.
The solder/finish ratio reacts sensitive to the assumed total share of PWB finishes in the total amount
of tin-lead solder alloys used. A 50 % increase or decrease would as well increase or decrease the
amounts of gold on the PWBs for 50 %. The above values therefore are insecure.

Metal Concentration by Mechanical Separation in Pre-processing
The above tin-lead and lead-free soldered PWBs are shredded and mechanically separated into
different fractions. The mechanical separation process separates a certain share of the above metals
on the PWBs into the copper fraction according to the metal-specific separation performance (see
chapter 3.3.3 on page 98).
At the same time, the mechanical separation process removes a certain share of the metals whose
target fraction is not the copper fraction, but the iron, aluminium or plastics fraction. This results in
the concentration of the copper fraction metals in the copper fraction. An example shall illustrate the
effect.
The total mass share of the copper fraction metals on VLG lead-free PWBs in Table 4-12 on page
168 is 17 %. This means that one ton of VLG PWBs contains 0.17 t of these metals. The share of
copper in these PWBs is 9.53 %, corresponding to a content of 0.0953 t of copper in one ton of
VLG lead-free soldered PWBs. Assuming that the mechanical separation process separates 100 % of
the copper fraction metals into the copper fraction and separates all the other materials into the
other fractions, the copper concentration in the copper fraction after the mechanical separation
changes to
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C′Cu =

t
0.0953 t
= 0.56 = 56 %
t
0.17t

The mechanical separation process had increased the concentration from 0.17 % to 56 %.
The separation process does not completely separate all materials into their target fractions. Between
10% and 25 % of the copper fraction metals are lost to other fractions. The loss of other materials
into the copper fraction is assumed to be equal. Exact data were not accessible. The loss of materials
from and to the copper fraction changes the concentration of originally 9.53 % of copper in the
PWBs to the following concentration in the copper fraction:

C ′′Cu =

t
0.17t ⋅ ( 100% − 25%)
0.071 t
=
= 0.19 = 19%
t
0.17t + ( 1t − 0.17t) ⋅ 25%
0.38t

The concentration factor d is

d=

19 %
= 2.0
9.53 %

The general equation for the above calculation is

d=

Ci,Cu ⋅ λi
Ci,Cu + ( 100% − Ci) ⋅ λi;Cu

Equation 4-13: Concentration factor for copper fraction metals in the copper fraction by mechanical separation

di
Ci,Cu
Ci

λi
λi ; Cu

concentration factor of metal i in copper fraction
concentration of copper fraction metal i
concentration of non-copper fraction metal i
loss of metal i to others than the copper fraction
loss of metal i to the copper fraction

In WEEE, the share of high grade PWBs is around 5 % only [82]. A separate treatment of these HG
PWBs would require the sorting of these PWBs from the general WEEE stream. Given the variety of
devices, in which these HG PWBs could be built in, the labor cost for the sorting and possibly
disassembly for the separate HG PWB treatment cannot be calculated. Given the small share of HG
PWBs and the data gaps, it is assumed that the HG PWBs are treated in the same processes like the
MG, LG and VLG PWBs.
The above equation can be applied to the tin-lead and lead-free soldered PWBs in Table 4-11 and
Table 4-12. Using the separation performance of the mechanical separation process in Figure 3-24 on
page 99 results in the metal concentrations after mechanical separation in Table 4-13.
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Table 4-13: Concentration of metals in copper fraction after mechanical treatment of tin-lead and SAC soldered PWBs
with tin finish (top) and nickel-gold finish (bottom)
Sn

Ag

Bi

Cu

Ni

Pb

Sb

Zn

VLG
VLGLF

PCB Grade

12.26%

0.11%

0.00%

33.27%

0.00%

7.35%

7.00%

0.0%

0.004% 0.004% 0.0004%

13.13%

0.25%

0.00%

33.74%

0.00%

5.76%

7.10%

0.0%

0.004% 0.004% 0.0004%

LG
LGLF

8.17%

0.23%

0.00%

39.68%

2.33%

4.90%

4.67%

0.0%

0.012% 0.005% 0.0005%

8.71%

0.33%

0.00%

40.05%

2.35%

3.82%

4.71%

0.0%

0.012% 0.005% 0.0005%

MG
M GLF

8.89%

0.49%

0.02%

35.55%

3.95%

5.14%

5.93%

0.0%

0.030% 0.006% 0.0006%

9.35%

0.58%

0.02%

35.84%

3.98%

4.23%

5.97%

0.0%

0.030% 0.006% 0.0006%

HG
HGLF

8.92%

0.80%

0.02%

35.68%

4.46%

4.64%

5.35%

0.0%

0.045% 0.071% 0.0071%

9.34%

0.88%

0.02%

35.94%

4.49%

3.82%

5.39%

0.0%

0.045% 0.072% 0.0072%

PCB Grade

Au

Au

Pd

Pd

Pt

Sn

Ag

Bi

Cu

Ni

Pb

Sb

Zn

VLG
VLGLF

12.26%

0.11%

0.00%

33.27%

0.00%

7.35%

7.00%

0.0%

0.004% 0.004% 0.0004%

Pt

13.12%

0.25%

0.00%

33.73%

0.03%

5.76%

7.09%

0.0%

0.005% 0.004% 0.0004%

LG
LGLF

8.17%

0.23%

0.00%

39.68%

2.33%

4.90%

4.67%

0.0%

0.012% 0.005% 0.0005%

8.71%

0.33%

0.00%

40.04%

2.37%

3.82%

4.71%

0.0%

0.013% 0.005% 0.0005%

MG
M GLF

8.89%

0.49%

0.02%

35.55%

3.95%

5.14%

5.93%

0.0%

0.030% 0.006% 0.0006%

9.35%

0.58%

0.02%

35.83%

4.00%

4.23%

5.97%

0.0%

0.031% 0.006% 0.0006%

HG
HGLF

8.92%

0.80%

0.02%

35.68%

4.46%

4.64%

5.35%

0.0%

0.045% 0.071% 0.0071%

9.34%

0.88%

0.02%

35.93%

4.51%

3.82%

5.39%

0.0%

0.046% 0.072% 0.0072%

The above copper fractions are treated in copper smelters. The next chapter shows the cost and
profit of this treatment in copper smelters.

Cost Impact of Lead-free Soldering on Copper Fraction Treatment in Copper Smelters
Table 4-14 shows the charges, which coppersmelters calculate based on the total weight of the
copper fraction to be treated.
Table 4-14: Non-metal specific charges in copper smelters [47]

Charges (€/t)

Lot Charges
Treatment Charges
Total Charges

VLG
25
420
€ 445

LG
63
470
€ 533

MG
63
570
€ 633

HG
83
640
€ 723

Table 4-15 lists the charges and profits for the metals, which are relevant for the cost and profit
calculation in the copper smelter.
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Table 4-15: Metal specific cost calculation data of copper smelters [47]

Metal
Ag
Cu
Au
Pd
Pt
382,135 € 4,193 € 17,636,981 € 9,378,349 € 31,746,566 €
* LM E (€/ t)
LM E Reduction
99%
99%
99%
100%
100%
95% 100%
96%
92%
92%
M etal Credit
100 30,000
5
15
15
M inimum Deduction (g/ t)
2000 n. a.
125
188
188
M etal Credit Threshold (g/t)
Refining Charge €/ t
14.75
0.87
130
505
635

* LME price status March 2006
The “Metal Credit Threshold” in the table indicates the content, below which the minimum
deduction is applied. For all metal contents higher than this threshold, the metal credit applies (also
see the explanation about the minimum deduction and metal credit on page 164). For copper, this
threshold cannot be calculated, as the metal credit is 100 %. The minimum deduction of 30,000 g/t
therefore is always applied reducing the amount of economically effective copper.
The price of the copper fraction treatments in Table 4-13 on page 170 in copper smelters can be
calculated according to Equation 4-12 on page 165 using the data in the above Table 4-15 and in
Table 4-14 on page 170.
Table 4-16: Cost and profit of copper fractions from SAC3.7-soldered PWBs with Sn finish (top) and Ni/Au finish in
copper smelters
VLG VLG LF
LG LG LF
M G M G LF
HG
HG LF
€ 2,354 € 2,907 € 4,608 € 4,984 € 8,507 € 8,853 € 19,666 € 20,057
LM E M etal Value (€/t)
€ 738
€ 763 € 1,001 € 1,018 € 1,190 € 1,205 € 1,708 € 1,724
Total Charges (€/t)
€ 1,617 € 2,145 € 3,607 € 3,967 € 7,316 € 7,648 € 17,958 € 18,333
Net Value (€/ t)
€ 530

Additional Profit Pb-free

LM E M etal Value (€/t)
Total Charges (€/t)
Net Value (€/ t)

€ 360

€ 330

€ 380

VLG VLG LF
LG LG LF
M G M G LF
HG
HG LF
€ 2,354 € 3,139 € 4,608 € 5,136 € 8,507 € 8,976 € 19,666 € 20,165
€ 738
€ 764 € 1,001 € 1,019 € 1,190 € 1,206 € 1,708 € 1,728
€ 1,617 € 2,375 € 3,607 € 4,118 € 7,316 € 7,771 € 17,958 € 18,437

Additional Profit Pb-free

€ 760

€ 510

€ 450

€ 480

Copper smelters only pay for the contents of PM and PGM as well as copper. The LME metal value
and the net value in Table 4-16 thus are based only on these metals.
The silver, gold, copper and palladium in lead-free solders and finishes become cost-effective in the
copper smelters. Lead-free soldering with tin-silver-copper alloys and Ni/Au in particular increase the
profit from VLG LF PWB treatments in copper smelters. The lead-free LG, MG and HG PWBs more
or less yield the same additional profit.
The reason for the higher profit from VLG LF PWBs is that the concentration of silver in the tin-lead
soldered VLG PWBs with only 1,100 g/t (Table 4-13 on page 170) is below the 2,000 g/t threshold
for the metal credit application of 100 g/t (Table 4-15 on page 171). The additional silver from the
SAC solder increases the silver content to 2,500 g/t and thus beyond the threshold for the metal
credit application. The metal credit reduces the silver content for the profit calculation for 5 %, down
from 100 % to 95 %. The minimum deduction of the VLG PWBs, however, causes a silver reduction
of
(1.100 g/t – 100 g/t)/1,100 g/t = 9 %
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for the profit calculation. The difference of 4 % results in the higher price difference of VLG and VLG
LF PWBs compared to the price differences between the other PWB grades. The same effect applies
to gold in VLG and VLG LF PWBs.
The silver and gold contents of the other PWB grades are above the metal credit thresholds. The
addition of NM in lead-free soldering materials thus increases the profit of the treatment in the
copper smelters, but not to the degree as in the VLG PWBs.
The palladium content is below the metal credit threshold value of 188 g/t as well, and only exceeds
this threshold in the HG PWBs (see Table 4-15 on page 171).
The minor profit differences between the other PWB categories result from the treatment
conditions depending on the PWB grade.

Worldwide EoL Profit from Tin-lead and Lead-free Soldered PWBs
Recent legislation like the WEEE Directive in Europe or the Japanese Household Applicances Law
requires EEE producers to bear the cost for the recovery and disposal of WEEE in the EoL phase.
The worldwide operational cost of lead-free soldering for EEE manufacturers was already assessed
(see chapter 4.5.1 on page 157). In the next step, the worldwide profit from collection and recycling
of WEEE with lead-free or tin-lead soldered PWBs will be calculated.

Sustainment of Economical Metal Values in Copper Smelting Processes
Table 4-16 on page 171 shows the economical value of the metals in the PWBs according to the
LME price, the charges for the copper smelter treatment, the net value of the copper fraction. The
net value will be paid to the owner of the copper fraction, who is assumed to be the EEE
manufacturer.
Copper smelters only pay for the contents of NM, PGM and copper in WEEE. In soldering materials,
these metals are silver, gold, copper and palladium. The data from the previous chapter facilitate
calculating the metal specific EoL profit for each PWB grade. Table 4-14 on page 170 already shows
the metal specific cost of the copper smelter recycling, which are equal for all PWB grades: the metal
credit and the refining charge.
The “Other charges” are calculated based on the total mass of the copper fraction to be treated in
the copper smelter. These “Other charges” are allocated to the economical carrier metals according
to their mass share in the total mass of the economical carrier metals. The example calculation for
copper shall illustrate the principle.
Table 4-17: Calculation of metal value sustainment

VLG LF PWB

Analysed Content (g/ t)
Econ. Effective Cont. (g/ t)
Gross Value (€)
Refining Charges €
Other Charges (€)
LM E Value (€)
Recycling Profit (€)
Sustainment of M etal Value

Ag
Cu
2,522 337,273
2,396 307,273
907
1,275
36
267
3
442
964
1,414
867
566
90%
40%

Au
49
44
765
6
0.06
861
759
88%

Pd
35
20
192
10
0.05
333
182
55%

Pt
Total
3.5 339,883
0
0.0
3,139
0.0
319
0.0
445
113
3,684
0.0
2,375
0%
64%
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The “Analyzed content” of silver, copper, gold, palladium and platinum in the copper fraction from
VLG LF PWBs is 339,883 g/t. The total “Other charges” are 445 Euro. The mass share of copper in
the total of the economical carrier metals is

g
t = 99%
g
339,883
t

337,273

The copper metal therefore bears 99 % of the 445 Euro of the “Other charges”, which are 442 Euro.
The copper “Refining Charge” of267 Euro is calculated as the product of the mass-specific refining
charge of 0.87 /t (Table 4-15 on page 171) and the 307,273 g/t of “Economically Effective Content”.
The economically effective content is the analyzed content after subtraction of the metal amount,
which reduces the effective content due to the metal credit or the minimum deduction.
The 1,275 Euro “Gross Value” of the copper content is calculated as the product of the economically
effective copper content of 307,273 g/t and the 4,193 /t LME copper price (Table 4-15 on page
171).
The refining charge and the other cost are subtracted from this gross value to obtain the 566 Euro of
recycling profit for the copper in the copper fraction.
Based on LME prices, the “LME Value” of the 337,273g copper content is 1,414 Euro. The treatment
of the VLG LF PWB copper fraction in the copper smelter sustains

Recycling Price 566 Euro
=
= 40 %
LME Value
1,414 Euro
of the copper value in this copper fraction.
Table 4-18 shows the result of this calculation for each of the economical carrier metals and for the
different PWB grades. The values for the lead-free (LF) soldered PWBS are based on tin-silvercopper with 3.7 % of silver content and the Ni/Au finish (see page 87 and Table 4-13 on page 170).
Table 4-18: Sustainment of metal values in copper smelter treatment in percentage of LME metal price

PWB Grade
VLG LF
LG LF
MG LF
HG LF

Ag
90%
90%
90%
90%

Cu
40%
36%
21%
14%

Au
88%
94%
94%
94%

Pd
55%
64%
71%
87%

Pt
0%
0%
0%
78%

VLG
LG
MG
HG

86%
90%
90%
90%

39%
35%
20%
14%

84%
94%
94%
94%

54%
64%
71%
87%

0%
0%
0%
77%

The table shows that the addition of silver and gold increases the sustainment of the metal values in
the VLG LF PWBs for four percent compared to the tin-lead soldered PWBs. In the other PWB
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grades and for the other metals, there are no significant differences between the lead-free and the
tin-lead soldered PWBs.
The value sustainment of copper decreases with increasing PWB grade. The reason are the
treatment and lot charges, which become more expensive with higher PWB grades. Copper has the
highest mass share compared to the other metals. The higher lot and treatment charges thus are
mainly allocated to the copper.
The palladium contents are below the metal credit threshold. Each increase of palladium with
increasing PWB grade therefore increases the value sustainment in the copper smelting process.
The results for the different PWB grades are weighted with the share of the PWB grades in the
WEEE [82]:
¾ VLG

35%

¾ LG

35 %

¾ MG

25 %

¾ HG

5%

Table 4-19 shows the resulting average metal value sustainment.
Table 4-19: Average sustainment of soldering metal value in copper smelting processes

Average M etal Value Sustainment

Ag
90%

Cu
32%

Au
91%

Pd
64%

Pt
4%

Worldwide Economical Profit from Post-consumer PWB Recycling
Multiplying the amounts of silver, copper, gold and palladium recycled from PWBs (Table 3-4 on
page 107) with the above average value sustainment figures and the LME prices of these metals
(Table 4-17 on page 172), results in the worldwide economical profit from EoL recycling.
Table 4-20 shows the additional EoL profit from the recycling of lead-free soldered PWBs according
to the substitution scenario compared to tin-lead soldered PWBs. At the assumed worldwide
average collection and recovery rate of 10 %, lead-free soldering increases the EoL profit from
recycling for around 46 million Euro. Silver and gold are the main profit sources.
The 46 million Euro are the additional EoL profits from lead-free soldered PWBs. The noble metals,
copper and palladium in the above calculation all derive from the substitution of lead in tin-lead
soldering materials. The substituted tin-lead soldering materials do not generate economical profits in
the EoL treatment, as they do not contain NM, PGM and copper.
The addition of silver and gold therefore is good for recyclers and is an incentive for higher collection
and recycling rates. For EEE manufacturers, the higher EoL profits cannot compensate the increase of
solder and finish costs due to the use of NM and PGM. From the economical point of view, the
losses in the life cycle are high, due to the value losses in the copper smelting processes and in the
mechanical separation processes, and in particular the low collection and recovery rates.
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Table 4-20: Worldwide additional EoL profit from PWB recycling of lead-free soldered PWBs
Recovery Rate
Ag
Cu
Au
Pd
0€
0€
0€
0€
0%
287,715 € 12,309,328 € 272,867 €
10% 32,803,663 €
575,430 € 24,618,657 € 545,734 €
20% 65,607,326 €
863,144 € 36,927,985 € 818,602 €
30% 98,410,989 €
40% 131,214,652 € 1,150,859 € 49,237,313 € 1,091,469 €
50% 164,018,314 € 1,438,574 € 61,546,641 € 1,364,336 €
60% 196,821,977 € 1,726,289 € 73,855,970 € 1,637,203 €
70% 229,625,640 € 2,014,004 € 86,165,298 € 1,910,070 €
80% 262,429,303 € 2,301,718 € 98,474,626 € 2,182,937 €
90% 295,232,966 € 2,589,433 € 110,783,954 € 2,455,805 €
100% 328,036,629 € 2,877,148 € 123,093,283 € 2,728,672 €

Pt
0€
0€
0€
0€
0€
0€
0€
0€
0€
0€
0€

Total
0€
46,000,000 €
91,000,000 €
137,000,000 €
183,000,000 €
228,000,000 €
274,000,000 €
320,000,000 €
365,000,000 €
411,000,000 €
457,000,000 €

From the environmental and the resource point of view, the addition of NM and PGM cannot be
recommended either. They are the main drivers of energy consumption and resource value loss, as
was shown in this chapter.

Impacts of Lead-free Soldering Material Use on EoL Processes
Lead-free soldering with SAC solders increases the content of silver on the PWBs. Additionally, the
Ni/Au finish is the most popular substitute of the lead-containing finishes adding gold to the PWBs.
Silver and gold both become cost effective in the copper smelters.
High grade PWBs, for economical reasons undergo a specific treatment in WEEE pre-processing in
order to reduce or avoid the losses of the economically valuable noble metals in pre-processing (see
chapter 3.3.3 on page 98). The question arising is whether the addition of silver and gold in lead-free
soldering increases the noble metal contents to a degree justifying a high-grade (HG) type treatment
of medium grade PWBs. If so, it must be taken into account in the calculations of the soldering metal
losses. As the noble metal and the tin losses are main drivers of the eco-performance of lead-free
soldering material use, the reduced NM, PGM and tin losses in pre-processing positively affect the
eco- and sustainability performance of lead-free soldering material use.
The separate treatment causes higher labour cost, as it requires the sorting of the WEEE, additionally
the disassembly of the PWBs, if the PWBs shall be sent directly to the copper smelter without a
mechanical separation process. The sorting and the disassembly cost highly depend on the type of
WEEE, into which the PWBs are integrated. Given the product variability, this cost cannot be
calculated on a worldwide scale.
It is, however, clear, that the additional economical profit from the separate treatment in the copper
smelters must at least pay the additional labour cost in pre-processing, as otherwise the separate
treatment economically is not viable. It was therefore assessed which additional economical profit the
separate treatment in pre-processing of MG PWBs would generate in the copper smelter to see
how much labour cost could be paid.
The standard mechanical separation of tin-lead soldered MG PWBs in pre-processing was compared
with the following lead-free soldered MG PWB (MGLF) treatment scenarios:
1) Same standard mechanical separation of MGLF PWBs like for the MG PWBs using the
separation performance of the low grade WEEE mechanical separation (Figure 3-24 on page
99)
2) Sorting and separate mechanical separation of MGLF PWBs using the separation
performance of the high grade WEEE mechanical separation (Figure 3-25 on page 100)
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3) Direct treatment of MGLF PWBs in copper smelters without any mechanical separation
The first option does not generate any additional cost in pre-processing compared to the MG PWBs.
The second option generates additional labour cost for WEEE sorting. The third option causes
additional labour cost for WEEE sorting and the disassembly of the PWBs from the devices, and
further on possibly additional cost for the crushing of the WEEE or the PWBs.
Each standard treatment was calculated for MGLF PWBs in two versions:
1) MGLF PWBs with SAC solder with 3.7 % of silver (SAC3.7) and tin PWB finishes
2) MGLF PWBs with SAC3.7 solder and nickel/gold PWB finish
The treatment of the resulting fractions from this pre-processings in the copper smelters was
calculated using the equations and figures in the previous sections of this chapter.
Table 4-21 shows the economical profits of the treatment of the different EoL pre-processing
options in the copper smelter.
Table 4-21: Additional economical profit of alternative MGLF EoL scenarios
EoL Pre-Processing

Standard M echanical Separation

M GLF
MG

SAC w . Sn Finish SAC w . Ni/Au SAC w . Sn Finish SAC w . Ni/Au SAC w . Sn Finish SAC w . Ni/Au
7,649 €
7,769 €
10,508 €
10,599 €
3,422 €
3,483 €
7,316 €
7,316 €
7,316 €
7,316 €
7,316 €
7,316 €

Additional Profit M GLF
(€/ t of Cu-Fraction)
Concentration Factor
Additional Profit (€/ t
of PWB)

330 €

450 €

Sorting, Separate M ech. Sep.

3,190 €

3,280 €

Sorting, Disassembly, Cu-Smelter

-3,890 €

-3,830 €

2.6

2.6

3.0

3.0

1.0

1.0

130 €

170 €

1,060 €

1,090 €

-3,890 €

-3,830 €

The standard treatment (yellow scenario) of MG WEEE generates around 7,300 Euro of economical
profit from the PWBs in the copper smelter per ton of copper fraction. The copper fraction from
MGLF PWB with tin finish in this treatment yields around 330 of additional profit, the Ni/Au-version
around 450 .
The sorting and separate mechanical separation of the MGLF WEEE increases the additional profit
from the MGLF PWBs to 3,190 and 3,280 per ton of copper fraction. The around 14 % lower
losses of noble metals in the HG WEEE mechanical separation process increase the profit in the
copper smelter.
The sorting, disassembly and direct treatment of the MGLF PWBs (red scenario) in the copper
smelter results in heavy losses of almost 4,000 per ton of PWBs treated in the copper smelter.
The concentration of the noble metals and the copper in the copper fraction are crucial for the
recycling profit in the copper smelter. The economical losses from the direct PWB treatment in the
copper smelter overcompensate the advantage of “zero losses” of noble metals and of copper.
The copper fractions are the result of mechanical separation processes in pre-processing, which
concentrate the copper fraction metals in the copper fraction, as explained and calculated in the
previous sections of this chapter. The calculated additional economical profit per ton of copper
fraction treated therefore must be allocated to the total mass of PWBs before the treatment:
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Economical yield per ton of PWB =

economical yield per ton of copper fraction
concentration factor

Equation 4-14: Economical yield per ton of PWBs in copper smelters

The bottom line of Table 4-21 gives the result of this calculation as economical yield per ton of
PWBs treated in the mechanical separation processes.

Conclusions
The PWBs are just part of the devices in the WEEE. The additional profits per ton of PWBs from the
special treatment of the WEEE thus must pay the additional expense related to the amounts and
types of WEEE, in which the PWBs are built in.
In case of the sorting and disassembly scenario (red scenario in Table 4-21), these cost are the
sorting cost of the WEEE and additionally the disassembly cost of the PWBs from this WEEE. This
treatment option generates losses of around 3,800 per ton of MGLF PWBs in the copper smelters,
compared to the standard treatment of the tin-lead soldered MG PWBs. On the other hand, this
option saves the cost for the mechanical separation process, which is around 230 per ton [77].
These savings cannot compensate the losses. The additional labor cost adds to the economical loss.
Further on, it must be taken into account that all the iron and aluminium on the PWBs is not paid in
the copper smelter, while otherwise they could have been mechanically separated and sold to the
iron and aluminium smelters.
The sorting and disassembly scenario for lead-free soldered PWBs thus generates economical losses
and is not a viable option.
For the green scenario (sorting and separate mechanical separation), general statements are not
possible. It depends on the product types in the WEEE. If the expense for the sorting and separate
treatment of the WEEE devices containing 1 t of MGLF PWBs is less than the additional profit of
around 1,000 Euro, the high grade WEEE treatment of SAC soldered MGLF PWBs is economically
viable.
For the calculations of the MG PWBS, the standard mechanical separation process was therefore
assumed. The MG PWBs have a share of around 25 % in the total collected WEEE [82]. The
additional sparation performance for the NM, PGM an other metals in the copper fraction are
around 14 % (see Figure 3-24 on page 99 and Figure 3-25 on page 100). The maximum failure thus
is around 4 % of NM, PGM and tin losses. Given the clear results for the eco- and sustainability
performance of lead-free vs. tin-lead soldering, this maximum failure cannot crucially affect the final
results. The sorting and disassembly of MGLF WEEE would have increased the failure, as there are no
losses of soldering metals. This option, however, is economically not viable and can thus be excluded.

4.5.4 Total Cost of Ownership of Soldering Metals for EEE Manufacturers
In the end, the manufacturers of the end product have to bear the increasing cost caused by the use
of lead-free solders and finishes. The total cost of ownership concept is the methodological approach
to calculate this cost.
The total cost of ownership (TCO) is “The cost to own a product throughout its life” [36]. It is “The
real cost for a product, encompassing materials, installation, maintenance, anticipated repairs and
necessary monitoring.” [117].
Applied on soldering matals, the total cost of ownership (TCO) emcompasses the purchase of the
solders and finished PWBs, the energy and labor cost for the processing of the solders in the PWB
assembly process, the cost and profit from solder waste recycling, and the cost, which the soldering
materials cause in the EoL phase.
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An additional cost factor for EEE manufacturers in the context of the TCO concept is the
opportunity cost.

Opportunity Cost
An investment of money in something excludes the investment of this money in something else. As
investments should be as profitable as possible, the profit of the investment decision should be
comparable to the profit of the alternative investment that was declined. This comparison is called
the “opportunity cost” of an investment. The investment was a good decision, if the profit from this
investment is higher than that of an alternative investment.
The opportunity cost refers to the value of the highest-valued alternative use of that resource.“ [68]
[...] the opportunity cost of using units of an input in one project is the sacrifice of the benefits of
whatever use they would otherwise have been put .[..8 ]” [120]
The ban of lead forces EEE manufacturers to invest more money into the soldering materials
compared to tin-lead soldering in order to achieve the same functionality. Without the ban of lead,
manufacturers could invest this money in an other profit-generating venture.
As lead-free soldering in most cases does not generate an additional functionality for which
customers would pay, it must be assumed that the manufacturers cannot or only to a minor degree
hand on these cost to their customers.
The opportunity cost is calculated according to the following equation:

O = P ⋅ ( 1 + i)n
Equation 4-15: Calculation of opportunity cost

O= opportunity cost
P = Principal investment, additional operational cost of lead-free soldering
i = Interest rate/profit of other investment
n = Time (years) from purchase of materials for production to recycling
Lead-free soldering causes around 1 billion Euro per year of additional operational cost. These 1
billion Euro of additional cost cause additional opportunity cost, which the manufacturers of EEE have
to take over, if they cannot hand it on to the customers via increased product prices. The
interest/profit rate of an alternative investment was assumed with 10 % per annum.
Figure 4-18 shows the opportunity cost for the investment into lead-free soldering materials against
the time between the purchase and processing of the soldering materials in the manufacturing
process and the EoL phase. The opportunity cost, the profit missed from an alternative investment, is
increasing exponentially with the time between the manufacturing and the EoL phase of the product.
The average time between the manufacturing of EEE, where the proucers have to bear the additional
operating cost of around 1 billion Euro, and the EoL phase for EEE is in the range of around two
years, e. g. for a mobile phone, and up to 20 years, for instance for a TV set, washing machine or
refrigerator. The average life time was assumed with seven years. The resulting opportunity cost
according to Equation 4-15 are 1.9 billion Euro. As the use of lead-free soldering materials does not
create economical benefits, the 1.9 billion Euro per year correspond the lost economical profit from
an alternative investment of the 1 billion Euro per year.
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Figure 4-18: Opportunity cost of lead-free soldering

The next chapter sums up the additional cost of lead-free soldering materials for EEE producers
based on the TCO approach.

Additional Total Cost of Ownership of Soldering Material Use
The TCO comprises the operational cost (chapter 4.5.1 on page 157), the EoL cost (chapter 4.5.3
on page 166) and the opportunity cost. The collection and recovery rate worldwide is assumed with
10 %, like in the previous chapters. The TCO of tin-lead soldering for EEE manufacturers then
amounts to 6 billion Euro, the TCO for tin-lead soldering to 3 billion Euro. Excluding the opportunity
cost, the respective TCO is 2.4 and 1.2 billion Euro. The TCO of lead-free soldering according to the
selected substitution scenario thus is around 2 times that of tin-lead soldering.
The additional TCO of lead-free soldering materials is the difference of the TCO for lead-free
soldering and tin-lead soldering material use. Figure 4-19 gives an overview on the additional TCO
for EEE manufacturers.
The total additional cost of ownership (TCO) worldwide are around 3 billion Euro per year. The
figure shows that the opportunity cost with around 63 % dominate the additional TCO of lead-free
soldering material use. Without the opportunity cost, the additional TCO still is around 1 billion Euro.
The worldwide value of all EEE produced in 2004 is estimated to around 2,000 billion Euro [53]. The
3 billion Euro of additional cost for lead-free soldering material use thus are around 0.15 % of the
worldwide value of EEE production.
The material cost for the lead-free finishes and solders follow the opportunity cost with a share of
around 22 % of the total additional cost respectively. The additional energy cost with around 10
million Euro or around 0.3 % are only a minor contribution to the TCO.
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Figure 4-19: Additonal annual total cost of ownership of lead-free soldering materials for EEE manufacturers (10 %
global collection and recycling rate)

The post-industrial recycling of solder wastes reduces the TCO for around 80 million Euro (-3 %),
post-consumer recycling for around 50 million Euro (-2 %). Recycling in total reduces the TCO for
around 3 %. From the economical point of view, recycling thus is a minor contribution to improve
the performance of lead-free soldering, while from the environmental and resource point of view,
recycling is a substantial contribution to sustainable development.

Conclusions
Lead-free soldering from the economical point of view is a bad business for EEE producers. The
TCO compared to the use of tin-lead soldering materials increases for around 3.7 billion Euro per
year.
The opportunity cost increase, as well as the material cost of solders and the lead-free finishes,
especially if expensive finishes like Ni/Au finishes are used. For recycling scenarios with standard
treatment for MG grade PWBs and lower, the EoL profit increases. This effect, however, can only
slightly reduce the overall negative balance for the manufacturers.
For the individual manufacturer, the cost situation might be worse even. The manufacturers using
Ni/Au finishes and SAC solders will not get back his equipment and thus looses the economical profit
from recycling of these valuabe materials. In a global scale, only few countries have a takeback system
with producer responsibility in place like the WEEE directive in Europe. Individual take back systems
enabling producers to recycle their equipment only are an exception. The standard are collective
systems without individual allocation of products in the WEEE to the producer.
The above additional TCO does not yet include the transition cost from tin-lead to lead-free
soldering. Training and education of staff, research, the re-organisation and surveillance of the supply
chain and the stocks of components, and new soldering equipment further on increase the cost of
lead-free soldering material use for EEE manufacturers. These transition cost could not be included
into the considerations, as the necessary data were not available.
As a positive effect, the potentially higher yields from recycling at EoL are an economic incentive to
collect and recover more WEEE. Ecologically, this would be a clear advantage as it reduces the losses
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of valuable metal resources, the risk of potential impacts, and the energy consumption. Higher
collection and recycling have been stated as a requirement, from which lead-free soldering profits in
particular, as it specifically reduces the negative impacts of lead-free soldering (resource and energy
consumption) and increases the positive effects. The positive influence of lead-free soldering
materials economically is an incentive for higher collection and recycling rates, and it upholsters the
obligations for minimum collection and recovery of WEEE in the WEEE Directive.

4.6 Summary - Environmental, Resource and Economical Impacts of Lead-free
Versus Tin-lead Soldering Material Use
Figure 4-20 sums up the findings of the previous chapters. It shows the total environmental, resource
and economical situation of lead-free solder materials substitution scenario versus the use of tin-lead
soldering materials. All parameters of lead-free soldering material use are normalized with those from
tin-lead soldering material use. The effects of tin-lead soldering therefore are “1” in Figure 4-20.
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Figure 4-20: Environmental, resource and economical impacts of lead-free soldering material use normalized with
impacts from tin-lead soldering material use (tin-lead soldering = 1)

Lead-free soldering substantially reduces the worldwide potential toxicity and the risk of toxic
impacts of metal emissions into the environment from soldering wastes and from printed wiring
boards at the end-of-life stage (chapter 4.3 on page 145). The RoHS Directive therefore achieves its
intention to reduce the toxicity of the WEEE. Collection and recovery of WEEE further on reduce
the toxicity. Silver as the main toxicity driver in lead-free soldering material use can be recycled to
more than 95 % in the copper smelters. As lead-toxicity as well benefits from higher recovery rates,
the SnPb-normalized toxicity of the emissions decreases with increasing recycling rates, but
moderately only, from around 23 % down to around 20 % for 60 % WEEE recovery.
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On the other hand, lead-free soldering increases the energy consumption for around 40 %. It
requires an additionally electricity output corresponding to 4 to 10 % of the capacity of a nuclear
power plant, or around 20 % of a hard coal power plant. Higher WEEE recovery rates moderately
improve the situation, from around 43 % down to 36 % for 60 % WEEE recovery.
The main drivers of energy consumption both for tin-lead and for lead-free soldering are the
soldering processes, in particular the wave soldering processes. The higher melting points of most
lead-free solders aggravate the energy consumption problem. The increased energy consumption for
the metal mining and smelting, in particular of silver and of tin, add to the problem. More efficient
soldering ovens and effective recycling are necessary to reduce the energy consumption.
In addition to the higher energy consumption, lead-free soldering causes substantially higher losses of
resource value, despite of the fact that lead-free soldering reduces the metal releases into the
environment for around 10,000 t. Higher recycling rates, however, reduce the resource loss
considerably. The higher losses of tin, silver and gold from lead-free solder wastes and WEEE from a
resource point of view are more valuable than the tin and lead losses from tin-lead soldering. The
silver as the main driver has high recycling rates in the EoL phase and thus clearly benefits most from
higher WEEE collection and recycling rates. Higher recovery rates reduce the resource value loss in
lead-free soldering from around 3.2 times that in lead-tin soldering down to 3.1 (at 10 % collection
and recovery rate), 2.9 times (30 % WEEE recovery) and 2.5 times that of tin-lead soldering at 60 %
WEEE recovery.
For EEE manufacturers, lead-free solders and finishes cause around two times the cost of the tin-lead
alloys, around 3 billion Euro of additional cost per year. The opportunity cost and the higher cost for
lead-free finishes and solders are the main cost drivers (chapter 4.3 on page 145). Higher WEEE
recovery rates reduce the TCO from around 2 times down to around 1.9 times at 60 % WEEE
recovery) that of tin-lead soldering material use. The increasing EoL profit reduces the additonal cost
compared to tin-lead soldering material use, but only to a minor degree.
In summary, the ban of lead in solders and finishes substantially decreases the toxic potential of metal
emission into the environment from soldering wastes and from WEEE in the EoL phase. At the same
time, it increases the energy consumption, the resource value loss, and the cost for manufacturers. It
is the task of governments to draw the conclusion, whether the substantial reduction of the toxic
potential actually justifies the higher energy and resource consumption and the increased cost.
The next chapter will show the sustainability performance of lead-free soldering compared to tin-lead
soldering.
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5

Lead-free Soldering and Sustainable Development

This chapter addresses the following research questions:
¾ How can the operational criteria of sustainable development – efficiency, consistency and
sufficiency – be applied to the ban of lead and lead-free soldering?
¾ What are the consequences for the substitution of lead and the use of the substitute metals
in lead-free soldering?
¾ How can the specific situation of metal resources, their interlinkage in ores, be reflected with
respect to the requirements of sustainable development?
¾ What are the cosequences for the substitution of lead and the use of the substitute metals in
lead-free soldering?

5.1

Efficiency

This chapter addresses the operational sustainability strategy efficiency and how it can be applied to
soldering metals, or generally on metals. The specific resource situation of metals results into a new
and extended definition of efficiency, the vertical and horizontal efficiency.

Interlinkage of Metals in Ores and Consequences
A specific property of metal resources is their specific geophysical situation. The resources of
different metals are interlinked in the ores. Certain metals occur together in the ores, and mining one
metal at the same time means mining other metals as well. Thus, it is impossible, just to mine lead, or
iron, or copper.
Figure 5-1 shows the interlinkage of metal resources in ores. The mining of the base metal ores in the
inner circle at the same time results in the co-mining of other metals. Lead mining, for instance, also
mines zinc, silver, gold, bismuth, and many other metals.
Tin and copper are the only the only lead substitutes, which have their own base metal ores. All
other lead-subsitute metals are co-mined with other metal ores, mainly with the lead ore. Lead-free
soldering will in particular influence the consumption of tin, silver and bismuth (see chapter 3.4.).
While tin is not a co-mined metal, the demand of silver and bismuth especially will increase for up to
almost 30 %, while at the same time the demand for lead decreases for around 1 %. The resource of
the banned metal lead at the same time is the source of its substitutes, which results in a lower
production of the substitute metals.
The ban of lead may thus result in increased lead-mining. Whether this effect actually is to be
expected will be investigated in more details in the following chapters.
The co-mining of a metal does not necessarily mean that the co-mined metal actually will ever arrive
in a smelter to be processed there. Metals in ores can end up in wastes if they do not have a market
currently, so that their further processing to primary metals does not pay off economically. Bismuth
from lead mining is an example for this. Lead ores contain bismuth, but lead smelters pay lower
charges if the ore concentrates contain bismuth beyond a certain threshold level [69]. A flotation
process therefore separates the bismuth from the lead ores. While the lead ore concentrates are
processed in lead smelters, most of the bismuth probably ends up as mining waste [69], [97]. Using
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bismuth thus would be preferable as it turns waste into a useful product without requiring additional
mining, and each measure to increase the use of bismuth thus would be advantageous. This specific
resource situation of bismuth leads to the definition of the horizontal efficiency in chapter 5.1.5 on
page 197.

Figure 5-1: Interlinkage of metals in ores [127]

Banning base metals like lead on a global and macroeconomic scale can influence the amounts and
availability of the co-mined metals, the more if the co-mined metals are a substitute of the base
metal. Any decisions on metal ban therefore must take into consideration the effects on side metals.
These effects will be assessed in the following chapters.

5.1.1 Vertical Efficiency of Soldering Metal Use
So far, efficiency with respect to material use generally is understood as the amount of material
required to achieve a certain functionality or to create a specific economic value. This concept is
modified and expanded to adjust it to the specific requirements of sustainable development in the
context of metal use.

184

η=

number of functionalities or economic value
material mass applied

Equation 5-1: Conventional definition of resource efficiency

η

Resource efficiency

The above efficiency definition refers to the use of a material in the upstream value chain, from raw
material extraction to its application in a product. It is therefore referred to as “vertical efficiency”.
The definition of efficiency in Equation 5-1 is not adequate to describe the sustainable use of metals.
Metals have the potential for infinite life cycles. The use of a metal therefore does not compromise
the abilities of future generations to use the metal as long as in the EoL phase it remains available
within the technosphere for future uses (see chapter 4.1.2 on page 123, Consequential Mass Flow
Approach). The crucial issue is the loss of metals from the technosphere into the environment and
the resulting consequences for energy consumption, toxicity and resources, not the application of the
metal.
Additionally, the above definition assumes that all materials are of equal environmental value or of
equal importance with respect to sustainable development. In this approach, the use of one kilogram
of lead equals the use of one kilogram of silver or gold. Considering the fact that silver or gold are by
far scarcer than lead, the definition of efficiency in Equation 5-1 has clear shortcomings. (Also see
[72], Huisman, The QWERTY/EE concept).
The vertical efficiency η V therefore is defined taking into account the different ecological value and
properties of metals. The definition of vertical efficiency is life cycle based. It can thus take into
consideration the fact that only the metal releases at EoL turn metal use into metal consumption.
Thus, not the gross use of metals is crucial in this definition, but the net consumption of ecological
and economical values over the life cycle.
The losses of ecological value of a metal comprises:
¾ the resource value of the metals released into the environment (via resource depletion)
¾ the toxicity or the toxic potential released into the environment with the metals throughout
the life cycle. The metal emissions can degrade eco-systems and thus result in ecological
losses.
¾ the energy consumption of metal mining and smelting, processing and in the end-of-life phase

The definition of vertical efficiency first is considered for the functionality. The economical aspects in
this context are considered in chapter 5.1.3 on page 191.
The vertical efficiency is separated into 3 different vertical efficiencies:
¾ vertical efficiency of energy use, or energy efficiency

η v (energy)

¾ vertical efficiency of toxic potential or efficiency of toxic risk reduction
¾ vertical efficiency of resource use or resource efficiency

η v (tox)

η v (resource)
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The final weighting of these three parameters of vertical efficiency is considered a societal, political
task, not as a scientific one. This work therefore will just show the efficiency changes through leadfree soldering.

ηV (energy) =

number of functionalities
(I)
energy consumption

ηV (toxicity) =

number of functionalities
(II)
toxic potential or toxic risk related to the use of metals
number of functionalities (III)
loss of resource value

ηV (resource) =

Equation 5-2: Basic definition of vertical efficiency

The definition thus follows the basic approach of Schaltegger and Sturm [108], but extends the
consideration to the ecological and resource losses over the total life cycle of the metal or
application.
Mathematically, the above vertical efficiency equations can be expressed as follows:

ηV (energy) =
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Equation 5-3: Mathematical definition of vertical functional efficiencies
Ni
k
mi,k

total number of functions of metal i in product
life cycle stage
mass of metal i in the product in life cycle stage k

ei,k

energy investment into metal i; lost to environment in life cycle stage k

τi

toxic potential of metal i

ϑi

resource value factor of metal i

λi ,k

overall recycling rate of metal i in life cycle stage k

1 − λi ,k

overall loss of metal i to the environment in life cycle stage k
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The number of functionalities in each life cycle stage (e.g. solder manufacturing, PWB assembly and
soldering, use phase) is summed up and divided by the sum of the respective environmental or
resource performance in each life cycle stage to obtain the final result for each of the three vertical
efficiency parameters.
The definition takes into consideration the environmental and resource impacts related to the use of
of different metals. Additionally, this approach differentiates between use and consumption of metals
according to the consequential mass flow approach in chapter 4.1.2 on page 123. It makes a
difference, whether a product uses one gram of lead or one gram of silver throughout its life cycle.
The energy consumption in processing will be different as well as the potential toxicity and the
resulting risk of hazardous impacts, in case the one gram or part of it are released into the
environment. Thus, it makes a difference, too, whether a product uses or wastes one gram of silver
or lead. While the use of silver and lead does not yet generate any losses of resource value (see
chapter 4.3 on page 145) according to the consequential mass flow approach, the loss of these
metals to the environment deletes resource values, which additionally then is different for silver and
lead.
Thus, in opposite to the basic Equation 4-4 on page 132, the vertical efficiency definition is based on
the life cycle of the metals in a product and takes into account the different ecological and resource
impacts (ecological and resource performance) of the metal application in a specific product.
The vertical efficiency increases if
¾ the same functionality can be achieved with less metal losses to the environment and thus
less resource value losses, and less potential toxicity released into the environment. Higher
collection and recycling rates of metals, improved EoL processes etc. thus can increase the
toxicity, resource and energy functional efficiency of metal use.
¾ if the mining and smelting and the processing of a metal or an alloy is becoming more energy
efficient, as the energy consumption over the life cycle then is reduced.
¾ the same functionality can be achieved with a metal or alloy replaced by another metal or
alloy with less resource value, less energy consumption throughout the life cycle, or with a
lower toxic potential or related risk of hazardous impacts, if the other conditions (EoL and
manufacturing phase) remain unchanged.
¾ the achieved functionality can be increased at otherwise unchanged conditions
¾ if both the functionality AND the ecological and resource performance increase
A product that provides a maximum of functions and uses the recycling potential of a metal with
minimum energy consumption, minimum resource value losses and minimum toxic releases into the
environment thus is highly vertically efficient.

5.1.2 Functional Vertical Efficiencies of to Lead-free and Tin-Lead Soldering Material Use
Lead-free solders and finishes have to provide the same basic functions like their tin-lead
counterparts: forming a reliable mechanical and electrical interconnect between the component and
the printed wiring board (PWB). Depending on the concrete application, other properties of solder
joints can become important as well, e. g. the thermal conductivity and high temperature resistance
of lead-free solder joints, the ductility etc.
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Lead-free and tin-lead solder joints have the same basic properties, although to a different degree.
Lead-free soldering offers more material variety for solders and finishes. The material selection and
the combination of different alloys results in different properties. The material selection in lead-free
soldering thus requires more consideration than in tin-lead soldering. Additionally, changes in the
PWB design and the solder processes affect the solder joint properties and thus can contribute to
achieve a specific functionality.
The many different solders and finishes in the substitution scenario and their combinations offer too
many possibilities for a detailed functionality assessment. It is therefore assumed that an appropriate,
application specific material selection, optimized design and processing of the lead-free soldering
materials can provide the same functionality in the manufacturing and use phase like tin-lead soldering
materials.
The functionality for the assessment is limited to the manufacturing and use phase of the soldering
materials. The functionalities for the other life cycle phases are either unknown (mining and smelting)
or are assessed as environmental or resource performance e. g. in the EoL phase as metal specific
recycling rate or energy consumption etc.
For the comparison, the vertical efficiencies of lead-free soldering materials can be normalized with
the vertical efficiencies of lead-containing soldering materials resulting in the following equations:

Ni = N ′i ⇒
Ni

Number of functions of metal or alloy i in tin-leadly soldered product
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Number of functions of metal or alloy i in lead-free soldered product
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Equation 5-4: Normalized vertical functional efficiencies of lead-free soldering material use
Ni
k
mi,k

total number of functions of metal i in product
life cycle stage
mass of metal i in the product in life cycle stage k

ei,k

energy investment into metal i in life cycle stage k

τi

toxic risk or potential of metal i in life cycle stage k
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ϑi

resource value factor of metal i

λi ,k

overall recycling rate of metal i in life cycle stage k

1 − λi ,k

overall loss rate of metal i to the environment in life cycle stage k

Normalized efficiency values of higher than “1” indicate a higher efficiency of lead-free soldering
material use, values of “1” stand for equal efficiencies.

Vertical Energy Efficiency
The energy consumption for tin-lead and lead-free soldering was already calculated in chapter 4.2.3
and chapter 4.2.4 on page 133. Using these figures in Equation 5-4 (I) for different collection and
recycling rates gives the result depicted in the below figure.
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Figure 5-2: Functional energy efficiency of lead-free soldering material use in percentage of tin-lead soldering material
use (100 %: tin-lead soldering)

The functional energy efficiency per functionality is lower for lead-free soldering material use,
between around 70 % and 76 %. It increases with the collection and recovery rate, as lead-free
soldering materials benefit more from recycling than tin-lead soldering materials (see chapter 4.2 on
page 129).
The functional energy efficiency in Figure 5-2 at the same time shows the energy consistency of leadfree soldering material use (see chapter 5.2.2 on page 209).
The result underpins the previous findings that higher collection and recovery rates are essential, in
particular for the use of lead-free soldering materials.

189

Vertical Functional Efficiency of Toxic Potential Reduction
The toxic releases into the environment are available in chapter 4.3.2 on page 148. For the
assessment, the toxic potential was used, not the risk of hazardous impacts for emissions into air and
industrial soil. Chapter 4.3.2 shows that the reduction of the toxic potential of metal emissions goes
hand in hand with the reduction of the related impacts. As exact data for the worldwide split of
metal emissions into air and soil are not available, the toxic potential was used.
The values of the toxic potential of the lead-free and tin-lead soldering metal emissions from Figure
4-9 on page 147 can be used in Equation 5-4 (II) to calculate the efficiency of toxic potential
reduction, which Figure 5-3 shows over the collection and recycling rate. The reduction of the toxic
potential in its tendency corresponds to the reduction of the toxic impacts (see chapter 4.3 on page
145) related to the use of the lead-free soldering materials in the substitution scenario.
Lead-free soldering is more than four times and up to almost six times more efficient in reducing the
potential toxicity and the risk per function. Recycling further on increases the efficiency advantage of
lead-free soldering soldering material use further on, as the lead-free soldering materials, in particular
silver and nickel as main toxicity drivers, benefit more from recycling, as explained in chapter 4.3.2 on
page 148.

TPI Reduction Efficiency of Pb-free
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Figure 5-3: Efficiency of toxic potential reduction of lead-free soldering material use

(tin-lead soldering = 100 %)

The above result for the functional efficiency at the same time represents the result of the
consistency of metal emissions toxicity, as explained in chapter 5.2.2 on page 209.
Higher collection and recycling therefore again are recommended as a conclusion of this result.
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Vertical Functional Resource Efficiency of Lead-free Soldering
Inserting the values of resource value losses in Figure 4-12 on page 154 into Equation 5-3 (III), the
resource efficiency can be calculated with. Figure 5-4 shows the results.
The vertical functional resource effiency of lead-free soldering only is around 30 to 65 % compared
to that of tin-lead soldering, depending on the collection and recovery rate.
The noble metals silver and gold are the main drivers of resource value losses in lead-free soldering.
These metals at the same time benefit most from collection and recovery of WEEE, as explained in
chapter 4.3 on page 145. This explains the strong efficiency increase with increasing collection and
recovery rates.

Relative Functional Resource Efficiency of
Lead-free

The results of the vertical functional efficiency assessment underpin the importance of increasing the
collection and recovery rates. The currently low rates are inefficient as far as it was assessed in this
work.
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Figure 5-4: Vertical functional resource efficiency of lead-free soldering efficiency as ratio of tin-lead soldering efficiency

(based on the Pré Consultant EFSOT surplus energy factors [2] (tin-lead soldering = 100 %)

5.1.3 Vertical Economical Efficiency – the Eco-Efficiency
The vertical economic efficiency is defined as eco-efficiency. The manufacturers’ target in the context
with material use is to create a maximum of economical value at minimum cost. This cost for the
manufacturers was compiled in the total cost of ownership (TCO) of tin-lead and lead-free soldering
materials use (see chapter 4.3 on page 145).
From the sustainable development point of view, and according to the consequential mass flow
approach applied in this work (chapter 4.1.2 on page 123), the objective is reducing the absolute
losses of ecological and resource value over the life cycle. For the environment, e. g., it is not essential
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whether 10 % or 50 % of the total ecological value in a metal or product are lost. It is the absolute
loss, which must be minimized.
From the economical point of view, the focus in on the overall cost of the material substitution. The
total cost of ownership (TCO) for the manufacturers reflects the cost related to the use of the tinlead and the lead-free soldering materials in the lead-free soldering scenario (see chapter 3.2 on page
71).
Equivalently to the vertical functional efficiency, the eco-efficiency expressed with three parameters,
which are defined as follows:

Constant
Total Cost of Ownership of Metal Use (I)
Eco − Efficiency (energy) =
Total Energy Consumption
Constant
TotalCostof Ownershipof MetalsUse
Eco− Efficiency(toxicityreduction)=
TotalToxicPotentialor Riskof MetalReleasesintoEnvironmen
t
(II)

Constant
Total Cost of Ownership of Metal Use (III)
Eco − Efficiency (resources) =
Total Resource Value Lost to Environment
Figure 5-5: Basic definition of eco-efficiency

The above constants are introduced to obtain an efficiency value without a unit. Mathematically, the
eco-efficiency ηp is expressed as:

CE

ηp (energy) =

∑ TCO
i

i ,k

ηP (toxicity) =

i

∑ mi ,k ⋅ ei,k ⋅ (1 − λi ,k )

=

CE
(I)
m
⋅
e
⋅
(
1
−
λ
)
⋅
TCO
i
∑ i ,k i,k
i ,k
i ,k

CT
(II)
m
⋅
τ
⋅
(
1
−
λ
)
⋅
TCO
i
∑ i ,k i
i ,k
i ,k

ηp (resource) =

CR
(III)
∑ mi ,k ⋅ ϑi ⋅ (1 − λi,k ) ⋅ TCOi
i ,k

Equation 5-5: Mathematical definition of eco-efficiencies

CE

energy constant with value of 1 [ J ⋅ Euro ]

CT

toxicity constant with value of 1 [ Euro ⋅ (Toxic Potential Unit) ], e. g. TPI)

CR
k
i
TCOi

resource constant constant with value of [ MJ ⋅ Euro ]
life cycle stage
type of metal or alloy
total cost of ownership of metal or alloy i for manufacturers

mi,k

mass of metal or alloy i in life cycle stage k
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ei,k

energy investment into metal i

τi

toxic risk or potential of metal i

ϑi ,k

resource value factor of metal i in life cycle stage k

λi,k

recycling rate of metal i in life cycle stage k

1 − λi,k

overall loss rate of metal i in life cycle stage k

With this definition, the eco-efficiency increases, if the total cost of ownership (TCO) for the use of a
metal or an alloy declines. The same is the case, if the ecological or resource loss related to the metal
or alloy use is reduced, or if both the TCO and the environmental losses can be minimized.
The above eco-efficiency definitions are applied to lead-free soldering in the following chapter.

5.1.4 Eco-Efficiencies of Lead-free and Tin-Lead Soldering Material Use
Using the above equations and the results of the environmental, resource and economical
assessments, the following figures show the eco-efficiency of the use of tin-lead and lead-free
soldering materials in the substitution scenario (see chapters 3.2.2 and 3.2.3 on page 84 ff).

Energy-Eco-Efficiency
The TCO of soldering material use for manufacturers was assessed in chapter 4.5.4 on page 177 ff,
the energy consumption in chapter 4.2.4 on page 135. Using these values in Equation 5-5 (I), results
in the energy eco-efficiency as it is depicted in Figure 5-6.
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Figure 5-6: Energy eco-efficiency of lead-free and tin-lead soldering material use
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Figure 5-6 shows that the eco-efficiency of energy use is by far higher for the tin-lead soldering
materials than for the soldering materials in the substitution scenario. The TCO of lead-free soldering
materials use is higher (see chapter 4.5.4 on page177), as well as the energy consumption for the
application of lead-free soldering materials (see chapter 4.2.3 on page 133). Both effects decrease the
energy eco-efficiency of lead-free soldering material use.
Collection and recovery of WEEE increases the eco-efficiency of energy use for both tin-lead and
lead-free soldering metals. However, the cost and the energy consumption for collection and
transport is not included into the calculation. It must therefore be assumed that the increase of the
energy eco-efficiency is less than in the figure, in particular for higher recycling rates. As more detailed
data are not available, the effect cannot be quantified.

Eco-Efficiency of Toxicity Reduction
This chapter addresses how eco-efficient the lead-free soldering materials in the substitution scenario
can reduce the toxic potential or the toxic impacts. The base of the calculation are the toxic
potential of metal releases into the environment (Figure 4-9on page 147) and the TCO of soldering
material use for manufacturers in chapter 4.5.4 on page 177 ff. Using these values in the ecoefficiency equation for the toxicity reduction (Equation 5-5 (II)) on page 192) yields the results
depicted in Figure 5-7.
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The eco-efficiency of the toxic potential reduction is clearly higher for the use of the lead-free
soldering metals despite of the higher total life cycle cost linked to the application these metals
(chapter 4.5.4, page 177). The reduction of the toxic potential and the related risk of the metal
emissions into the environment (chapter 4.3.2 on page 148) overcompensates the higher TCO of
lead-free soldering material use. The lead-free soldering materials are highly eco-efficient in reducing
the related toxic potential and the toxic risk.

Collection and Recovery Rate
Figure 5-7: Eco-efficiency of toxicity reduction of lead-free and tin-lead soldering material use

Recycling increases the eco-efficiency both for the use of the tin-lead and the lead-free soldering
metals. Silver and nickel besides tin contribute most to the toxic potential of the lead-free soldering
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materials (see Figure 4-10 on page 148). The high recycling rates of silver and nickel of more than
95 % and around 80 % respectively decrease the toxic potential of the lead-free soldering metals
with increasing recycling rates. The lead-free soldering materials profit more from recycling than the
tin-lead ones. The figure underlines the importance of recycling, which can even more increase the
eco-efficiency of toxic potential reduction for the lead-free soldering metals.
Here as well, the cost increase of collection and transport for higher recycling rates towards 100 %
could compensate or at least weaken the effect. Due to data gaps, the recycling cost cannot be
assessed.

Resource Eco-Efficiency
The figures of the resource value losses from lead-free and tin-lead soldering material use are
available in chapter 4.3 on page 145 ff, the TCO of soldering material use for manufacturers in
chapter 4.5.4 on page 177 ff. Applying these values in Equation 5-5 (III) on page 192 gives the results,
which Figure 5-8 illustrates.
The reduction of resource losses is more eco-efficient with the use of the tin-lead soldering metals.
The higher TCO of the lead-free soldering metal use and the higher losses of resource value (see
Figure 4-12 on page 154) both decrease the eco-efficiency of the lead-free soldering metal use.
Collection and recovery increases the eco-efficiency for the use of the lead-free and the tin-lead
metals. Although the use of lead-free soldering metals benefits more from recycling, the ecoefficiency clearly remains higher for the use of the tin-lead soldering materials across all collection and
recycling rates.
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Figure 5-8: Resource eco-efficiency of lead-free and tin-lead soldering materials use
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Relative Eco-Efficiency of Lead-free Soldering Material Use
For a better overview and comparison, the eco-efficiency parameters of lead-free soldering material
use in Equation 5-5 on page 192 are normalized with those from tin-lead soldering:

ηp =

η′p
ηp

Equation 5-6: Eco-Efficiency of lead-free soldering materials use normalized with tin-lead soldering materials use

Figure 5-9 displays the result of this calculation for all three kinds of eco-efficiencies in Equation 5-5
on page 192. It shows the high eco-efficiency of the toxic potential reduction of metal releases into
the environment with lead-free soldering materials. The use of lead-free soldering metals in this
respect is around 2.2 times more eco-efficient at the assumed worldwide collection and recovery
rate of 10 %. Recycling increases this advantage to around 2.3 times at 30 % recovery and to around
2.5 times the eco-efficiency of the tin-lead soldering metal use at 60 % recovery rate. Higher
collection and recycling rates are more beneficial for lead-free than for tin-lead soldering materials.
More collection and recovery in particular reduces the emissions of the main toxicity driver silver and
at the same time reduces the TCO via increasing EoL profits compared to tin-lead soldering material
use (see Table 4-20 on page 175).

Eco-Efficiency of Pb-free in % of Tin-Lead

350%
300%
250%

Energy-EcoEfficiency

200%
Eco-Efficiency
of Toxicity
Reduction

150%
100%

Resource-EcoEfficiency

50%
0%
0%

10%

20%

30%

40%

50%

60%

70%

80%

90% 100%

Recycling in % of Produced PWBs

Figure 5-9: Eco-efficiency of lead-free soldering materials use normalized with tin-lead soldering materials use (SnPb =
100 %)

The resource eco-efficiency of lead-free soldering metal use is only around 16 % at 10 % WEEE
collection and recovery compared to the tin-lead soldering metal use. Recycling increases the ecoefficiency to around 18 % (at 30 % collection) and to around 22 % at 60 % recycling. The ecoefficiency of lead-free soldering materials thus benefits more from recycling than that of the tin-lead
soldering materials. The reasons behind are the high recycling rates of the main resource value loss
drivers silver and gold. Additionally, higher recycling rates reduce the TCO via the increase recycling
profits.
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The energy eco-efficiency is higher than that of the resource eco-efficiency, but still substantially
lower than for tin-lead soldering material use: only around 34 % at 10 % recovery rate, around 35 %
at 30 % recovery rate, and around 37 % for 60 % recovery rate. Both the use of tin-lead and leadfree soldering metals profit almost equally from recycling. Higher recovery and recycling rates thus
only have a small effect on the energy eco-efficiency compared to the other eco-efficiency
parameters.
The use of lead-free soldering metals thus considerably increases the eco-efficiency of toxicity
reduction, but it is inferior in the energy and resource eco-efficiency. Higher WEEE collection and
recovery rates can improve the situation in particular for the resource eco-efficiency and for the
toxicity reduction eco-efficiency.

5.1.5 Horizontal Efficiency
The vertical efficiency describes the efficiency of a metal in a in a specific application for a specific
functionality based on the metal life cycle. The vertical efficiency refers to the upstream processes
starting from mining and smelting to the product, and the downstream processes, from the product
to the EoL phase. The vertical efficiency, however, does not take into account the specific resource
situation of metals. It must be complemented with the horizontal efficieny.
Figure 5-1 on page 184 shows that the resources of metals are interlinked via the ores, like for
instance lead as the base metal, and silver, gold and bismuth as co-mined metals in the lead ores.
Bans of a metal like lead, e. g., thus influence the resources and the supplies of other metals as well.
This metal specific situation requires a second type of efficiency referring to how much of the metals
in mined ores are used, and how much the decision of material bans influence the mining of specific
ores. Bismuth, e. g. is mined with the lead ores, but most of the bismuth is not used, but ends up as
mining wastes, as chapter 5.1.6 on page 202 will show. Not using all metals in mined ores, like the
bismuth in lead ores, is not in line with the requirements of sustainable development assuming that
the unused resources are disposed of in a way that they are no longer available for further use in the
technosphere.
The sustainability target therefore must be to use as much as possible of the metals from mined ores
in order to avoid metal losses, and at the same time reduce the mining of metals to the minimum in
order to save the resources for coming generations.

Definition of Horizontal Efficiency
Equivalently to the definition of vertical efficiency, the ecological value of the metals must be included
into the definition. It makes a difference whether one gram of lead is wasted, or one gram of silver,
and it makes a difference, whether the ban of a metal increases the mining of scarce resources like
gold or of more abundant ones like lead.
The sustainability strategy behind this target is defined as “Horizontal Efficiency”. In contrast to the
vertical efficiency, it does not refer to up- and downstream processes.
The horizontal efficiency

ηH =

η H is therefore defined as follows:

resource value of metals used from mined ores
resource value of mined metals

Equation 5-7: Basic definition of horizontal efficiency

The resource value factors based on the surplus energy concept express the resource value of a
metal. These factors were already used in chapter 4.3 on page 145 ff to calculate the resource value
losses from soldering material use.
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Equation 5-7 mathematically can be expressed as follows:

∑ m ⋅ϑ ⋅ λ
=
∑ m ⋅ϑ
i

ηH

i

i

i

i

i

i

Equation 5-8: Mathematical definition of horizontal efficiency

mi
i

mass of metal i in mined ores
type of metal

λi

ecological value of metal in ore
overall use rate of metal i from mined ores into the environment

ϑi

The sustainability target is approximating the horizontal efficiency to the maximum of “1”. Each
decision to ban or restrict the use of a metal must take into account the specific resource situation of
metals. The ban of lead, for instance, could increase lead-mining in order to have enough bismuth
and silver substituting lead in solders and finishes. Prior to such decisions, the effects on the
horizontal efficiency should be forecasted.

Classification of Horizontal Efficiency Changes
The changes of horizontal efficiency can be expressed as follows:

ΔηH =

Δ∑ mi ⋅ϑi ⋅ λi
i

Δ∑ mi ⋅ϑi
i

Equation 5-9: Change of horizontal efficiency

Figure 5-10 shows a classification of horizontal efficiency changes starting from a given point as
indicated in the metal of the figure.
The term

∑ m ⋅ϑ
i

i

at the ordinate characterizes the resource value in the mined ores. The abscissa

i

term

∑ m ⋅ϑ ⋅ λ
i

i

i

stands for the resource value, which is used from the mined ores.

i
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Figure 5-10: Changes of horizontal efficiency starting from a current status

The next section shows how the different increases and decreases in the figure are characterized
mathematically and gives examples for each category.
Note that decreases have a negative algebraic sign, increases a positive one! The decrease -

Δ∑ mi ⋅ ϑi

(reduction of mined resource value) has a positive influence on the horizontal

i

∑ m ⋅ϑ ⋅ λ

efficiency, the decrease - Δ

i

i

i

(reduction of resource value used from mined ores) a

i

negative one!
1) Absolute Increase of Horizontal Efficiency
The resource value of the metals in mined ores decreases, and the ecological value of the
metals used from the mined ores increases.

Δ∑ mi ⋅ ϑi < 0 < Δ∑ mi ⋅ ϑi ⋅ λi
i

i

Equation 5-10: Absolute increase of horizontal efficiency

This case is the optimum case of horizontal efficiency change.
Fictive example:
The ban of lead or improved lead recycling reduces the overall mining activities. The
resource value of the mined metals thus decreases due to reduced demand. According to
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the core requirement of sustainability, a reduced demand is positive as it compromises less
the ability of future generations to use the resource.
At the same time, either the lead or other metals from the mined ores can be better
extracted due to technology improvements. Another possibility is that a metal, which before
was not used, as there was no demand, is now used and thus no longer becomes waste.
Both effects reduce the resource value, which is released into the environment in mining, and
thus increase the resource value, which is used from the mined ores.
2) Relative Increase I of Horizontal Efficiency
The mined metal resource value and the share of the resource value used from it both
increase. The increase of the mined resource value decreases the horizontal efficiency, while
the increased usage of the mined resource value increases it. If the increase of the mined
metal resource value is smaller than the increase of the metal resource value used from the
mined ores, the overall horizontal efficiency increases.

0 < Δ∑ mi ⋅ ϑi < Δ∑ mi ⋅ ϑi ⋅ λi
i

i

Equation 5-11: Relative increase I of horizontal efficiency

Fictive example:
An increased lead demand triggers the mining of more lead ores. The mined resource value
increases, if the mining activities of other ores remain constant. This effect decreases the
horizontal efficiency.
At the same time, an increased demand of zinc and bismuth, which are co-mined with lead
ores, increases as well. It becomes economically viable to extract a higher share of these
metals from the lead ores. This additional resource value usage increases the horizontal
efficiency. If the resource value of this additionally extracted bismuth and zinc is higher than
the resource value in the additionally mined lead ores, the overall horizontal efficiency
increases.
3) Relative Increase II of Horizontal Efficiency
The resource value of both the mined metals and of the metal share used from the mined
metals decreases. While the first effect increases the horizontal efficiency, the decrease of the
used resource value reduces the horizontal efficiency. The reduction of the mined resource
value is higher than the resource value decrease of the metal share used from these mined
metals.

0 > Δ∑mi ⋅ϑi ⋅ λi > Δ∑mi ⋅ϑi
i

i

Equation 5-12: Relative increase IIof horizontal efficiency

(NOTE: decreases have a negative algebraic sign!)

Fictive example:
The demand of lead and thus also the lead mining decreases. If all other mining activities are
constant, the mined resource value decreases. At the same time, the demand for co-mined
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metals like zinc and bismuth decreases. It is no longer economically viable to extract these
metals from the mined ores and they end up as mining wastes. The resource value of these
mining wastes, however, is smaller than that of the avoided lead ore mining. The overall
horizontal efficiency increases although the increasing share of mining wastes decreases the
horizontal efficiency.
4) Relative Decrease I of Horizontal Efficiency
Both the mined resource value and the share of the resource value used from it increase.
The increase of the mined resource value reduces the horizontal efficiency. The increased
share of resource value usage increases the horizontal efficiency. The overall horizontal
efficiency decreases, if the increase of the mined metal resource value is equal to or higher
than the increase of the resource value share used from it.

0 ≤ Δ∑ mi ⋅ ϑi ⋅ λi ≤ Δ∑ mi ⋅ ϑi
i

i

Equation 5-13: Relative decrease of horizontal efficiency I

(NOTE: decreases have a negative algebraic sign!)
Fictive Example:
Less lead demand decreases the lead mining. This effect increases the horizontal efficiency, if
the mining of other metal ores is constant. At the same time, the demand for zinc and
bismuth decreases as well and reduces the resource value used from the mined ores. This
effect decreases the horizontal efficiency. The overall horizontal efficiency is negative, if the
resource value of the avoided mining is smaller than the resource value of the additionally
wasted zinc and bismuth.
5) Relative Decrease II of Horizontal Efficiency
Both the mined resource value and the resource value used from it decrease. The smaller
mined resource value increases the horizontal efficiency, the reduced share used from it
decreases the horizontal efficiency.
The horizontal efficiency decreases, if the resource value of the avoided lead mining is smaller
than the resource value of the reduced bismuth and zinc share used from these ores.

0 ≥ Δ∑ mi ⋅ ϑi ≥ Δ∑ mi ⋅ ϑi ⋅ λi
i

i

Equation 5-14: Relative decrease of horizontal efficiency II

The demand for lead and thus also lead mining decreases. If the mining of all other ores is
constant, the mined resource value decreases as well. At the same time, the demand for comined metals like zinc and bismuth decreases. It is no longer economically viable to extract
these metals from the mined ores and they end up as mining wastes. The overall horizontal
efficiency decreases if the resource value of these mining wastes is higher than that of the
avoided lead ore mining.
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6) Absolute Decrease of Horizontal Efficiency
The resource value of the metals in the mined ores increases and the resource value of the
metals used from these mined ores decreases.

Δ∑ mi ⋅ ϑi ⋅ λi < 0 < Δ∑ mi ⋅ ϑi
i

i

Equation 5-15: Absolute decrease of horizontal efficiency

Fictive example:
The demand or lead lead mining increases. The mining of other ores is constant. The mined
resource value then increases as well. At the same time, the demand for zinc and bismuth
decrease, and a higher share of these metals ends up as mining wastes, as it is no longer
economically viable to extract them from the lead ores. This constellation is the worst
decrease of horizontal efficiency.

Legal Bans of Metals and Horizontal Efficiency
The horizontal efficiency approach is a macro-economic scale consideration with a worldwide scope,
as metal mining and the metal markets are globalized. Decisions of a single company to use or not to
use a metal will hardly influence the horizontal efficiency. Macroeconomic, legal decisions like the ban
of lead in electronics, however, with global impacts, influence the horizontal efficiency. With respect
to sustainable development, one objective of such decisions should therefore be the increase or at
least no decrease of the horizontal efficiency.
At a time t1 after the launch of a measure interfering with metal mining and smelting, the horizontal
efficiency must be higher than or equal to the status before this measure.

ηH (t1 ) ≥ ηH (t 0 )
Equation 5-16: Increase of horizontal efficiency

t0
t1

time t=0
time t > t0

The time t1 is the reaction time until the mining and smelting activities are in a balance again after a
legal decision to ban a metal in a specific application. This time is several years. It takes around two to
25 years, until the soldering metals in lead-free solders will come back for recycling with WEEE. The
reaction times of metals cycles are a complex interference of geophysical resource situations,
economical impacts and demand adaptations. VERHOEF has developed a simulation tool and has
shown these effects [127]. It would have been a useful contribution to calculate the resource mining
and smelting impacts of the lead-free soldering substitution scenario, which was, however, not
possible, as there was no access to this simulation tool.
The horizontal efficiency impacts of the lead-free solder and finish substitution scenario can therefore
only be estimated for the single metals in the next chapter.

5.1.6 Horizontal Efficiency of Bismuth Use as Lead Substitute
Bismuth will replace lead in solders and finishes due to the ban of lead in the WEEE directive. Leadfree soldering will increase the consumption of bismuth for around 1,400 t. This corresponds to
around 30 % of nowadays mining production of around 4,000 t [125]. Other sources indicate the
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bismuth-mining production with 7,000 to 8,000 t [97], which means an increase of around 15 % of
the mining production. In any case, this high additional demand might have considerable impacts on
the mining, as the following bismuth source analyses will show.

Sources of Bismuth
Figure 5-11 shows the sources of bismuth by country. The Shizhuyuan mine in China’s Huang
province is the only operating mine of bismuth in the world, where lead is not driving the mining
activities [11]. In 2000, this mine produced around 15 % of the world bismuth production [11],
around half of China’s bismuth production. One of the economic drivers there is tungsten. The mine
holds for around 10 % of the global tungsten production [11].
Canada and Bolivia have bismuth mines, but they have both been shut down [11]. North Korea,
Vietnam and Brazil have multi-mineral mines with higher concentrations of bismuth [125].
Additionally, some bismuth is produced from copper and gold ores [11], [125] in Australia [11], with
tin ores in Bolivia [11], and with tungsten in South-Korea [11]. Their contributions to the world
bismuth market in total are around 4 %, as Figure 5-11 shows (“Other countries”).
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32%
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Figure 5-11: Share of different countries in the world mining production of bismuth in 2002, Source: USGS [125]

In total, only around 20 % of bismuth on the market are not related to lead-mining. The rest of
around 80 % of bismuth is produced as a by-product from lead mining.
The question arising from this fact is, whether the ban of lead via the use of bismuth in lead-free
soldering materials increases the lead mining.
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Increase of Lead-Mining for Bismuth Production?
The bismuth content of lead ores differs, and some lead ores are even almost bismuth-free. The
average content of bismuth in Pb ores is around 1/200 or 0.5 % that of Pb [11], including the
bismuth-poor lead ores [69].
The additional 1,400 t of bismuth for lead-free soldering materials in average could require additional
mining of the following amount of lead:
1,400 t * 200 * 80 % = 224,000 t
This would require an increase of lead mining for around 7 %. The substitution of lead in solders,
however, even could reduce lead mining for around 0.5 % (see chapter 3.4.3 on page 117).
A look at the lead mining activities reveals that the lead mines globally produce around 3 mio t of
lead every year [125]. If the bismuth content of all the lead ores in average is around 0.5 % that of
lead, the annual mining of bismuth together with Pb could be basically around
3,000,000 t : 200 = 15,000 t
The annual global mining production of bismuth is indicated with around 4,000 t to 8,000 t per year
[125], [97]. Around 20 % (1,600 t) of this amount of bismuth are from other than lead mines.
The amount of additionally available bismuth from lead-mining thus could be at around

15,000 t − 80 % ⋅ 8,000 t ≈ 9,000 t

Additional Use of Bismuth and Mining Activities
The above calculation indicates that bismuth should be available abundantly from Pb mines to cover
the additional demand of 1,400 t emerging from lead-free soldering. There should even be room for
even more use of bismuth in soldering materials, as far as this is technically viable. At current bismuth
prices, for economical or other reasons, the bismuth in lead ores is not processed to bismuth metal.
It is separated from the lead ores in floating processes, ends up in the drosses of the ore
concentration processes and is disposed off, mostly on the mining site.
The lead mining and refining activities of the past also should have produced big amounts of such
wastes containing bismuth. Whether and how far the bismuth in these mining wastes of the past
could be used if the demand increases, could not be cleared.
As an alternative to bismuth-production from lead ores, the mining in the bismuth-rich mines that
have been shut down could be started as well. However, this seems to be the more expensive way
[98]. The multi-mineral mine in China producing about 15 % of the global bismuth production could
also increase its mining activities. There is no information available allowing a prognosis. This mine is
important but still only a minor part of the total bismuth production.
The additional bismuth demand in lead-free soldering thus should not or only to a minor degree
increase the lead mining activities, and it will probably not increase other mining activities, either. The
additional demand can be covered from lead and other ores whose bismuth content so far has been
treated as waste rather than useable resource. The additional demand of up to 30 % of bismuth in
lead-free soldering will thus contribute to turn waste, mainly from lead production, into a useful and
saleable product.

Horizontal Efficiency of Bismuth Use
Based on the above considerations about the use of bismuth as lead substitute in solders and finishes,
the bismuth use would increase the horizontal efficiency: The ban of lead could reduce lead-mining

204

for around 0.5 %, which would decrease the mined resource value assuming otherwise constant
mining conditions. As explained in the previous section, the resource value used from the lead ores
would increase with the additional bismuth use from the mined lead ores. These conditions –
reduction of mined resource value and increase of the used resource value – meet the requirements
of an absolute increase of horizontal efficiency. The blue arrow in Figure 5-12 indicates the described
situation qualitatively. Quantitative data allowing an exact assessment are not available. The use of
bismuth as lead substitute thus contributes to sustainable development, as it increases the efficiency
of the resource use.

Figure 5-12: Absolute increase of horizontal efficiency by bismuth use as lead substitute (blue arrow)

Use of Bismuth in Lead-free Solders
As the use of SnBi58 solder accounts for most of the additional bismuth consumption of 1,400 t, the
use of this solder contributes to save tin. The tin-lead solders contain around 60 % of tin, most leadfree solders even more than 90 % and thus substantially higher than the 42 % of tin in the BnBi58
solder.
The resource value of tin is around two times that of lead (see Table 4-7 on page 152). The recycling
rate of bismuth with around 65 % is also better than that of tin with only around 50 % (see chapter
3.3.3 on page 98), so that losses of bismuth in lead-free soldering applications are around 15 % less
than those of tin. The often cited statement that bismuth creates problems in copper type smelters,
is an issue, but only for some smelters, while others can handle it. It is therefore to be expected that
WEEE or fractions thereof with Bi contents above certain limits simply will be processed in smelters
that can handle this bismuth content. As the toxic potential of bismuth is low as well [40], at the
current state of knowledge there are no real barriers to the use of bismuth as long as it is technically
appropriate.
It must be mentioned that the resource value of bismuth with around 33 MJ is almost four times that
of tin, which puts the recommendation of the SnBi solder use into a different perspective. Assuming,
however, that the bismuth would be mining waste otherwise, it is still better to use it. Additionally,
the low melting point of the SnBi solder is a contribution to reduce the increased energy
consumption of lead-free soldering material use.
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5.1.7 Horizontal Efficiency of Silver as Lead Substitute
The use of silver in the lead-free solders and finishes of the substitution scenario will increase the
silver consumption for around 1,300 t per year, corresponding to around 7 % of the annually mined
silver.

Sources of Silver
Figure 5-13 shows that only 29 % of silver originate from primary silver mining. Lead/zinc mines
contribute 31 %, copper mines 26 %, and gold mining contributes 14 %. Lead-mining thus is the
biggest single source of silver.

Gold
14%

Others
1%

Primary Silver
29%

Copper
26%
Lead/Zinc
31%

Figure 5-13: Major sources of silver (average of 2002 and 2003, values from [56])

The classification of mines into lead-, silver-, copper or other mines depends on the economic driver
behind the mining operations. Primarily the economic profit defines the mine, not necessarily the ore
composition [56]. The copper mine, although one product of it is silver, is not operated for the silver
primarily, but for the copper. The copper is the economic driver for mining, and the silver is a
welcome and more or less important additional source of profit. The mining activities in the copper
mine, if they can be increased at all, for economic reasons follows the copper demand mainly, not
the silver demand.
It can thus be assumed that the around 7 % of additional silver demand for lead-free soldering will
mainly increase the mining activities in the silver mines. Nevertheless, the additional silver demand, via
increasing silver prices, might make profitable additional silver extraction from lead ores, similar to
bismuth. Data for a quantitative assessment are not available.

Horizontal Efficiency of Silver Use
If more silver ores are mined, it must be assumed that the silver will be extracted from these ores to
at least the same extent like before. The horizontal efficiency thus would be constant. The degree of
the use of the other metals in the silver ores, however, crucially influences the horizontal efficiency of
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the substitution. If the extraction of the other metals in the silver ores decreases, the horizontal
efficiency of the silver mining would decrease as well. No data have been accessible on silver ores. It
is therefore not possible to give any indication on whether and how far the additional mining of silver
influences the horizontal efficiency.
If the silver extraction from lead and from other ores increases at unchanged levels of mining
activities, as described in the previous section, the horizontal efficiency increases as well.
The data gaps do not allow assessing the overall horizontal efficiency of silver use in lead-free solders
and finishes.

Use of Silver in Lead-free Solders and Finishes
From the horizontal efficiency point of view, no recommendation can be given concerning the use of
silver in soldering materials. The use of silver in solders and finishes, however, has other adverse
environmental, economical and resource impacts, which do not allow recommending its use, as was
discussed in the chapters 4 on page 121 ff.

5.1.8 Horizontal Efficiency of Tin as Lead-Substitute
The lead-free soldering scenario will increase the tin consumption for around 10,000 t per year, or
around four to five percent of the annual tin mining.

Sources of Tin
Figure 5-1 on page 184 shows that tin is a base metal ore, but is also mined with other metals. The
origin of tin is estimated with around 95 % coming from tin mines [93]. This would mean that
probably the tin mines would mainly would have to cover the four to five percent increase of tin
consumption.

Horizontal Efficiency of Tin Use
The increase of tin mining would not influence the horizontal efficiency assuming that the percentage
of resource value use from the mined tin ores remains constant. The share of extracted tin and of
the co-mined other metals in the tin ore like antimony, zinc, lead, silver, niobium, indium, etc. then
would have to remain at a constant level as well.
There are no data available allowing any assessments of whether the resource value use from tin
ores actually would remain the same. It can be assumed that, as the increased tin consumption is the
driver behind, the tin usage from mined tin ores actually at least will remain at a constant level or
even increase. The effects on the co-mined metals, however, can neither be quantified nor estimated.
It is thus impossible to make any statement on the impact of the tin use on the horizontal efficiency.

Use of Tin in Lead-free Soldering Materials
From the horizontal efficiency point of view, no recommendation is possible for the use of tin in
solders and finishes. It was, however, already addressed that the low tin recycling rates of around
50 % in the copper smelters cause high tin resource value losses (see chapter 4.3 on page 145), even
at higher collection and recycling rates (see Figure 3-29 on page 108). From this point of view, the
substitution of lead for tin cannot be recommended, but is a question of technical alternatives. The
SnBi58 solder is the only solder whose tin content is even lower than in the tin-lead standard solders.
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5.1.9 Conclusions
The horizontal/vertical efficiency concept is a new approach taking into consideration the specific
resource situation of metals.
Bismuth is a byproduct of lead mining mainly. Contrary to popular assertions, the increased use of
bismuth as lead-substitute e. g. in lead-free soldering does not increase lead mining. Quite the
contrary, the use of bismuth has positive effects. It results in an absolute increase of the horizontal
efficiency and thus contributes to sustainable development.
The examples of silver and tin show that the applicability of the horizontal efficiency approach
currently suffers from data gaps. A broad application of the concept requires more data on a global
scale for
¾ the specific composition of the metal ores mined,
¾ their further processing during the preparation for the smelting process and the smelting
itself,
¾ the amounts of all metals in the ores, which are finally used from the mined ores and are
made available for use in the technosphere,
¾ and the interdependence of the mining of the different metals, which are influencing each
other via the co-mined metals. If, for instance, the availability of silver from lead ores
increases, this might affect the mining of silver from silver mines.

Such data are not available, or at least were not accessible for this thesis. The horizontal efficiency
approach for now could only be applied to bismuth, but can be expanded as soon as adequate data
become available.

5.2

Consistency

As explained in chapter 2.4.2 on page 40, the consistency strategy of sustainable development
requires adapting the rate or speed of changes to the carrying capacity of environmental, economical
and social systems. Consistency thus is dealing with the rate or speed of change rather than the
absolute degree of change.
The social consistency strategy will not be considered in this work. There was not sufficient evidence
that the ban of lead in solders and finishes could measureablly affect the capacity of societies to adapt
to changes triggered by the ban of lead in solders and finishes.

5.2.1 Economical Consistency
The substitution of lead in solders and finishes will cost the EEE manufacturers all over the world
around 3 billion Euro a year of additional manufacturing cost (see Figure 4-19 on page 180). This
additional annual cost does not include the transition cost from tin-lead to lead-free soldering for
example for new solder ovens, traning of staff, reorganization of the supply chain, research etc.
However, while the operational cost becomes due every year, the transition cost only occurs during
the transition period. Reliable data for the transition cost were not available. They could therefore
not be taken into account.
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The worldwide economical value of the production in the electrical and electronics industry is
around 2,000 billion Euro a year [53]. The additional 3 billion Euro of operational annual cost are
around 0.2 % of this annual production value. The transition period is short. Manufacturers will have
to switch their production within a few months up to around 1 year prior to the deadline July 1,
2006, when the RoHS Directive bans the use of lead in solders and finishes. The speed of this
change, the change rate, thus is very high. However, given the small increase of only 0.2 % of the total
production value, this change should not have overstressed manufacturers despite of the short time
period of the transition. Additionally, depending on the market situation and the competition,
manufacturers may fully or at least partially be able to hand on this additional cost to the customers.
A price increase of 0.02 % within a short period of time should not overstrain customers either. For a
TV, for instance, of 500 Euro, the increase would be one Euro.
The transition cost nevertheless may have been critical for some manufacturers. As the tranisition
cost only occured in the transition period, it should be of minor importance for the customers. The
substitution of lead in solders and finishes thus should not exceed the adaptation capapcities of
manaufacturers and customers.
As lead-free soldering uses different metals imported at least partially from other countries than the
tin-lead soldering materials, the ban of lead also affects the mining industry and economies of these
countries, which mainly are located outside the Eurpean Union. These impacts could not be assessed
within the scope of this work and must thus be neglected. As lead-free soldering only causes a minor
shift of mining activities, this impact should be negligible as well.
In total, the ban of lead in solders and finishes should be in line with the economical consistency
requirements of sustainable development.

5.2.2 Environmental Consistency
Material extractions from the environment and material releases into the environment both can
cause damages to the environment. The environment has a certain carrying capacity for the
consequences of extractions and emissions, which depends on the intervention and the material
properties like the toxic potential of emissions.
The operational strategy of environmental consistency requires limiting extractions and emissions to a
level, which does not exceed the carrying and assimilation capacities of the environment, as explained
in detail in chapter 2.4.2 on page 40.

Toxicity of Metal Emissions
Metals are chemical elements and as such non-degradable. They remain in the environment as
metals. Effects like precipitation in soils, rivers, lakes and the sea may immobilize metals and thus
remove them from the biological and non-organic material cycles. There were no data available how
much emission of which metals within a certain time nature may be able to immobilize and remove
permanently from the biological and non-organic material cycles. It is therefore assumed that
continuous metal emissions exceed the adaptation and carrying capacity of the environment and thus
result in an increase of the metal concentration in the environment and the associated toxic impacts.
The conclusion must be that the metal emissions must be reduced, which would mean to emit less
of the same soldering metals into the environment. An emission reduction from tin-lead soldering
materials e. g. via increased WEEE collection and recycling rates would have been the corresponding
strategy, which would have decreased the total toxic potential of metals emitted into the
environment as well as the possible impacts from these emissions. The European Commission had
decided that this measure might not be sufficient and, following the precautionary principle, banned
the use of lead in order to reduce the risk of toxic impacts. The crucial issue thus is whether and
how far the lead-free solders and finishes reduce the risk of toxic impacts from soldering materials.
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Chapter 4.3 on page 145 ff already addressed this environmental aspect. Figure 4-10 on page 148
and Figure 4-11 on page 150 show that the substititution of lead in solders and finishes cleary
reduces both the toxic potential as well as the toxic impacs of soldering materials from manufacturing
wastes and from EEE in the end-of-life phase.
Analogously to the efficiency definitions (see chapter 5.1 on page 183 ff), higher consistency of the
metal emissions from lead-free soldering material use is the desired efffect. The consistency of leadfree soldering material use is therefore related to the consistency of tin-lead material use. The
corresponding definition is
RelativeMetal Emission Consistency Lead - free =

Toxicity of Tin - Lead Soldering Metal Emissions
Toxicity of Lead - free Soldering Metal Emissions

Equation 5-17: Relative consistency of lead-free soldering metal emissions

Toxicity in the above definition refers to both the toxic potential and the actual toxic impact from
the metal emissions. The metal emission consistency of “1” indicates equal consistency for lead-free
and tin-lead soldering. Consistency values of higher than “1” indicate an improved situation for the
lead-free soldering materials. Mathemetically, this results in the same definition like the vertical
functional efficiency of toxicity reduction as defined in Equation 5-4 (II) on page 188:

ηV (tox. , Pb − free)
=
ηV (tox., conv.)
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k
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⋅ τ i′ ⋅ (1 − λi′,k )

For details concerning the formula see there.
The relative consistency of metal emssions thus is identical to the vertical functional efficiency of
toxicity reduction as long as the functionalities of tin-lead and lead-free soldering is assumed to be
identical. Figure 5-3 on page 190 depicts the results of the relative consistency of lead-free soldering
metal emissions in dependence of the collection and recycling rate.
The use of the lead-free solderin materialsmaterials in the substation scenario increases the
consistency of the metal emissions for at least 450 %. Higher collection and recycling rates further on
increase the consistency to more than 500 % compared to the use of tin-lead soldering materials.
Higher collection and recovery rates increase the consistency and therefore are desirable.
The ban of lead in solders and finishes and their substitution according to the substitution scenario in
Figure 3-11 on page 81 and Figure 3-15 on page 86 thus enourmously contributes to increase the
consistency of the metal emissions from soldering material use.

Emissions from Energy Generation
Additionally to the metal emissions, there are the emissions from energy consumption. Chapter 4.2.4
on page 135 ff shows that lead-free soldering increases the worldwide primary energy consumption
for around 0.002 %. The increase in the global carbon dioxide (CO2) emissions in the worst case is in
the same range assuming that the different energy sources used in the life cycle of soldering materials
are all fossile ones.
Carbon dioxide emissions as a driver for the greenhouse effect and climate change have increased
from around 280 ppm (parts per million) to around 380 ppm between the year 1750 and nowadays.
This increase and the carbon dioxide reduction efforts of the Kyoto protocol show that nowadays
emissions exceed the assimilation capacity of nature and will further on drive the climate change. As
climate change is a global thread, the additional carbon dioxide emissions from lead-free soldering
result in a further, although a very small increase of the already far too high greenhouse gas emissions.
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In this aspect, lead-free soldering is not in line with the consistency requirement. For other emissions
from the energy generation, global scale data were not available.
Given this background, any increase of carbon dioxide emissions is against the consistency
requirement of sustainable development. The consistency of carbon dioxide emissions must be
improved, if possible reduced to zero. In this sense, the ban of lead in solders and finishes clearly is
against the consistency principle of sustainable development.
Equivalently to the above definition in Equation 5-17on page 210, the the consistency of carbon
dioxide emissions or energy consumption is defined as:
Relative Consistency of Lead - free Soldering Energy Consumption =

Emissions from Tin - Lead Soldering
Emissions from Lead - free Soldering

Equation 5-18: Relative consistency of lead-free soldering energy consumption

Mathematically, the definition is equivalent to the definition of the vertical functional efficiency energy
use, as defined in Equation 5-4 (I) on page 188:

ηV (energy , Pb − free)
=
ηV (energy , conv.)
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For details concerning the formula see there.
The relative consistency of energy consumption thus is identical to the vertical functional efficiency of
energy consumption as long as the functionalities of tin-lead and lead-free soldering are assumed to
be identical. Figure 5-2 on page 189 depicts the results of the relative consistency of lead-free
soldering energy consumption in dependence of the collection and recycling rate. The consistency of
energy consumption in lead-free soldering is around 20 % to 30 % lower than for tin-lead soldering,
depending on the recycling rate. Higher collection and recovery rates increase the consistency, but
cannot enhance it to a level similar to that of tin-lead soldering.
The ban of lead in solders and finishes and their substitution according to the substitution scenario in
Figure 3-11 on page 81 and Figure 3-15 on page 86 thus is not a contribution to the consistency of
energy consumption and carbon dioxide emissions.

Consistency of Resource Consumption
The mining of the metals consumed in both tin-lead and the lead-free soldering causes environmental
effects. These effects in their change of the natural material circles as well as in their nature could
have adverse impacts on the environment and thus be not in line with the consistency principle of
sustainable development. Detailled data, however, are not available, at least not on a global scale and
to a degree that would allow the inclusion of this issue into this research work. This aspect is
therefore neglected.

5.3

Sufficiency - Technical Progress and Market Development

The next issue in the context of sustainable development is the sufficiency strategy, as explained in
chapter 2.4.2 on page 40.
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The sufficiency strategy aims at limiting the consumption of materials and energy. There is no
generally or internationally accepted absolute limit of consumption of materials or energy as an
implementation of the sufficiency strategy. Hence, there is no defined upper limit for the
consumption of soldering metals in the electrical and electronics industry, neither. For this work, it is
therefore assumed that the current level of soldering material consumtion is the upper limit, which
should at least not be exceeded.
The technological progress in the electrical and in particular the electronics industry – miniaturization
of electronics components and integration of ever more functionalities into these smaller
components - reduce the material consumption.
With respect to a material ban like the ban of lead, the question arises whether the technological
progress alone would not reduce the use of lead in soldering materials to a degree where the risk of
hazardous impacts from the lead emissions sinks to a negligible or at least tolerable level.
The main issue in this chapter hence is to assess whether the miniaturization and integration effect is
strong enough to compensate the increase of soldering material consumption due to the strong
market growth in the electrical and electronics industry.

5.3.1 Approach
Solders in electronics fix electronic components to PWBs in a mechanically and electrically reliable
way. In general, not the electrical or electronic functionality, but the component package – the size
and shape of the component containing the electrical functionality - decides about how much solder
it requires to fix the component to the PWB.
The current status and the future development of markets and technology determine the current
and future soldering metal consumption in the electrical and electronics industry. These trends and
their consequences for solder consumption must therefore be investigated and quantified.
Technologically, miniaturization of components with concurrent integration of functionalities are ongoing trends in the electronics industry. Miniaturization and integration reduce the solder metal
consumption. Smaller components require less solder per functionality. The integration of
functionalities of several single components into one component reduces the number of components
required to achieve the total functionality of a device.
The ongoing market growth in the electronics industry, with ever more and new electric and
electronics devices, boosts the solder consumption and is thus counteracting the miniaturization and
integration effects.
Every single drop of electronics solder alloys are used for components. They are applied directly as
solder or component finishes and for component-internal solder joints, or indirectly as PWB finishes
on PWB pads. The first step towards the future development of solder consumption therefore was
an analysis of the current unit numbers of different component packages used in electrical and
electronics devices.
Data about the numbers of different packages used in the electronics industry are not available.
Component sales data, however, could be obtained. It was assumed that supply and demand are
balanced in this market and that the sales data therefore are equivalent to the use data.
In the next step, the average solder consumption of typical components will be assessed. The
quantity, types and sizes of components sold then allow allocating the assessed total global solder
consumption of around 90,000 t to the different component types currently used in the electrical
and electronics industry.
Miniaturization and integration scenarios based on component market forecasts and interviews with
industry show the shifts of typical component sizes and types over time and the resulting change of
soldering metal use.
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This approach can answer the question whether technical progress can at least compensate the
resource consuming effects of market growth. It can be assessed to what extent the current
development complies with the sufficiency strategy of sustainable development. With respect to the
ban of lead, this assessment shows whether and how far the technological progress in combination
with improved EoL treatments can reduce the lead emissions to make the ban of lead dispensable.

5.3.2 Solder Consumption of Component Package Types
In this chapter, the solder consumption of typical and representative components will be calculated.
Because of data gaps, the high melting PbSn solders for inner joints and the solders for finishes on
components and PWBs are not included.
Components and component packages can be subdivided into two main classes, the surface mount
devices (SMD) used in the surface mount technology (SMT), and through hole technology
components (THT-components). The different packages are standardized. The package type must be
differentiated from the electrical functionality. The same electrical functionality can be built in into
different package types. Chapter 2.3 on page 30 shows explains the details.
The solder demand of SMD was calculated based on the printing of solder paste on the component
pads on the PWB. The solder demand of THT components had to be calculated based on
geometrical assumptions. Annex I on page 259 shows the details of the calculation.
Figure 5-14 shows the results for chip SMDs with two solder joints. The miniaturization from 1812
components to 0201 components (see Annex I on page 259) reduces the solder consumption
from around 8 to approximately 1 mg, a reduction of almost 90 %. Components of the 1812 size are
not common. The range of common component sizes is from 0805 down to 0201 components,
which yields a solder reduction of around 60 %.
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Figure 5-14: SMT solder mass per component (mg)
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Figure 5-15 shows the solder demand of more complex SMD type packages compared to a THT
component.
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Figure 5-15: Comparison of solder consumption for 24 solder joints per package

As the number of pins of the above components can be different, the solder consumption was
calculated for 24 solder joints. It is assumed that equal number of pins (solder joints) mean at least
the identical number of electrical functionalities in the component. Going from left to right in Figure
5-15 is the direction from the bigger to the miniaturized, more modern components.
Figure 5-15 again shows the huge potential of miniaturization to reduce the solder demand. The shift
from the DIP 24 THT component to its 24 pin DIP 24 SMD equivalent reduces the solder
consumption from 216 to 35 mg, a reduction of more than 80 %. Further miniaturization down to
the flip chip/ball grid array component (FC/BGA) even reduces the solder demand from 216 mg for
the DIP24 THT component down to 0.4 mg, which means a reduction of 99.9 %. Within the SMD
components the miniaturization from the DIP24 SMD component to the FC/BGA component still
reduces the solder demand for almost 99 %. The use of a FC/BGA SMD instead of a SQFT SMD still
decreases the solder demand for 93 %.
The BGA SMD with 0.5 mm ball diameter increases the solder demand compared to the SQFP
SMD. This component is the only exemption in the trend of sharply decreasing solder demand of the
more miniaturized electronics components.

Conclusions
The above examples show that miniaturization offers a huge potential to reduce the solder material
demand, which would also decrease the metal consumption as well as the energy consumption
required to process these soldering materials along the life cycle. The shift from THT components to
SMDs in particular enormously decreases the solder demand.
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It is, however, a different issue, to which extent the electrical and electronics industry actually will use
this potential.

5.3.3 Worldwide Use of Solder per Component Package Type
This chapter shows an allocation of the total solder consumption to the different package types sold
in the year 2000. The reason for this “old” data is that the figures on unit sales – differently from
market values in monetary unit - are only available with several years of delay.
Figure 5-16 shows the worldwide unit sales of different component packages. The electromechanical
components are not included due to data lacks. The electrical and electronics components sold
without the electromechanical components are 100 %. Around 80 % of component packages sold
are SMDs, only around 14 % are THT components.
The figure impressively shows the importance of passive chip packages when it comes to unit
numbers sold. Leading in the statistics are 0603, 0402 and 0805 chip components, mostly resistors
and capacitors. They account for around 70 % of components sold.
The passive THT components and the SOT/SOD packages together with the TO/DO SMD follow,
mainly representing discrete active components like transistors and diodes with around 6 % each.
From the electrical functionality point of view, all these components are simple passive components
like resistors and capacitors in the 0603, the 0402 and the 0805 packages, as well as the passive THT
components. The SOT/SOD components and the SO/TO components are simple discrete
components.
The passive and simple active components thus totally outnumber the more complex integrated
circuits (ICs), like for example FC/BGA, SOP or DIP components as shown in Figure 5-15 on page
214.
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Figure 5-16: Unit sales per package family (values from [39] [75] [91] [114])
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When looking closer at the packages, different views come up: The average I/O count per package
(the number of contacts per component) is highest for PPGA, PBGA, QFP, PLCC, CSP components,
which all contain highly integrated active components like microprocessors, logic, memory etc.
Passives and discretes with two or three leads on the average could be easily overlooked in Figure
5-17.
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Figure 5-17: Average I/O count per package (Sources: [57] [91][114])

For the average solder per component, again a completely different view of the data comes up.
Multiplying the average I/O count of a package with the amount of solder per solder joint gives the
average solder per component for each package. PPGA, Plastic DIP, PBGA, SIP/ZigZag and Other
DIP packages are leading here.
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Figure 5-18: Average solder per component in mg (values from [57] [91][114])

Only after multiplying the unit sales with the average solder per component, it becomes visible, which
components use the biggest amounts of solder. Figure 5-19 shows the result of this calculation.
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Figure 5-19: Share of different packages in total solder consumption (without electromechanical components)
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The total amount of solder used by the electrical and electronics components without the
electromechanical components is 100 %. The 14 % of THT packages sold use around 70 % of the
solders, while the more than 80 % of SMD sales account for only 12 % of the total amounts of solder
used by the considered component types. The more complex integrated circuits remain invisible in
this figure.
The total amount of solder, which all these components in this figure use, is around 20,000 tons of
tin-lead solders. Including the 29 % of losses in wave soldering and the 7 % in reflow soldering (see
chapter 3.3.1 on page 92), the total tin-lead solder demand for the components in Figure 5-19 is
around 35,000 t. This is around 50 % of the total solder consumption of around 70,000 t for tin-lead
wave and reflow solders. The rest of the solders is allocated to the electromechanical components,
which had not been taken into account in this study because sufficient data were not available.

5.3.4 Scenarios for the Trends of Solder Use
The previous section shows the global component sales per component package type and the
allocation of the worldwide solder use to these component package types.
Miniaturization changes the unit numbers of package types. Smaller package types replace bigger ones
over time. The integration of functionalities of several single components into more complex, mostly
miniaturized components as well reduces the number of simple components and increases the
complexity of the high-functionality components. Actually, miniaturization is the pre-condition of
integration, and both trends together in principle would reduce the number of components, in
particular of the simple components like chip capacitors and resistors. This effect, however, can not
be observed. The higher integrated functionality components, for instance, require additional resistors
or capacitors to protect them from high currents. Such effects in the end increase the demand of
these simple components.
To assess, how miniaturization and integration affect the solder demand, three scenarios are set up
and calculated:
1) a linear miniaturization scenario
2) a non-linear miniaturization scenario, and
3) a miniaturization and integration scenario based on a market survey and a forecast of unit
numbers of component packages sold.
Using the miniaturization scenarios, the solder demand for the next 5 and 10 years is calculated. Data
gaps are filled with assumptions.
The electromechanical components could not be included into these considerations, as no data were
available on this highly diverse component group. It was assumed that
¾ electromechanical components require around 50 % of the total solder used, as stated in the
previous chapter
¾ electromechanical components cannot be miniaturized and integrated, as they fulfill
mechanical functions that require a certain size and stability

All calculated changes in the component composition and the resulting solder reductions thus only
refer to 50 % of the components, while the other 50 % are constant in their solder demand per unit.
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Linear Miniaturization Scenario
The idea behind this scenario is to count the solder consumption considering the continuing
miniaturization of components not taking into account other aspects like market growth, integration
or new technological developments requiring new types of components.
The linear substitution scenario uses the assumption that every year, five percent of the units of each
component package type are replaced by the next smaller package type.
The scenario buidling was supported by experts [41] and assessed as follows:
¾ Passive THTs are replaced by SMD0805s
¾ SMD1206s are replaced by SMD0805s
¾ SMD0603s are replaced by SMD 0402s
¾ SMD0402s are replaced by SMD0201s
¾ TO/DO THTs are replaced by TO/DO SMTs
¾ SOT/SOD THTs are replaced by SOT/SOD SMDs
¾ DIP THTs are replaced by SOT/SOD SMDs
¾ PPGAs (THT) are replaced by PBGAs (SMD)
¾ Other packages are considered unreplaced because of lack of information to build the
replacement scenario

Figure 5-20 Miniaturization replacement scenario as assumed for solder demand calculation
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This scenario considerably decreases the solder demand as Figure 5-21 shows.
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Figure 5-21 Development of solder demand relative to current use based on the linear miniaturization scenario

The change of 5 % annually to the next smaller package reduces the solder consumption for around
30 % in 10 years or around 4 % in average per year for the components considered. Figure 5-15 on
page 214 illustrates that in particular the miniaturization of THT components to SMDs largely
reduces the solder consumption. Figure 5-19 on page 217 shows that the THT components account
for around 70 % of the total solder consumption. The miniaturization of THT to SMDs in the linear
miniaturization scenario therefore mainly goes back to the THT component miniaturization.
The linear miniaturization scenario shows the strong influence of THT component miniaturization on
the solder demand. However, it is too optimistic concerning the miniaturization rate of THT
components to SMDs [41]. The linear miniaturization scenario is therefore changed to a non-linear
model with different miniaturization rates for THT and SMD components.

Non-Linear Miniaturization Scenario
THT components use most of the solder. At the same time, the pressure for miniaturization is
lowest in the sectors, that mainly use THT components, like white goods, brown goods, industry
electronics, and consumer electronics. Where THT components are used in these sectors, the
weight of a PWB and the volume requirements are not crucial. SMDs only replace THT components,
if they are cheaper, including the re-design cost of the PWB and processing cost. This results in the
situation that the sectors with the highest influence on solder consumption have the lowest
miniaturization dynamics.
The pressure for miniaturization and integration is much higher in the sectors using SMDs mainly,
especially for mobile products. The required high performance at low weight and small product size
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e. g. of mobile phones can only be achieved with a highly integrated surface mount technology
(SMT). The miniaturization rate of SMDs therefore is higher than that of THT components.
The non-linear miniaturization scenario takes into account this fact with a different miniaturization
rate for THT components and for SMDs. After discussion with technical experts from the electronics
industry [41], the miniaturization rate was assumed with 1 % per year for the THT components and
with 5 % per year for SMDs. Figure 5-22 illustrates how this miniaturization scenario affects the
solder use.
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Figure 5-22: Development of solder demand relative to the year 2000 based in the non-linear miniaturization scenario

Figure 5-22 shows that this scenario only reduces the solder consumption for around -9 % in 10
years, or around -1.5 % per year for the components considered. The linear scenario produced -4 %
of annual solder demand reduction for the non-electromechanical components. This difference
highlights the enormous impact of the THT miniaturization for the solder demand.
Analogously to the linear miniaturization scenario, the non-linear one does not include the solder use
of electromechanical components with around 50 % of solder use. The calculated reduction of solder
demand due to miniaturization thus only refers to 50 % of the total solder demand. The
consuequences will be discussed in the next chapter.

Miniaturization, Integration and Market Growth
The linear miniaturization scenario reduces the solder demand for around 4% per year (chapter 0 on
page 219), the non-linear one for 1.5 % per year. These reduction rates, however, exclude the
around 50 % of solder used by electromechanical components. Additionlly, the scenarios do not take
into consideration the effects of the around 5 % of average market growth in the electronics industry
[102]. The market growth incrases the solder demand, as more EEE is produced requiring more
components. It is assumed that the market growth direct proportionally increases the unit numbers
and thus the solder demand of both the electromechanical and the other components. The
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calculated technological potentials of solder demand reduction therefore must be corrected for the
electromechanical components and for market growth.
The technological progress decreases the solder demand of the considered SMDs and THT
components in the miniaturization scenarios, but the market growth at the same time increases their
numbers. After time t, their share in the total solder demand has increased to s (t):

s (t ) = x ⋅ s f (t ) ⋅ (100% + y ) t
x
solder share of non-electromechanical components (estimated 50 %)
sf (t) forecasted percentage of solder demand due to technological development at time
t > t0 compared to reference time t0=0
y
annual market growth
t0
reference time t = 0
t
time
The electromechanical components are assumed not to change in size and solder demand per unit.
Their original share in the solder demand after a certain time has increased to the share s’(t):

s ′(t ) = (100% − x) ⋅ (100% + y ) t
The total increase of solder demand S (t) compared to S (t0) can be calculated as

S (t ) = s(t ) + s′(t ) = (100% + y ) t ⋅ ( x ⋅ s f (t ) + 100% − x)
The total solder demand M(t) at time t >t0 then is

M (t ) = S (t ) ⋅ M (t 0 ) = (100% + y ) t ⋅ ( x ⋅ s f (t ) + 100% − x) ⋅ M (t 0)
Equation 5-19: Calculation of solder demand over time

M
S (t)

total solder demand of all components
total solder demand at time t in percentages compared to 100 % at reference time

With the above equation, the linear and the non-linear miniaturization scenarios result in around
140 % of solder in the non-linear miniaturization scenario, and around 160 % for the linear
miniaturization scenario. The solder demand thus increases for 40 % and for 60 % respectively. These
growths correspond to annual growth rates of 3.3 % and 4.5 % respectively, which is lower than the
5 %, for which the solder demand would increase otherwise due to the annual market growth.
The results show that the assessed miniaturization and integration scenarios can only mitigate, but
not compensate the increase of solder demand. As the non-linear miniaturization scenario is the
more realistic one, the 4.5 % of annual solder demand growth will be adopted for the further
considerations.

Combined Scenario Miniaturization, Integration and Market Growth
This scenario goes back to forecasts of unit numbers of different package types. It thus includes the
effects of market growth, the miniaturization via the change in the package types and the integration
via the numbers of components used. The unit numbers of different component packages and their
growth rates are obtained from the data investigation from various sources. The NETPACK source
[91] provides a five year forecast for most of the packages. The data gap is filled with [43]. This
source also provides a five year forecast of the component growth for the high integrated
components like PPGA, PBGA and CSP. The passive component growth rate is obtained from [114].
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Together, these data build the growth trend for all the considered packages over five years. The
growth rates for 10 years are extrapolated assuming that the five years trend continues.
Figure 5-23 shows the packages with increasing and decreasing unit numbers according to the above
scenario. For a better overview, packages with the growth rate of less than 5 % for increasing
packages growth and -2 % for decreasing packages growth are not displayed in the diagram.
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Figure 5-23: Change of unit numbers of component packages within 10 years (2010)

Figure 5-23 shows that all THT components are decreasing besides the PPGA THT components,
whose number will increase for 7 %. The numbers of passive SMT chip packages, which are equal or
bigger than 0402, will decrase as well. The number of the more complex and integrated SMT
components increases, in particular the SMT QFPS, the CSPs and the 0201 SMT chip components.
Figure 5-24 depicts the solder use of components in 10 years resulting from the above development
scenario. The diagram displays the five most solder consuming package types only.
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Figure 5-24: Forecast of solder demand of component packages in 10 years (2010)

The THT components still have the highest share in solder consumption with 65 %. This is only a
minor change compared to the 71 % illustrated in Figure 5-16 on page 215. The PPGA packages with
a relative small growth rate of 7 % become the most solder consuming package type. A similar
impact can also be observed for PBGA. All the other high compoenent packages are THTs. While in
the reference year 2000, the four THTs in the diagram are leaders in solder consumption (see Figure
5-15), their share is decreasing, but still dominating for the next 10 years according to this scenario.
Figure 5-25 illustrates the development of solder demand resulting from the above trends on the
component package level.
The sharp bend in the curve at 5 years is artificial and only due to the fact that the consumption
could only be calculated after five and ten years.
Within five years, in 2005, the solder demand should have increased for 2 % compared to the base
year 2000, whereas in 10 years the solder demand will have started off and become 17 % more than
today. These increases correspond to an average annual growth rate of 0.5 % for the five year period
and 1.6 % for the 10 year period.
The above growth in solder demand is only based on around 50 % of the components. For the
electromechanical components, it was assumed that they cannot be miniaturized due to the
mechanical requirements. Assuming that their unit numbers and solder demand will follow the
average market growth of 5 % [102] annually in the electro- and electronics industry, the total solder
demand for all components will have increased to 115 % in 5 years, and to 140 % in 10 years. This
results in an average annual growth rate of 3.4 % for the solder demand.
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Figure 5-25: Forecasted solder demand relative to current (2000) solder consumption based on the combined
miniaturization, integration and market growth scenario

5.3.5 Sources of Insecurities
The assessment of the component units sold, the solder use of the different packages, in particular
the THT components, as well as the market and unit number forecasts are, at least in parts, based on
assumptions (see Annex I on page 259). The results obtained therefore have insecurities.
The important role of the THT packages in the total solder use is stable. The 14 % of THT
components used account for around 70 % of the solder use. Assuming that their real solder use is
only half of what was calculated, because their unit numbers are lower and/or their solder use per
unit lower than calculated, their share decreases to around 62 % of the total solder consumption.
The share of the SMDs increases to around 38 %, accordingly. The THT components are still
dominating the solder use.
Assuming that additionally the solder use of the SMDs is double of what was calculated, the share of
the THT components still is 46 %. The share of the SMDs increases to 54 %, and they take over the
leading role in solder use.
The crucial question is, however, how these changes affect the solder demand forecast. Figure 5-26
shows the development of the non-linear miniaturization scenario and the combined
miniaturization/market growth scenario for double solder use of all SMD and 50 % only for the THT
component packages.
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Figure 5-26: Development of solder demand in the non-linear miniaturization (top) and the market
growth/miniaturization scenario for double solder use of SMDs and 50 % solder use of THT components.
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The originally calculated solder demand was 91 % in 2010 in the non-linear miniaturization scenario,
and 117 % in the combined market growth/miniaturization scenario (see Figure 5-22 on page 221
and Figure 5-25 on page 225). The non-linear miniaturization scenario remains almost unchanged,
while the combined scenario results in an even 20 % higher growth until 2010.
Other variations of the solder demand per SMD and THT package (50 % solder demand for SMD
per unit; 200 % for THT components, etc.) change the concrete values of the future solder demand,
but all result in an overall additional solder demand, if considered together with the solder demand
for electromechanical components.
It was assumed that the average solder demand per unit of electromechanical component does not
change, and that the unit numbers of these components follow the market growth. This assumption
is another source of uncertainty. Per 10 % deviation towards a lower or higher share of these
components in the total solder demand, the calculated forecast of solder consumption in the
miniaturization scenarios changes for around ± 5 %. For the combined miniaturization scenario, 40 %
of solder demand increase were calculated in 10 years. For a 30 % lower share of the
electromechanical components, this would thus still result in an increase of around 25 %.
Although the calculated extents of solder demand increase are afflicted with high insecurities, the
trend of growing solder demand over time is stable.

5.3.6 Summary and Conclusions
Miniaturization and integration on the component level cannot compensate the additional solder
demand and soldering metal consumption due to the market growth of the electro and electronics
industry. The solder demand will increase with a rate between around 3.3 % to 4.5 % per year.
Miniaturization of THT components to SMDs has a high impact on the reduction of solder
consumption. The further miniaturization of SMDs has a comparable small influence. The SMD shares
in solder demand are too small compared to the THT components, which are mainly driving the
solder demand. Many of them are found in consumer electronics (TVs, tape decks, monitors,
amplifier, radios etc.) and household appliances. These sectors, especially the white and brown goods,
at the same time have the lowest miniaturization and integration pressure on the PWB level. In
opposite to especially mobile devices, the total weight and the size of a PWB is of minor importance,
and normally the electronics part in these products does not influence the size of the product. This
aspect is the most influencing one on the future solder demand. The high solder saving potential of
the THT – SMT replacement thus will only be used to a minor degree. The miniaturization of the
passive and active components even without the electromechanical components can thus not
compensate the additional solder demand due to the market growth.
The electromechanical components in particular clearly overcompensate all savings due to the
miniaturization of the other components. The reduction of unit numbers and miniaturization of the
electromechanical components if technically possible is of crucial importance.
Another interesting factor could be the appearance of new products in the course of miniaturisation
(e.g. integrated multimedia solutions) and technology changes. These could then – indirectly –
contribute to the fade out of particular products housing big amounts of solder due to many THT
components. The substitution of some products of these market segments resp. the strong growth of
the LCD segment could therefore significantly change solder demand, as less printed wiring boards
carrying THT passives would then be produced.
Miniaturization is good with respect to solder demand and metal consumption, but there is not
enough of it in the crucial areas, which are the THT using sectors and the electromechanical
components. This follows the economic conditions. PWB redesign and a shift to THT components
occurs when the overall cost is lower, or in case that new technical requirements make it
indispensable. Companies can just be encouraged to miniaturize THT components as a contribution
to resource saving.
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Technical Progress, Market Growth and Sufficiency
In the total view, miniaturization and integration will contribute to, but cannot achieve the sufficiency
requirement of sustainable development. The solder demand will increase further on. This
necessitates two conclusions:
¾ If the actual or potential toxicity of lead is given the highest priority and is considered as a
jeopardy to human health and the environment, technical progress without further measures
can mitigate, but not solve the problem of even increasing toxic lead releases into the
environment. The ban of lead may be justified in particular with respect to the even
increasing amounts of lead emissions into the environment, if other measures, like higher
recovery rates and upgraded EoL processes, cannot sufficiently reduce the risk.
¾ Increasing solder demand increases the consumption of valuable metals and of energy used in
the lead-free solders, finishes and the manufacturing processes. This development again
underlines the importance of higher collection and recycling rates for WEEE, improved or
upgraded recycling infrastructures with a more efficient recycling of the side metals like tin,
and more efficient soldering ovens.
Adopting the annual growth of 3.4 % from the combined minaturization scenario for the solder
demand in the electrical and electronics industry (see chapter 0 on page 222), the assessed impacts
on the environment, resources and the economy will also change linearly to the solder demand.
Within 10 years, the market growth thus will have increased the assessed impacts for 40 %, assuming
otherwise constant conditions in metal mining and smelting, processing and in the EoL phase.
The assessed impacts are directly related to the solder demand and its estimated future
development. The sufficiency parameter σ is therefore defined as:

σ = 1+

Mto + 10
= 140 %
Mto

Equation 5-20: Calculation of sufficiency indicator

σ

Sufficiency indicator

Mto
Mass of soldering metal demand at reference time t0
Mto + 10 Total estimated mass of soldering material demand in 10 years from the

reference time t0

A sufficiency indicator of “1” means that the future demand and the environmental, resource and
economical consequences will be constant. A higher value than “1” expresses that the future demand
increases and the associated consequences are mitigated assuming otherwise constant conditions.
The target are sufficiency parameters of 100 % or smaller.

5.4

Sustainability Performance of Lead-free Soldering Material Use

5.4.1 Sustainability Performance of Lead-free Soldering Material Use
Figure 5-27 sums up the sustainability performance of lead-free soldering for 10 %, 30 % and 60 %
collection and recovery of WEEE. as assessed in the previous chapters.
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The lead-free soldering sustainability parameters are normalized with the tin-lead ones. The only
exception is the sufficiency indicator. It shows the estimated absolute increase of the assessed effects
over the next 10 years. The target of sufficiency is limiting the absolute impacts, not the relative ones
(see chapter 2.4.2 on page 40). As explained, the climate change, for instance, depends on the
absolute amount of carbon dioxide emitted into the environment, not the relative one, e. g. related
to the gross national product. The horizontal efficiency is only indicated or the use of bismuth. The
data situation did not allow assessing it for tin and silver.
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Figure 5-27: Sustainability performance of lead-free soldering

(SnPb = 1, except for horizontal efficiency and the sufficiency indicator)

Figure 5-27 shows that the use of lead-free soldering materials in the substitution scenario
considerably increases the eco-efficiency and the functional vertical efficiency of toxicity reduction.
This advantage increases even more with increasing collection and recovery rates.
The vertical functional toxicity efficiency has the same value like the consistency of metal emission
toxicity into the environment (see chapter 5.2.2 on page 209 f). To keep the figure more concise, it is
not displayed extra. Thus, the ban of lead, motivated by the toxic potential and the related toxicity
risk effectively has achieves its target to reduce the toxicity of metal emissions into the environment
from WEEE (see chapter 5.1.2 on page 187 ff for the vertical efficiency, chapter 5.1.3 on page 191 on
eco-efficiency).
The use of bismuth results in an absolute increase of horizontal efficiency, the value of its change is
bigger than “0” (see chapter 5.1.6 on page 202). For the other soldering metals, the data situation did
not allow a horizontal efficiency assessment.
In all other sustainability indicators, the use of the lead-free soldering materials in the substitution
scenario performs worse than the tin-lead soldering material use. The resource efficiency and the
resource eco-efficiency as well as the energy efficiency and the energy eco-efficiency are much lower.
The functional energy efficiency represents the consistency of energy consumption as well (see
chapter 5.2.2 on page 209 f). It is not metioned therefore in Figure 5-27.
Increasing WEEE collection and recovery improves the situation, but cannot even approximately
reduce these negative sustainability effects to the level of tin-lead soldering material use.

The Sufficiency Indicator
The sufficiency indicator of 1.4 indicates that market growth is estimated to increase the soldering
metal demand for around 40 % within 10 years compared to the reference year of 2000, despite of
miniaturization and integration on the component level (see chapter 5.3.6 on page 227). This trend is
independent from lead-free or tin-lead soldering.
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The environmental, economical and resource impacts related to the use of tin-lead and lead-free
soldering materials, however, are different, and they will change with the increasing soldering metal
demand. An increase or decrease of the impacts therefore starts from different absolute levels and
thus results in different absolute impacts assuming otherwise constant conditions. A 10 % increase of
a burden at the level of 100 units results in an absolute increase of 10 units. The same increase
starting from a level of 50 is only five units.
The sufficiency indicator gives additional information about the trend of the assessed impacts in
Figure 5-27. It is an additional criterion assisting in decisions whether a ban of a material is adequate
or not. The higher the sufficiency indicator, the more severe the future development of the impacts:
the smaller the sustainability performance, the more severe the effects to be expected in the future.
This applies to all sustainability parameters besides the ones related to toxity. The ban of lead in
solders and finishes in the context with the future development trends will thus further on increase
the negative impacts behind the sustainability parameters in which the performance of of lead-free
soldering is lower than that of tin-lead soldering.
The opposite applies for the toxicity related parameters linked to metal emissions from lead-free
soldering metals, which will increase as well, but starting from a much lower level compared to tinlead soldering materials use. These impacts of lead-free soldering will improve further on compared
to the status, which would occur in case lead would not have been banned in solders and finishes.
As the sufficiency indicator with 1.4 is much higher than “1”, the stakeholders must become active to
improve the sustainability performances related to energy consumption, cost and resource
performance of lead-free soldering.

5.4.2 Eco- and Sustainability Performance of Alternative Substitution Scenarios
It was mentioned before that there should be around 9,000 t of bismuth available from lead-mining,
which so far have not been used (chapter 5.1.6 on page 202). The use of bismuth in solders, in
particular the tin-bismuth solder with 58 % of bismuth (SnBi58) with its low melting point, reduces
the energy consumption in soldering and is therefore recommendable. The use of silver at the same
time drives the energy consumption and the resource value losses, as well as the toxicity of lead-free
soldering materials.
In an alternative substitution scenario, it is therefore assumed that the 9,000 t of bismuth are used in
SnBi58 solders replacing the corresponding share of SAC3.7 solder in the applied substitution
scenario (see chapter 3.2.2 on page 76). The substitution scenario already consumes around 1,400 t
of this bismuth, so that at least 7,000 t are still available. Assuming that these 7,000 t can actually be
used, they can make up for around 12,000 t of SnBi58 solder. This amount of SnBi58 solder increases
the share of this solder in the soldering scenario from 3 % to 13 % both in reflow and wave
soldering. The share of the SAC solder decreases for 10 % accordingly. Figure 5-28 depicts the ecoperformance differences.
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The lower melting point of the SnBi solder reduces the total energy consumption for around 3 %.
The energy consumption of the soldering processes decreases for around 7 %. The energy
consumption of primary metal production, however, increases for around 3 %. Indeed, the use of
bismuth replaces the silver, which is around 11 times more energy intensive than bismuth. At the
same time, however, it replaces around 50 % of tin, which has only 25 % of the energy intensity of
bismuth (see Table 4-1 on page 135). The overall effect results in the 3 % increase of energy
consumption for primary metal production. The calculation of energy consumption over all recovery
rates shows that higher collection and recycling rates increases the difference further on, as the
recyclability of the energy intensive silver is around 30 % higher than that of bismuth. Nevertheless,
the overall energy balance of SnBi remains positive at all recovery rates compared to the
SOLDERTEC [116] substitution scenario, between 3 % to 2 % of energy saving for recovery rates
between 0 and 100 %.
The toxicity decreases for around 10 %. Bismuth with its low toxic potential replaces toxic silver,
which is the main driver of toxicity for the lead-free soldering materials.
The TCO decreases for around 3 % as well. The use of SnBi solder instead of the SAC solder
reduces the solder cost for around 12 %, saving 80 million Euro per year. Equivalently to the energy
saving of 3 %, the energy cost also sinks for around 3 million Euro or 3 %. As both cost blocks
together account for around 25 % of the total cost, the resulting total cost reduction are the above
3 %.
The resource value loss increases slightly for around 1 %. The bismuth replaces 3% of silver with a
resource value factor 13 times that of bismuth (see Table 4-7 on page 152). At the same time, it
replaces around 40 % of tin with a resource value factor, which is around 4 times lower than that of
bismuth. Together with the lower recycling rate of bismuth of around 65 % compared to around
97% for silver ( see Figure 3-26 on page 103), the resource value loss remains about the same.
As the additional bismuth used in the SnBi-for-SAC scenario would have been waste, it is justified to
set the resource value loss to “0”. In the solder application, the bismuth was at least useful, before it
became waste, which otherwise would have happened without any useful application in between. In
this case, the resource value loss reduces from 3.13 down to 2.71, which is a 13 % improvement.
As a conclusion of these different approaches to the resource value of bismuth, it can be stated that
its use at least should not increase the resource value loss, but has positive effects on the energy
consumption and the toxicity of WEEE.
The SnPb-normalized sustainability performance of the two different substitution scenarios in Figure
5-29reflects the results of the eco-performance. The toxicity reduction efficiencies both increase due
to the replacement of silver by bismuth. The energy eco-efficiency and functional energy efficiency
increase slightly due to the lower energy consumption in the soldering processes. The use of
additional bismuth compared to the SOLDERTEC substitution scenario [116] further on increases
the horizontal efficiency.
Both the functional and the eco-efficiency of toxicity reduction increase. The functional resource
efficiency and the resource eco-efficiency do not change, if bismuth is allocated the full resource
value.
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Figure 5-29: Sustainability performance of SOLDERTEC [116] (top) and SnBi-for-SAC substitution scenario at 10 %
WEEE recovery (SnPb = 1)

The use of SnBi solder thus is a contribution to make the effects of the ban of lead in lead-free
soldering more sustainable. It further increases the toxicity-related positive effects of lead-free
soldering material use, and it mitigates the negative ones related to energy consumption and
resource value loss. Higher WEEE recovery rates further improve the situation, but besides the
efficiency of toxicity reduction, this substitution scenario cannot compensate the adverse effects of
the lead-free soldering material use compared to those of tin-lead soldering materials.
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6 The Ban of Lead and Sustainable Development - Conclusions
and Recommendations
This chapter will sum up the results in a final overview. It gives recommendations to the different
stakeholders based on the findings of this work on how to implement lead-free soldering in order to
keep the advantages and to correct the disadvantages of the ban of lead in solders and finishes.

6.1

Summary of Results and Conclusions

The European RoHS Directive among other materials bans lead in electrical and electronics products.
This legal initiative motivated the assessment and evaluation of how this ban contributes to
sustainable development in terms of environmental, resource and economic impacts. The objective
was to set up principles of sustainable use and substitution of metals in electronics to build a base for
future decisions on legal metal bans in electronics.
This work, unlike other studies on lead-free soldering, uses a top-down approach (chapter 2.6.4 on
page 58). As the manufacturing of electronics products and their sales happens in worldwide
manufacturing networks and in global markets, the scope for the environmental and resource impacts
and the cost is worldwide as well.

6.1.1 Worldwide Mass Flows of Tin-lead and Lead-free Solders
Worldwide, the electrical and electronics industry uses around 90,000 t of lead-containing alloys as
solders and finishes on printed wiring boards and electronics components. The top-down approach
uses this amount and its lead-free substitutes as the starting point for the assessment and evaluation.
The ban of lead in the RoHS Directive will require the replacement of around 75,000 t of these
solders by lead-free solders (chapter 3.2 on page 71). The main solder substitutes are tin-silvercopper type solders, followed by tin-copper solders. Tin-bismuth-type solders with around 57 % of
bismuth content by weight as well have a small share of around 4 % in the substitutes, which will
have considerable impacts on bismuth consumption. The main substitutes for the tin-lead finishes on
printed wiring boards are electroless nickel/gold and pure tin (chapter 3.2 on page 71).
The mass flow of the metals in the lead-containing and the substitute lead-free soldering materials are
assessed along the life cycle, from the environment via mining and smelting into the technosphere,
their processing and use in the technosphere, and back to the environment as non-recycled metals
from soldering wastes and printed wiring boards in the end-of-life phase.
This work uses a new methodology, the consequential mass flow approach, for the assessment of
resource and energy consumption. The use of non-renewable resources with finite availability on one
hand, and the core requirement of sustainable development on the other hand not to compromise
future consumption abilities with nowadays resource consumption, hold a conflict. Any use of a nonrenewable resource necessarily affects the abilities of future generations to use it. The consequential
mass flow approach for metals highlights the realization of the infinite recycling potential of metals
allowing metal use without primary resource consumption of metals. It takes into account the
consequences of the consumption for metal resources and the energy consumption for their mining
and smelting, which the conventional consideration of metal use and consumption neglects (chapter
4.1 on page 121).
The replacement of the 74,000 t of lead-containing solders will require around 63,000 t of lead-free
solders. Assuming a global WEEE collection and recycling rate of around 10 %, lead-free soldering will
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additionally consume less than 10 % of the global mining of tin, silver and gold. The additional
consumption of nickel, zinc, palladium and copper is far below 1 %. Lead-free soldering annually
releases around 23,000 t of lead into the environment. It will thus save less than one percent of the
globally mined lead (chapter 3.4 on page 111). Only four percentages use of the tin-bismuth solder
with a high bismuth content increase the bismuth consumption for around 1,400 t or more than
20 % by weight of the global annual mining of bismuth. Although around 80 % of the bismuth are
mined with lead, the additional bismuth consumption will not trigger additional lead mining. The
bismuth-lead ratio in lead ores is around 1:200, so that around 15,000 t of bismuth are mined with
the around 3 million tons of lead per year. Only around 6,000 t of bismuth are brought to the market
every year, the rest of around 9,000 t probably ends up as mining waste (chapter 3.4 on page 111).
The use of bismuth thus turns a waste metal into a useful product. Additionally, bismuth additions
reduce the high melting point of lead-free soldering alloys, which again reduces the energy
consumption in the soldering processes. Toxicologically, bismuth has a low toxic potential, as far as
results are available. The use of bismuth thus can be recommended where its use is technically
feasible (chapter 5.1.6 on page 202 ff).
The above mass flows resulting from the substitution scenario are the base for the environmental
and sustainability assessment.

6.1.2 Status and Development of Environmental, Resource and Economical Impacts of Lead-free
Soldering
Figure 6-1 gives an overview on the environmental and economical impacts of lead-free soldering
compared to tin-lead soldering. The lead-free soldering parameters are normalized with the tin-lead
parameters. The relative performance of tin-lead soldering is “1”. The global WEEE collection and
recovery rate is assumed with 10 %.
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Figure 6-1: Environmental and economical impacts of lead-free soldering compared to tin-lead soldering

(tin-lead soldering = 1 except for sufficiency indicator)
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Lead-free soldering considerably reduces the worldwide potential toxicity and the toxicity risk related
to metal emissions into the environment (chapter 4.3 on page 145). The RoHS Directive therefore
achieves its intention to reduce the toxicity of the WEEE.
On the other hand, lead-free soldering increases the energy consumption for around 40 %. In the
worst case, it requires an additionally electricity output corresponding to 4 to 10 % of the capacity of
a nuclear power plant, or around 20 % of a hard coal power plant.
The main drivers of energy consumption both for tin-lead and for lead-free soldering are the
soldering processes. The higher melting points of most lead-free solders aggravate the energy
consumption problem. The increased energy consumption for the metal mining and smelting, in
particular of silver and of tin, add to the problem.
Although reflow soldering processes are more energy consuming than wave soldering, in the global
scale the total energy consumption for wave soldering is around 70 % higher than for reflow
soldering. The totally processed amounts of wave solders are around 8 times more than the reflow
solders. The top-down approach thus shows, in opposite to most bottom-up-studies, that
improvements in the energy efficiency of wave soldering equipment are more important and around
8 times more efficient in the global scale than for wave soldering (chapter 4.2, page 129).
Nevertheless, both the energy efficiency of reflow and wave solder equipment must be improved in
order to reduce the surplus energy consumption of lead-free soldering. Effective recycling is also
necessary to reduce the loss of energy, which is released into the environment with metals, which are
not recycled (chapter 4.2 on page 129 ff).
In addition to the higher energy consumption, lead-free soldering causes substantially higher losses of
resource value, despite of the fact that lead-free soldering reduces the metal releases into the
environment for around 10,000 t. The higher losses of tin, silver and gold from lead-free solder
wastes and WEEE from a resource point of view are more valuable. They drive the resource value
loss in lead-free soldering to 3.1 times of that in lead-tin soldering (see chapter 4.3 on page 145).
The use and processing of lead-free solders and finishes causes around 3 billion Euro of additional
cost per year for the EEE manufacturers, equivalently to around 0.2 % of the annual value of EEE
produced. The higher cost for lead-free finishes and solders are the main cost drivers. The cost of
ownership of lead-free soldering finishes and metals thus is around two times higher than for tin-lead
soldering materials (chapter 4.3 on page 145).
The ban of lead substantially decreases the toxic potential of metal emission into the environment
from soldering wastes and from WEEE in the EoL phase. At the same time, it increases the energy
consumption, the resource value loss, and the cost for manufacturers. It is the task of governments to
draw the conclusion, whether the substantial reduction of the toxic potential actually justifies the
higher energy and resource consumption and the increased cost.
The sufficiency indicator shows that the absolute levels of the environmental, resource and cost
impacts related to soldering material use will increase for around 40 % within 10 years compared to
the status in 2000 (fur further explanations of the sufficiency indicator see chapter 5.4.1 on page 228.
The higher the sufficiency indicator, the more severe the future development of these burdens. All
effects which are already bigger than “1” in the Figure 6-1 will further on worsen the performance of
lead-free soldering compared to tin-lead soldering. This applies to the resource value losses from
lead-free soldering material use, the energy consumption and the total cost of ownership (TCO),
which will further increase in future starting from an already elevated level compared to tin-lead
soldering material use. The opposite applies for the toxicity related to metal emissions from lead-free
soldering metals, which will increase as well, but starting from a much lower level compared to tinlead soldering materials use creating a further advantage for lead-free soldering.
As the sufficiency indicator with 1.4 is much higher than “1”, the stakeholders must become active to
improve the energy, cost and resource performance of lead-free soldering.
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6.1.3 Sustainability Performance of Lead-free Soldering
Sustainable development aspires balancing the societal and economical development and
environmental preservation. The core objective of sustainable development is to satisfy the current
generation’s needs without compromising the coming generations’ ability to satisfy their needs
(chapter 2.4.1 on page 38). The operational strategies to achieve this target are efficiency, consistency
and sufficiency, as described in chapter 2.4.2 on page 40.
Figure 6-2 gives a summary of the sustainability performance of lead-free soldering. The lead-free
soldering sustainability parameters are normalized with the tin-lead ones. The only exception is the
sufficiency indicator. It shows the estimated absolute increase of the assessed effects over the next 10
years. The target of sufficiency is limiting the absolute impacts, not the relative ones (see chapter
2.4.2 on page 40). As explained, the climate change, for instance, depends on the absolute amount of
carbon dioxide emitted into the environment. A relative decrease, e. g. related to the gross national
product, does not save the climate, as long as the absolute emissions increase due to higher
production and consumption levels.
The figure displays the sustainability performance of lead-free soldering material use for 10 % WEEE
collection and recovery, which was assumed as the worldwide average. The values are standardized
with the sustainability performance of tin-lead material use.
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Figure 6-2: Sustainability performance of lead-free soldering
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Efficiency increase, achieving more functionality or economical profit with less resources or
environmental impact, is a core strategy of sustainable development. This work introduces a new
efficiency definition, which besides the classical efficiency approach also takes into consideration that
metal resources, unlike other resources, are interlinked in the ores. The efficiency is therefore
subdivided into the vertical and the horizontal efficiency.
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Horizontal Efficiency of Lead-free Soldering
The horizontal efficiency measures how much of the resource value contained in a mined ore is
actually used. Most of the bismuth in lead-ores so far has not been used and probably ends up as
mining wastes. The use of bismuth in soldering materials increases bismuth use from lead and thus
the resource value of the bismuth used from lead ores. At the same time, lead-free soldering reduces
the demand for lead and can decrease lead mining. Less mining means less mined resource value.
Lead-free soldering with bismuth thus increases the horizontal efficiency. The horizontal efficiency of
bismuth use cannot be quantified exactly due to data gaps, but it should improve and its change is
therefore positive and thus bigger than “0” as indicated in Figure 6-2. The use of bismuth in lead-free
soldering materials can therefore be recommended, in particular as tin-bismuth solder, which at the
same time has positive effects on the energy consumption and soldering material cost (see chapter
5.1.6 on page 202).
The horizontal efficiency impact of the other metals in solders and finishes used in the substitution
scenario could not be assessed, as the respective data are not available. It was therefore also
impossible to calculate the overall horizontal efficiency of tin-lead and the lead-free soldering
materials of the substitution scenario.

Functional Efficiency and Eco-Efficiency of Lead-free Soldering
The horizontal efficiency measures the resource efficiency of the material selection based on the
metal resource conditions. The vertical efficiency measures the efficiency of the selected metal use in
the upstream material flow (see chapter 5.1.1 on page 184). The vertical efficiency is subdivided into
the vertical functional efficiency and the vertical economic efficiency or simply eco-efficiency (chapter
5.1 on page 183). The vertical functional efficiency, or simply functional efficiency, measures the
environmental and resource impact per function produced. The lead-free and the tin-lead solders
across the total range of different lead-free solders and finishes and their various combinations are
assumed to provide the same functionality like tin-lead solders and finishes.
At 10 % WEEE recovery, the functional efficiency of lead-free soldering materials in reducing the
toxic potential/risk of lead-free soldering metal emissions is around 450 % that of tin-lead soldering
materials. This means that lead-free soldering can provide the same functionality at 4.5 times lower
toxic potential/risk released into the environment. This efficiency increases with increasing recovery
rates.
The lead-free soldering materials, however, are much less efficient with the use of energy and
resource value per functionality. Their energy efficiency per functionality is only around 70 % that of
the tin-lead soldering materials, and the resource efficiency only around 35 %. Higher WEEE
collection and recovery rates improve the situation, but cannot compensate the lower efficiencies
(chapter 5.1.2 on page 187).
The eco-efficiency connects the economical impacts of lead-free soldering to the ecological and
resource impacts as illustrated in Figure 6-1 on page 236. The economical impact is expressed as the
total cost of ownership (TCO) for the purchasing, processing and recycling of the metals in the
finishes and solders. Lower TCO and/or lower environmental and resource impacts increase the ecoefficiency (see chapter 5.1.3 on page 191).
The eco-efficiency of the lead-free soldering scenario shows a similar pattern like the functional
efficiency. Although the cost of ownership of lead-free soldering materials for manufacturers is
around two times that of tin-lead soldering, the lead-free soldering materials at 10 % WEEE recovery
are around 2.2 times more eco-efficient in reducing the toxic potential released into the
environment.
The energy eco-efficiency of lead-free soldering materials is only around 35 %, the resource efficiency
even as low as 16 % compared to the use of tin-lead soldering materials (chapter 5.1.4 on page 193).
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The Sufficiency Indicator
The rapid technological progress, in particular miniaturization of electronics components and the
integration of functionalities into these smaller components, reduce the solder demand, which is
required to achieve the same functionality. A permanent reduction of solder demand thus could
reduce the amount of toxic lead and thus the potential risk for the environment. Banning lead could
then become dispensable.
Actually, miniaturization offers a huge potential of several hundred percentages to reduce the solder
consumption, in particular when changing from through hole technology (THT) components to
surface mount devices (SMDs) (see chapter 5.3.2 on page 213). In reality, the miniaturization above
all takes place within the surface mount components, so that the huge miniaturization potential is
only used to a minor degree. The market growth of around 5 % and more per year will also increase
the amounts of solders and finishes used for the production of these increasing amounts of electrical
and electronics products and all the consequences linked to it, whether in tin-lead or in lead-free
soldering.
The technological progress thus cannot avoid the increase of solder demand and the related effects.
The solder demand is estimated to increase for around 40 % in 10 years compared to the reference
year of the assessment in 2000/2001 (chapter 5.1 on page 183 ff. The sufficiency indicator in Figure
6-2 reflects this development, which will result in an increase of the sustainability impacts related to
the assessed sustainability parameters (also see Figure 5-27 and the explanation on page 230.
The technical progress in the form of miniaturization and integration on the component level is
therefore not an alternative to the ban of lead, as long as lead in solders and finishes is considered a
risk for human health and environment, which cannot be tolerated. Neither can the technological
development solve the increased energy consumption and resource value losses from lead-free
soldering, but at least mitigate it. Miniaturization and integration thus still is a positive contribution to
the reduction of energy consumption and the losses of resource values in soldering material use.

Summary and Conclusions
The substitution of lead in solders and finishes substantially and effectively reduces the toxic potential
and the toxicity risk related to soldering materials in WEEE. At the same time, compared to tin-lead
soldering materials, it doubles the manufacturing cost for EEE manufacturers, increases the energy
consumption and the loss of valuable resources. Lead-free soldering materials are less efficient in
resource and energy use.
Whether the achieved toxicity reduction actually compensates the adverse effects of the lead
substitution in soldering materials, is not a scientific, but a societal and political decision about
development priorities and risks. This work therefore refrains from giving judgments about the final
good or bad of the ban of lead in solders and finishes. It is up to the politicians to draw the final
conclusion.
This work, however, wants to give recommendations on how to optimize the eco- and sustainability
performance of lead-free soldering material use and how to apply this knowledge for future decisions
on material bans.
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6.2

Recommendations to Stakeholders

6.2.1 WEEE Pre-processors and Copper Smelters

Pre-processors
Pre-processing reduces metal resource losses and improves the economic situation of WEEE end-oflife treatments for many types of WEEE. On the other hand, it produces losses as not all soldering
metals can be separated into the copper fraction and thus are lost. In the context of lead-free
soldering materials, this is of particular concern due to the higher shares of ecologically and
economically valuable noble metals and platinum group metals. A further improvement of the
separation technology and of the treatment are therefore desirable.
Further research and efforts therefore are essential in order to improve the overall environmental
and economical efficiency within the economical framework of the recycling business.

Copper Smelters
The performance of noble and platinum group metal and copper recycling are excellent. In the
context of lead-free soldering materials, the low recycling rate of tin has negative impacts on the
energy and resource efficiency. An increased tin recycling rate therefore is an important contribution
to improve lead-free soldering with respect to sustainable development. Improved tin recycling,
however, should not compromise the recycling rates of NM, copper and PGM. The ban of lead in
solders and finishes requires more efforts to improve further on the overall recycling performance.

Cooperation of Pre-processors and Smelters
There are economical and environmental improvement potentials in the better adaptation of the
copper fraction compositions to the requirements of the copper smelters. This requires a closer
cooperation and exchange of information between pre-processors and smelters.
On the other hand, both pre-processors as well as the copper smelters find themselves in increasing
competition for WEEE with countries outside the European Union, mainly with China. Irrespective of
the fact, whether these exports are legal or not, it is a fact that part of the WEEE disappears from
the European market, and one important driver behind this phenomenon simply is money. In the
face of this competition, which probably will even increase with tightening metal supplies and
increasing metal prices, the EoL stakeholders in Europe should cooperate in order to strengthen their
position in the global competition and to maintain and further improve the advanced EoL
infrastructure in Europe.

6.2.2 Solder Oven Manufacturers
The energy consumption in the soldering processes already was an environmental hot spot in the life
cycle of tin-lead solders. Lead-free soldering further increases the energy consumption and thus
acerbates the problem. The energy efficiency improvement of soldering ovens therefore should have
a high priority in the development of new soldering ovens.
While other studies highlight the energy consumption of reflow solder ovens, this work shows that
the wave solder ovens worldwide at least cause the same or even higher energy consumption (see
chapter 4.2.4 on page 135). The energy efficiency improvement of wave solder ovens should
therefore at least have the same priority like that of reflow solder ovens.
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6.2.3 EEE Manufacturers

Selection of Soldering Materials – Use of Tin-Bismuth Solders
EEE manufacturers should avoid the use of solders and finishes containing noble metals or platinum
group metals. These metals reduce the resource and energy efficiency of soldering. Although NM
(noble metals) and PGM (platinum group metals) are economic incentives for recycling, the
application of metals in solders and finishes in total is dissipative. The WEEE recovery rates are low,
and post-consumer recycling causes additional losses of the valuable NM and PGM. Even an increase
of the nowadays low WEEE collection and recovery rates and a further improvement of the EoL
treatment processes still causes considerable losses. Collection and recovery rates of close to 100 %
are neither realistic nor are they probably desirable, as the collection of the last bit of WEEE would
be ineffective. In addition, the very high collection and recovery rates would have to be achieved
worldwide in order to minimize the NM and PGM losses.
On the other hand, low melting bismuth containing solders like the tin-bismuth alloy with 58 % of
bismuth offer a chance to reduce the energy consumption and to increase the efficiency of lead-free
soldering material use (chapter 5.1.6 on page 202). Additionally, the use of this solder as an
alternative to silver containing solders reduces the cost for EEE manufacturers (chapter 5.4.2 on page
231).
EEE manufacturers should therefore investigate whether and how far the use of tin-bismuth solder is
a viable option for their products and use it whenever possible.

Selection of Soldering Ovens
Wave and reflow solder ovens are the major energy consumers in the solder life cycle. EEE
manufacturers should therefore prioritize the energy consumption of their ovens. The reflow solder
ovens in particular have a high energy consumption. Lead-free soldering aggravates the energy
consumption problem, as almost all lead-free solders require higher soldering temperatures. Energyefficient soldering equipment therefore besides for economical reasons is an environmental necessity.

Post-industrial Solder Recycling
EEE manufacturers should at least maintain or increase the recycling of soldering wastes, especially
from wave soldering. The results show that post-industrial solder recycling is a substantial
contribution to the eco- and sustainability performance of soldering material use.
For lead -free solders with their high contents of tin and the silver, post-industrial solder recycling in
particular reduces the energy consumption for primary metal mining and smelting and the resource
consumption of tin and silver.
The reduction of solder wastes in soldering would be an even more effective measure, as avoidance
of wastes is a better contribution to sustainable development than recycling of wastes. EEE
manufacturers should check whether e. g. the use of nitrogen atmosphere in reflow and wave
soldering is an effective technically viable option. As the production and storage of nitrogen – mostly
as liquid nitrogen – causes energy consumption as well, manufacturers should nevertheless assess the
environmental and economical overall impacts.

Miniaturization and Integration
Miniaturization and integration offer a huge potential to save metal resources. So far, mainly the
manufacturers of products with a high share of surface mount technologies make use of this
potential. These are products of the information and telecommunication technology, in particular the
mobile products like mobile phones and notebooks. This work shows that the biggest, but greatly
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unused improvement potential is in the products applying high shares of through-hole technology
components, e. g. the white and brown goods in households. The manufacturers should therefore
promote the switch from through-hole to surface mount technologies as far as possible technological
limitations allow it. It must be expected that the solder demand and thus the use of soldering metals
increases, as well as the ecological and economical consequences. Miniaturization could thus be a
major contribution to sustainable development (chapter 5.1 on page 183).

Extended Producer Responsibility
In the European Union, EEE manufacturers have to assume the responsibility for the end of life of
their products according to the WEEE Directive [49]. Also other countries, like for instance Japan
(Household Appliances Law), have similar regulations. Manufacturers are obliged to install take-back
systems for WEEE and have to take care for the proper re-use, recycling and disposal of WEEE and
parts thereof.
The results of this work show that the low collection and recovery rates in post-consumer recycling
are a weak point in the life cycle of solders in particular and in the WEEE treatment in general.
Manufacturers should assume their producer responsibility also in countries, which do not yet have
the respective legal requirements. Assuming their global responsibility in a global market is a unique
chance to maintain the advantages of lead-free soldering and to improve the energy and resource
efficiency as a considerable contribution to sustainable development.

6.2.4 Governments

Promotion of WEEE Collection and Recovery
The results of this work show that the collection and recovery rates are a major lever to increase the
sustainability of soldering metal use in general and in particular for lead-free soldering. The worldwide
and even in Europe probably low collection and recycling rates result in resource losses as well as in
increased energy consumption and risks of toxic impacts. Governments worldwide should therefore
take or promote measures to increase WEEE collection, recovery and recycling. The intention to
increase the WEEE collection and recovery rates in the WEEE Directive [49] thus is a step towards
sustainable development.

Life-cycle Based and Aligned Legislative Interventions
The European Commission and the Parliament have enacted the RoHS [48] and the WEEE Directive
[49] in 2003, and the EuP (Energy Using Products) Directive [50] in 2005. The scope the three
directives are EEE (see chapter 2.2 on page 27). While the EuP directive explicitly wants to promote
ecodesign based on life cycle thinking, the material bans in the RoHS Directive focuses on the EEE
manufacturing phase, the WEEE Directive regulates the EoL phase.
As this work shows, higher collection and recovery rates on one hand as well as improved EoL
processes in particular for tin, but also for potentially toxic materials like lead reduce the toxic risk
materials and other environmental and resource impacts. With the minimum collection rates and the
EoL treatment requirements, the Commission wants to promote WEEE collection and recycling. This
initiative thus is a step into the right direction. Whether the implementation of these intentions is
effective and efficient is beyond the scope of this work, the more as HUISMAN [72] has already
worked on this topic.
The WEEE Directive and the RoHS Directive thus both target reducing and avoiding adverse impacts
from hazardous materials. The EU reasons that “Even if WEEE were collected separately and
submitted to recycling processes, its content of mercury, cadmium, lead, chromium VI, PBB and PBDE
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would be likely to pose risks to health or the environment” [48]. Thus, the EU gives three reasons for
the material bans in article 4 of the RoHS Directive [48]:
¾ explicitly, the assumption that there is a risk for health and the environment related to the
banned materials at the end-of-life phase
¾ implicitly that WEEE is not sufficiently collected and treated separately
¾ implicitly as well, the assumption that the end-of-life treatment processes are incapable to
control the toxicity of these materials in the end-of-life treatment processes to the degree
that is necessary to protect health and the environment

The material bans are based on suspects of adverse impacts in particular on human health and on the
environment. The evidence has not been available that the toxic potential of these materials in
WEEE in recycling processes, or even on landfill sites and in incineration actually may cause hazardous
impacts. Governments followed the pre-cautionary principle and banned these materials from
electronics. In the face of possible severe consequences for human health and environment, this
proceeding is understandable. Action after the damage has occurred is a reaction, which is too late.
Citizens expect their governments to protect them from adverse impacts on the quality of life.
It is the nature of the pre-cautionary principle to make decisions in the absence of the final evidence.
However, this still requires taking into consideration the facts which can be investigated and restrict
the insecurity to the minimum, which science cannot assess.
The above motivations for the RoHS Directive all focus on the risk related to the toxicity of the
banned substances in the end-of-life phase without considering other environmental impacts or other
phases in the life cycle. The precautionary principle wants to prevent damage and maintain or
improve the quality of life of the citizens. However, exactly for this reason, the focus on potential
toxicity and the related risk of hazard is not enough.
“However, given the many environmental aspects of products, the risk exists that sectoral policies
may focus on particular aspects or phases of the product’s life cycle to the detriment of others, which
may lead to contradictory and counterproductive legislation” (explanatory memorandum, EUP
Directive [50]).
“Sustainable development is one of the major policy goals of the European Union. Article 2 of the
EC Treaty calls for a sustainable development of the economy of the Community. […] Sustainable
development also requires proper consideration of the health, social and economic impact of the
measures envisaged.” (Explanatory memorandum, EUP Directive [50])
The above quotation from an official EU document determines the approach for any legal action the
EU wants to take – and which the EU violated with the RoHS Directive and the WEEE Directive.
The RoHS and the WEEE Directive target the manufacturing and the EoL phase of EEE and were
enacted first, without proper consideration to the entire life cycle. And they were enacted at the
same time although they both want to reduce the risk related to the toxic potential of the banned
materials. The Commission had not assessed the economic and social aspects of these directives
over the entire life cycle of EEE prior to its enactment.
Based on the methodologies and findings of this work, the following approach is proposed for future
decisions on bans or restrictions of materials with a toxic potential. This approach should enable
governments to make decisions which are in line with the guidelines of the EU and with the
requirements of sustainable development.
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Recommended Approach for Future Decisions on Restrictions on Use of Potentially Hazardous
Materials
Governments should base future decisions about use restrictions of potentially hazardous materials
on the following principles in order to promote sustainable development:
1) Application- and risk-oriented thinking
The toxic potential of a material must be differentiated from the actual risk of toxic impacts.
The risk, in opposite to the toxic potential, is strictly related to the life cycle of the hazardous
material in a specific application. This requires a risk assessment over the entire life cycle.
2) Life cycle thinking
Impacts from the toxic potential of materials are not the only possible adverse impact. The
focus on a certain life cycle stage like for instance the end-of-life phase and the possible
hazardous impacts from materials with toxic potentials is too narrow. A decision on material
restrictions or material bans must be based on environmental, resource and cost impacts
along the life cycle. As legal restrictions of application-specific material uses have country- or
even worldwide effects, the top-down mass flow approach applied in this study is the best
approach.
3) Multi-optional thinking
The ban of a material is not the only possibility to reduce the risk of toxic impacts. Improved
life cycle management is another option, which governments should take into account. If the
end-of-life phase is the main source of hazardous impacts, a better EoL management,
whether legally regulated or by any other measures, could be an alternative. The different
alternatives must be assessed against each other to identify the option with the highest
contribution to sustainable development. Only if one option, like improved EoL management,
is not sufficient to reduce the risk, more options like use restrictions or bans could be taken
into consideration.
4) Holistic thinking
Most materials, also potentially hazardous ones, have more than one application, which pose
a certain risk of hazardous impacts. If the use of a material with a high toxic potential and the
related risk is considered critical, any risk reduction efforts must focus on the application with
the highest risk and/or the best improvement potential with respect to sustainable
development.
Worldwide, lead-releases into the environment from electrical and electronics solders and
finishes are around 23,000 t. Hunting with lead shots, for instance, distributes around 93,000 t
of lead into the environment [109]. If the current amount of lead released into the
environment is considered an unacceptable risk, the ban of lead in lead shots, for instance,
should have been assessed whether it is a better contribution to risk reduction and
sustainable development.
Each decision-finding approach on the restriction of the use of hazardous materials should
differentiate the roles of science and technology on one hand and the role of governments. The way
to sustainable development cannot be assessed scientifically, but is the result of an interplay of
scientific facts and evaluations as a base and societal decisions based on these facts about risks and
development priorities. Science and technology have to prepare facts as a base for decision making.
Society (governments) has to set priorities on the way to a sustainable development. In the absence
of detailed information, governments may follow the pre-cautionary principle. It should, however, be
the result of priority setting, not that of a single-parameter consideration focusing e. g. only on
toxicity.
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The following approach illustrates the implementation of the above principles for future decisions on
restrictions of materials with a critical toxic potential. The approach differentiates the role of science
and technology (blue fields, dark gray fields in black and white prints) and governments (light gray
fields).

Figure 6-3: Recommended approach to future decisions on bans of potentially hazardous materials

(blue or dark gray fields in black/white prints): role of science and technology; light gray fields: role of
governments; LC: life cycle)
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The assessment of a material A with a critical toxic potential should start with an application-specific
assessment of the worldwide life cycle based mass flow of material A. As legal material regulations
are a macro-economic intervention, the macro-economic top-down approach like in this work is
most appropriate. The mass flow reveals the hot spots in the life cycle where the toxic potential of
material A actually could pose a certain risk, for example in the EoL phase, when at least some of the
material is released into the environment. The assessment must include the sufficiency aspect like in
this work, in particular in a highly dynamic industry branch like the electronics industry. New
upcoming technologies or technological trends on one hand and market growth influence the mass
flows of material A or even make it dispensable over time. Possibly, the technological and market
development mitigate or solve the toxicity problem, or vice versa even aggravate the toxicity and
other environmental impacts.
Governments then have to decide whether the society wants to tolerate the current risk and its
future development or whether legal interventions must be considered. If society is ready to accept
this risk, a ban or any further legal actions are not necessary. If society considers the risk as
intolerable, further research of two or more options is necessary (multi-optional approach!).
For a possible legal restriction of the use of material A including a ban, alternative substitute material
or technology scenarios of material B must be assessed against material A following the same
application-specific top-down approach like for material A. The environmental, resource and
economical impact and the effects on sustainable development have to be assessed – the
consistency, the functional and the eco-efficiencies, and for metals additionally the horizontal
efficiency.
In parallel, the possibilities and sustainability impacts of measures improving the life cycle control of
the mass flow of material A must be assessed and evaluated against use restrictions. Examples for
such measures could be
¾ application-specific taxes, possibly steadily increasing over time, on the use of material A, to
generally reduce its use
¾ In case, the low collection and recycling rates like for WEEE in the EoL phase is the hot spot
in the life cycle, producers could be legally obliged to take back products containing material
A. To encourage customers to give back the product after use, the extended producer
responsibility could be combined with a deposit on these products. The deposit could be
returned as soon as the customer disposes the product at a recycling point or another
appropriate facility.
¾ In case, the performance of the recycling infrastructure is deficient, governments could set
incentives to improve the end-of-life treatment. They could legally require producers and/or
recyclers to apply certain recovery operations, like in the annex II of the WEEE Directive
[49]. This might, however, result in costly and ineffective EoL treatments and trigger illegal
treatments or exports of WEEE. Alternatively, governments could set improvement targets
and leave it to the recyclers and manufacturers how to achieve these targets. This requires
strict monitoring and control whether the targets are achieved as well as sanctions in case of
non-compliance.

The impacts on sustainable development of these measures or combinations thereof must be
assessed against the status quo and the substitution scenario B.
Besides the above multi-optional approach, a holistic one to the hazardous risk issue is
recommendable. Other applications of material A should be taken into account as well, like for
example the use of lead in electronics versus the use in lead shots for hunting in case of the toxic risk
related to lead. The results of the sustainability evaluation of this alternative application of material A
must be assessed following the same approach.
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Once science has prepared the facts, it is again on governments first to decide in which application of
material A any legal or other measures are more sustainable. Secondly, governments need to decide
which measures are most sustainable:
¾ No legal action, if the status quo and its future development trend are the most sustainable
option.
¾ Measures improving the life cycle control of material A or reducing its use in the considered
application
¾ Banning material A in the considered application as the use of the alternatives are more
sustainable

Science should review the consequences of the decisions made from time to time. In case new
scientific facts emerge, the society must have a chance to react in time possibly revising earlier
decisions on the use or restrictions of material applications.
The above approach should lead governments to decisions that balance the economical and societal
requirements and the obligation of environmental and resource conservation for future generations.

6.2.5 Further Research
The approach depicted in Figure 6-3 should be applied and tested with other materials.
tests (see Annex
IV
Biological Impact of Soldering Metals, page 281 ff). The toxicity
of antimony and its compounds is also confirmed in literature [88]. It is widely used also in electronics
as antimony trioxide for flame retardation together with halogenated flame retardants in plastics e. g.
in plastics used for electrical and electronics components. Plastics in electronics contain about 3 %
(weight) of antimony trioxide. Antimony trioxide is carcinogenic in animal experiments [88].

Antimony

showed

strong

toxic

effects

in

biological

The recycling rate of antimony is around 40 % only in recovery processes (see chapter 3.3.5 on page
105). Given the low collection rates for WEEE, the impacts of antimony and its compounds should
be assessed and evaluated using the approach recommended in Figure 6-3 on page 246.
Beryllium as well is a toxic metal. It is a good electrical insulator [88] and as such applied in electrical
and electronics devices. If inhaled, it produces serious lung deseases [88]. It has a very high TPI value
as well, higher than lead or mercury (see Table 0-7 on page 278). Thus, in particular the recycling
stage of WEEE, in mechanical separation, could expose workers to risks related to beryllium. Thus,
beryllium would be a further candidate to look at using the approach in Figure 6-3 and the
methodologies worked out in this thesis.
The social dimension of the ban of lead was not taken into account indepth in this work. Decisions
to ban and to substitute materials affect material streams in the supply chains outside the European
Union. In the case of lead bans, e. g., the imports from lead-supplying countries decrease, while the
imports from countries supplying tin, silver, bismuth and other metals increase. As far as the supplying
countries are not the same, it should be controlled from which countries the new materials come
from and what the conditions of mining are like in these countries. It should be made sure that the
ban does not support corrupt or criminal governments and conditions in certain countries, which are
not favorable for its population. If a material ban, like the ban of lead, shall protect the safety and
health of the Europeans, it is adequate to make sure that not other people in other parts of the
world pay the price for European safety.
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Annex I

Calculation of Solder Demand of Components

The following chapter will show how the solder demand of the different component packages was
calculated.

Solder Consumption of Surface Mount Devices (SMD)
Printing of Solder Paste
The solder consumption of SMD components was calculated based on the printing of solder paste
on the component pads on the PWB. Interviews with experts resulted in the the following average
standard conditions [29], [95]:
¾ the solder paste covers 95 % of the pad area (due to the stencil aperture): pcovered
Some manufacturers print paste only on 90 % of the pad area, others 100 %, a few even
more than 100 %. The 95 % were assumed to meet the average area printed on PWBs.
¾ the standard printing height of the solder paste depot on the pad area is 150 µm (hpaste)
¾ 90% of the mass in solder pastes are metal alloys, 10 % are flux (pflux)
¾ the average density of tin-lead solder paste is 4.5 g/cm ] (ρpaste)
3

Therefore, having the area A of a solder pad, the metal mass M of solder for an SMD can be
calculated as

M solder = A pad ⋅ pcov ered ⋅ h paste ⋅ ρ paste ⋅ ( 1 − p flux )
Equation 0-1: Mass of a solder volume

With the conditions described above, the mass of a SnPb37 solder joint is calculated as follows:

M solder = Apad ⋅ 0.95 ⋅150 μm ⋅ 4.5

g
⋅ 0.9
cm 3

Equation 0-2: Mass of printed solder paste
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The area Apad depends on the component and is available from standards [75], as the next chapter
will show.

Solder Consumption of SMD Chip Packages
The standard sizes for chip packages are given in the standards EIA-575, EIA/IS-36 and others. They
all are of rectangular shapes, and their name labels are derived from their lengths and widths given in
hundredths of inches. To give an example, the 0805 size is 08 hundredths of an inch in length, which
is 0.08" and its width is 0.05".

Figure 0-1: SMD dimensions

The equivalent metric designation of that standard size is 2012. Here, the numbers express "deca"millimeters. The size of this component thus is 2.0 mm in length and 1.2 mm in width.
The most frequently used sizes for SMD chip packages currently are 0201, 0402, 0603, 0805, and
sometimes also 1206, 1210 and 1812. The table below shows their exact metrics in millimeters.
Table 0-1. Metric dimensions (mm) of chip SMD packages

Package [metric]

Length
[mm]

Width
[mm]

Endcap
[mm]

0201 [0603]

0.60

0.30

0.15

0402 [1005]

1.02

0.51

0.25

0603 [1608]

1.60

0.81

0.36

0805 [2012]

2.01

1.24

0.51

1206 [3216]

3.20

1.60

0.51

1210 [3225]

3.20

2.49

0.51

1812 [4532]

4.50

3.20

0.61

A few large packages (e.g. capacitors in 1812 and 1825) are recommended for wave soldering. This
exception, however, in the end is of no importance, as the numbers of these packages is very low
compared to the others.
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Figure 0-2. Size comparison

Recommendations for solder pad sizes are not quite as standardized as chip sizes are. In
are efforts to determine optimal parameters not only for the solder pad sizes but also
remaining determinants of the placement and soldering process. Nevertheless,
recommendations can still be found, depending on the producers’ experiences,
characteristics of their specific components, parameters of the flux and paste used etc.

fact, there
for all the
diverging
particular

Table 0-2 shows the recommended pad dimensions. They were converted to millimeters and
rounded for reading convenience. They are used unrounded in all calculations.

Table 0-2. Recommended pad dimensions (mm, rounded) [75]

Package

Length

Width

0201

0.70

0.50

0402

0.90

0.70

0603

1.10

1.00

0805

1.30

1.50

1206

1.60

1.80

1210

1.60

2.70

1812

1.90

3.40

The solder pad lengths hardly increases for larger component sizes, because there is no use for the
pad to extend below the chip. The solder pad widths have to comply to their respective component
sizes they support and therefore show a stronger correlation with the sizes.
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The resulting solder joint masses for all components could thus be calculated with Equation 0-2 on
page 259.
Table 0-3: Paste volumes and solder masses (pad sizes based on [75])

Package

Length
(mm)

Width
(mm)

Pad Area
(mm^2)

Volume
(mm^3)

Solder
mass
(mg)

0201

0.70

0.50

0.35

0.05

0.4

0402

0.90

0.70

0.63

0.09

0.7

0603

1.10

1.00

1.10

0.16

1.3

0805

1.30

1.50

1.95

0.28

2.3

1206

1.60

1.80

2.88

0.41

3.3

1210

1.60

2.70

4.32

0.62

5.0

1812

1.90

3.40

6.46

0.92

7.5

Figure 0-3 shows the solder use of SMD chip packages.

8

Lead Solder Masses / SMT Component (mg)

7
6
5
4
3
2
1
0
0201

0402

0603

0805

1206

1210

1812

Figure 0-3: SMT solder mass per component (mg)

The above solder masses will be used for these components in the calculations of the solder
demand.
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Solder Consumption of other SMD Packages
Other than SMD chip packages can be calculated in the same way. Figure 0-4 shows the results of
this calculation.
Solder (mg)
50

40

216

35

30
17

20

14
6

10

0.9

0.4

0
DIP 24
THT

DIP 24
SMD

SOP 24

SQFP
5x5-24

BGA*
0.5mm

BGA* FC/BGA*
0.2mm 0.15mm

* 24 solder-balls of the respective size assumed for constant I/O, normal ball numbers much higher

Figure 0-4: Comparison of solder consumption for 24 solder joints per package

Figure 0-4 shows the solder consumption of different packages. As the number of pins of these
components can be different, the solder consumption was calculated for 24 solder joints. With these
values, the solder consumption of a PWB can be calculated for the SMD components if the
component list is available. To show the impact of miniaturization, a THT component was added as
well. The SMD version of the DIP package requires only around 16 % of the solder mass used for the
THT DIP component. The miniaturization of THT components to SMDs are the crucial drivers of
solder mass reduction, and it is the decisive factor determining the development of solder
consumption (see chapter 5.3.4 on page 218.
Assumptions for the above calculation of the THT solder joints are:
Double-Sided THT, 1.6 mm board thickness, 0.5 mm hole and 0.3 mm lead radius, solder pad 0.8
mm radius, 30 °C angle.
BGA, flip chips and chip size packages are components that carry bumps. Besides the solder paste
deposits, these solder balls must be considered as well in the calculation of the solder consumption.
Each ball of solder has the shape of a deformed sphere. However, component data sheet just give
the radius of the solder ball. It is therefore assumed that the deformation of the balls is marginally and
the effect on the volume can be neglected.
The solder balls are connected to the package. The contact where the solder ball is fixed to the
package, reduces the solder ball volume. However, it is assumed that this reduction is marginally.
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Figure 0-5. Sphere and ellipsoid

The volume of the solder ball can be calculated as the volume of a sphere with the radius r.
The package is placed onto the board, where lands have been prepared with printed solder paste.
The solder mass m of a single BGA joint on the board with the pad area Apad, the coverage pcoverage
of the pad with solder paste, the printing height hpaste, the solder density ϕ paste of the solder paste
deposit, can be calculated as follows:

m = Vρ =

4π 3
r ρ1 + Apad ⋅ p cov erage ⋅ h paste ⋅ ρ paste ⋅ ( 1 − p flux )
3

Equation 0-3: Mass of a single BGA solder joint

In case the solder of the balls and the deposits are different, the equation contains different solder
densities.
The IPC standard tells about lands of some 80% of the diameter of the balls that are to be soldered
onto them [75]. Taking the 95-150-90 assumption to calculate the mass of the solder paste deposit,
results in the above approximately 1% larger solder joint mass compared to the balls' mass alone.
The masses of solder demand of all packages with bumps are calculated with the above formula.

Geometric Modeling of Solder Consumption of THT Components
Background
THT (through-hole technology) components do not use printed solder deposits, but are wave
soldered. The solder consumption of THT components therefore cannot be calculated with the 95150-90 rule. Geometric modelling of the solder joints will therefore be the base to calculate the
solder consumption of these components. After their geometries are modeled, the volumes and
masses of typical single solder joints are determined.
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Wave soldering is also applied for SMDs. The solder consumption of wave soldered SMDs is around
the double of the reflow soldered ones, whose solder deposits are printed on the PWBs. Some
SMDs like BGAs cannot be wave soldered and must not be taken into account.
The following types of connections will be considered:
•

THT one- and double-sided

•

SMD chips

•

MELF

•

Gullwing

•

J-lead joints

For all types of interconnections, simple geometric shapes and combinations thereof are used.

Figure 0-6. Basic geometric shapes

In most cases, combining the above cylinders, cubes, cuboids, truncated cones (frustum) and spheres
will suffice the needs to approximately reproduce the shapes of real solder joints.

THT Joint One-sided
Figure 0-7 shows a contact lead placed in a plated-through hole in a printed circuit board and the
related measures.
¾ Thickness of board (hboard)
¾ Radius of plated-through hole (rhole)
¾ Radius of solder pad (rpad)
¾ Radius of contact (rcon)
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Figure 0-7. THT solder pad and wire dimensioning

Assuming a circular solder pad and a constant elevation angle of 45° between the pad and the solder
joint surface, the height of the fillets equals the distance between the contact lead and the edge of
the pad:
Height of the fillet above board level (hfillet) = rpad – rcon
a shape simplified to a truncated cone on top of the board and a cylinder filling the space between
the contact lead and the surrounding walls of the plated hole is assumed. From that shape, the
cylindrical volume of the lead is subtracted, going through it from the top of the cone down to the
bottom of the cylinder.
The volume of a frustum of a cone with height h, lower base radius R and upper base radius r is

Vcone =

(

πh 2
R + Rr + r 2
3

)

Equation 0-4: Volume of a cone frustum

Here, the two radii are rcon and rpad, h is hfillet, which is rpad - rcon. Substitution of R and r in the
equation above with rcon and rpad and h with hfillet reveals the volume of the cone frustum.

Vcone =

tan x
2
2
Π(rpad − rcon )(rcon + rcon rpad + rpad )
3

Equation 0-5: Volume of a frustum on solder pad

The cylinder inside the board is calculated as
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Vcylinder = hboard ⋅ Π ⋅ rhole

2

Equation 0-6: Volume of solder cylinder inside the through-hole

The sum of both the volume of the cone frustum and the cylinder less the volume of the contact
lead gives the total volume of the solder contained in that joint.

Figure 0-8. THT solder joint (cone frustum and cylinder)
2

Vcontact = tan x ⋅ (hboard + h fillet ) ⋅ Π ⋅ rcon = tan x ⋅ (hboard + rpad − rcon ) ⋅ Π ⋅ rcon

2

Equation 0-7: Volume of contact lead through cone and cylinder

All volumes in one equation, with hboard, rpad, rcon and rhole abbreviated to h, rp, rc and rh results
in

⎡ (rp − rc ) ⋅ tan x 2
2
2
2 ⎤
Vtotal = Π ⎢
rc + rc ⋅ rp + rp + hb ⋅ rh − (hb + tan x (rp − rc ))⋅ rc ⎥
3
⎣
⎦

(

) (

) (

)

Equation 0-8: Total volume of a THT solder joint

The corresponding mass of a single-sided THT solder joint is

⎡ (rp − rc ) ⋅ tan x 2
⎤
2
M total = ρsolder ⋅ π ⎢
rc + rc ⋅ rp + rp 2 + hb ⋅ rh − (hb + tan x(rp − rc )) ⋅ rc 2 ⎥
3
⎣
⎦

(

)

Equation 0-9: Mass of a THT single-sided solder joint

ρ is the density of the solder used.
In case the hole is not plated through and there is no solder getting into it, the solder joint is merely
the cone frustum less the space for the contact lead
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⎡ (rp − rc ) 2
⎤
Vtotal = Vcone − Vcontact = tan x ⋅ π ⎢
rc + rc ⋅ rp + rp 2 − (hb + rp − rc )⋅ rc 2 ⎥
⎣ 3
⎦

(

)

Equation 0-10: Volume of solder frustum around a contact lead

and the mass of solder in such a joint merely

⎡ (rp − rc ) 2
⎤
M total = ρ solder ⋅ tan x ⋅ π ⋅ ⎢
rc + rc ⋅ rp + rp 2 − (hb + rp − rc ) ⋅ rc 2 ⎥
⎣ 3
⎦

(

)

Equation 0-11: Mass of not plated-through THT-single sided solder joint

which is quite common for household appliances and consumer products.

THT Joint Double-Sided
The transition from one-sided to double-sided THT joints only requires adding another cone frustum
at the downside, again eliminating the space occupied by the contact lead.

Figure 0-9. Double cone frustum and cylinder solder joint

The contact lead now passes through the top cone, the cylinder inside the board and the bottom
cone. The height thus is thickness of the board hboard and two times the height of the fillets:

Vcontact = h ⋅ π ⋅ r 2 = tan x ⋅ (hboard + 2(rpad − rcon )) ⋅ π ⋅rcon 2
Equation 0-12: Contact lead for double-sided joint
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The total mass of a THT double-side soldered joint thus is:

M total = ρsolder ⋅ (2 ⋅Vcone + Vcylinder − Vcontact ) =
⎡ 2(rp − rc ) ⋅ tan x 2
⎤
= ρsolder ⋅ π ⎢
rc + rc ⋅ rp + rp 2 + hb ⋅ rh 2 − (hb + 2 ⋅ tan x ⋅ (rp − rc )) ⋅ rc 2 ⎥
3
⎣
⎦

(

) (

) (

)

Equation 0-13: Mass of a THT double-sided solder joint

The solder mass calculations will be applied to the total amounts of different solder packages to find
out which component packages use the worldwide around 70,000 t of tin-lead solders and the leadfree substitutes.

Worldwide Composition of the Component Market
This chapter shows the unit numbers of the different component packages on the world market.

Structure of the Component Market
The world electronic component market can be broken down to the segments
¾ passive components
¾ semiconductors
¾ electromechanical components

For this analysis, the last category cannot be integrated because of a lack of reliable data.
The number of capacitors and resistors is around 1,500 billion units, accounting by far for most
passives [51], and around 300 billion semiconductors [75].
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Passives to Semiconductors Ratio (global production by 2000)

Passives
84%

Semiconductors
16%
Source: Paumanok (Passives) and VLSI (Semiconductors)
Figure 0-10: Passives to semiconductor ratio (by 2000) [57], [75]

Around 10% of all passives are THT components according to experts.

Passive components SMT/THT unit ratio globally by 2000

SMT
90%

THT
10%

Figure 0-11: Passive components SMT/THT unit ratio (by 2000)

For the remaining SMT passives, a commonly shown distribution to 0603, 0402 etc. [114] has been
used.
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Figure 0-12: SMT packaging technologies comparison (source: [114])

The semiconductors are broken down to packages according to [91].

Figure 0-13: Semiconductors broken down to packages (Source: [91])
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This source does not specify exactly how SOT and TO packages are split up into THT components
and SMDs. A comprehensive bill-of-material listing (some 21 billion components) from a big
consumer electronics manufacturer [24] facilitated the SMD/THT split up for that segment.
From IPC land pattern sizes [75] together with the approach to SMT solder mass calculations in
solder joints, it was possible to to assign solder masses to the total number of SMD solder joints.
Source [91] showed the semiconductor packages by number of I/Os, which were used to calculate
average pin counts and after this the total mass of solder for the packages listed.
Table 0-4. Semiconductor packages (million units) by component type and number of I/Os (by 2001) [91]
2-4
5-6 7-10
SOT
110000 50
0
Other TO
107000 2000 1000
SIP & ZigZag
50
50
50
SOJ
0
0
50
Plastic DIP
0
50
50
TSOP & STSOP
0
0
50
SOIC Wide Body
0
50
50
SOIC Narrow Body
0
50 2000
QFNL
0
0
50
PLCC
0
0
0
QFP
0
0
0
CSP
0
0
0
BGA
0
0
0

11-16
0
50
1000
50
1000
50
1000
9000
50
50
0
0
0

17-24
0
0
50
1000
2000
4000
9000
3000
50
50
50
50
0

25-40
0
0
50
50
1000
4000
3000
1000
50
50
50
50
0

41-64 65-96 97-128 129-256 257-500 >500 Total Packa
0
0
0
0
0
0
110000
0
0
0
0
0
0
110000
0
0
0
0
0
0
1000
0
0
0
0
0
0
1600
50
0
0
0
0
0
5100
2000 50
0
0
0
0
11000
3000 50
0
0
0
0
17000
50
0
0
0
0
0
15000
0
0
0
0
0
0
200
50
50
50
50
0
0
1000
2000 2000 4000
4000
50
0
12000
500 1000
50
50
50
0
1500
0
0
0
50
1000
300
1400

The remaining gaps must be filled with assumptions.
The passives and semiconductors, their split-up to packages and the solder mass consumed by each
package was assessed in the previous section. There have been uncertainties and gaps though,
requiring some assumptions for the calculation.
In a 1.11 billion units sample of TO and DO components in consumer electronics [24], it was found
that DO35 and TO92 packages with 39 % and 32 % strongly dominate the unit count. The average
pin count in that sample was 2.4 IO's per component.

DO-35 package (accounting for 39
% of all TO/DO packages)

TO-92 package (accounting for 32 %
of TO/DO packages)

Figure 0-14:. DO-35 and TO-92 packages
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Assumption 1
TO THT components are expected to have an average of 15 mg of solder at each solder joint.
This assumption is based on the observation of DO-35 and TO-92 packages' solder joints, their
domination of the category (source: 21 billion components BOM from consumer electronics [24]
with around 1.11 billion TO and DO components), and the calculated solder mass of those
components after measuring the joints in a laboratory.
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20 DO
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D
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0
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09L
TO
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TO
A
25
2( K)
D
P
AK
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TO
26
TO 3
26
35
TO
92

DO15

Figure 0-15: Dominance of DO35 and TO92 packages in TO/DO packages

Assumption 2
For Plastic DIPs, the mass of solder per joint is estimated with 20 mg solder per joint. The estimation
is based on measuring small size THT connections on different PCBs.

Assumption 3
PPGA packages have high pin-counts but are most often not soldered to the board. Instead of that,
connector sockets are soldered to the board. The packages can then be inserted and removed (e.g.
for upgrades). The solder use for a single connector is estimated to have a value of 14 mg.

Assumption 4
As other DIP components have no I/O data available, the average I/O count for Plastic DIPs was
used.

Assumption 5
Passive THT components have 2 leads on the average. Per joint, 15 mg solder are taken for the
calculation, as most of them are expected to be quite small components. The value has to be
corrected upwards if a big part of them should turn out to be power components, which have bigger
packages with bigger leads.
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Assumption 6
"Other SMD" (not as popular as 0603, 0402 etc.) are expected to have two I/Os and their pad area
is estimated to be bigger than that of the 1206 chip SMD, the biggest chip package listed. Three
square-millimeters are used based on land pattern sizes known for standard sizes.

Assumption 7
The SOT/SOD THT lead average is 2.1 leads per component. This average is derived from the fact
that in a 21 billion components BOM [24] around 97 % of all packages of that type have 2 leads. The
others are taken to average at 5 leads, like DPAK components.

Assumption 8
BGA components have an average solder balls mass of 2.04 mg and 1.11 mg, depending on the ball
sizes. These solder ball masses are obtained using the data provided by IPC [75]. Since there is no
information about the distribution of the respective ball dimensions, the smaller ball dimension is
omitted to obtain a worst-case scenario.

Assumption 9
CSP can be divided into various sub-packages, i.e. CSP-BGA, CSP-QFN (Quad-Flat No-Lead), CSPDFN (Dual-Flat No-lead), CSP-WLP (Wafer level Package). Averaging the number of units and I/Os
for each CSP-BGA, CSP- QFN, CSP-DFN and CSP-WLP yields the number of average I/Os [43] of
¾ 91.71 (CSP-BGA)
¾ 35.2 (CSP-QFN)
¾ 18.94 (CSP-DFN)
¾ 37.51 (CSP-WLP)

Due to lack of land pattern information, the CSP-DFN is not taken into account in the further
calculations of the worldwide solder demand per package.
Chapter 5.3.2 on page 213 in the main text shows the results and the conclusions from the solder
consumption calculations based on the above data and equations.
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Annex II The IZM/EE Toxic Potential Indicator (IZM/EE-TPI)

The evaluation of complex products like assembled PWBs in electronics very often is burdensome or
even impossible due to missing data. Data are missing as from the amounts of materials used for the
product, as well about the impacts of materials in that form, coming with the product. This is
especially true for toxic properties of materials. For this reason, a screening tools was created to
evaluate the toxic properties of products based on the direct effects of the materials in the product.
Due to the applied legal threshold values and categorizations, the Toxic Potential Indicator (TPI)
gives hints on human and eco-toxicity of materials in a product as well as special risks when these
materials are handled or stored.

Calculation of the Material Specific Toxic Potential
Figure 0-16 gives an overview on the legal base values and the calculation of the material specific
toxic potential.

Figure 0-16: Scheme of TPI calculation from legal threshold values and material classifications [94]

The maximum workplace concentration MAK is based on German legislation, but threshold limits are
similar worldwide; for the US the Threshold Limit Values (TLV) of the American Conference of
Governmental Industrial Hygienists (ACGIH) are applicable. For some substances, the MAK
commission recommends stricter MAK threshold limit values, which are not legally binding by now. In
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such cases, the lower value should be taken as input value to address the worst-case approach.
Carcinogenity is considered separately as classified by the European Union (for the US: ACGIH
classification). The MAK values are indicators for impacts of material to human. Although some
methodological concerns and individual cases exist, values show the power of hazardousness of
longer exposition to these materials.
Water pollution classes for water harmful substances emphasise the potential hazard for aquatic
systems and for the ground water system. The importance of the water cycling for the life on earth
and the worldwide problem, that drinking water with a sufficient quality is only inadequately available,
give the reason for including water assessment values into the assessment of substances. Water
pollution classes (WGK) are based on German legislation: Substances are classified as either “not
hazardous to waters”, or WGK 1, 2 or 3. For substances, which are not classified, the WGK can be
calculated by considering the R-phrases.
R-phrases are based on European legislation (Directive 67/548/EEC for the classification of dangerous
substances). Marking with R-phrases based on the dangerous substances directive provides a
comprehensive classification of most available on the market substances. R-phrases cover the most
particular hazards (explosion and fire danger), the hazards of environment (e.g. ozone depletion),
specific health damages (e.g. mutation of the genetic material) and human toxic properties. The
related lists [TRGS900-2001, KwS-2001, and EU-1998] are continuously updated through experts.
All classifications are reviewed by experts committees frequently. A declaration is mandatory for
substances distributed within Germany, and is frequently given worldwide, see the material Safety
data sheets (MSDS).
Each input variable MAK-value, WGK value and R phrases is mapped to a standard scale, before the
summarised value is calculated (see Figure 0-16). This single number cannot comprise all
environmental impacts of a material, but is a simplified one-dimensional picture of the complex real
world.
Table 0-5: Verbal and numerical levels in the norm scale [94]

Scale factor N
0
1
2
3
4
5
6
≥7

Class
harmless
uncritically, minimal hazardous
ascertainable, very slender impact
definitive, even slender impact
Middle impact force
Strong impact
Very strong impact
Extremely hazardous

Each input variable for calculation is ranked with a standard scale factor N (resp. NMAK, NR, NWGK)
from 0 (harmless) to 7 (extremely hazardous), e.g. WGK 3 (“severe hazard to waters”) is classified
with NWGK = 7, R 33 (“Danger of cumulative effects”) is classified with NR = 4. Some R-phrases
refer to water hazards or workplace hazards, which are already taken into account with WGKs and
MAKs: Lists are defined to eliminate these overlaps (factors NR_WGK, NR_MAK). Carcinogenity is
assessed separately with NMAK standard scale factors.
Table 0-6 gives the calculation script for mercury as an example.
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Table 0-6: Calculation of the TPI value for mercury [94]

Input values (status September 2004)

MAK 0,1 mg/m3 [TRGS900-2001]
WGK 3 [KwS-2001]
R23 " Toxic by inhalation ", R33 " Danger of cumulative effects ", R50/53 " Very toxic to aquatic
organisms, may cause long-term adverse effects in the aquatic environment" [EU-1998]
Step 1: Assessment on the standard scale

⎛ 10 4 ⎞
NMAK = log⎜
⎟
⎝ MAK ⎠
The value NMAK is limited from top to 7; Values between 0.0 and 1.0 will be rounded up to 1.0.
For mercury, we found NMAK = 5.
WGK 3

„severely hazardous to water“ is mapped to NWGK = 7.

R23

is on the MAK overlapping list with a mapping to NR_MAK = 5.

R33

is mapped to NR = 4.

R50/53 is on the WGK overlapping list with a mapping to NR_WGK = 6.12
Step 2: Aggregation with elimination of overlapping

(

)

N Hg = ln e 4 + e 5 + e 7 − 2 = 7,17
Step 3: Mapping to the exponential scale

TPI Hg =

(e

N Hg

)

−1
e 7 ,17 − 1
=
= 39,45
Skalierung 32,869

The Skalierung is a factor fixed to the value 100/(3*e7-3), so that the maximum assessment
value equals 100.

Table 0-7 contains a selection of some material specific TPI values.
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Table 0-7: Material-specific TPI values for different materials [94]

Material

TPI per mg

Au (Gold)
Zn (Zink)
Al (Aluminium)
Cu (Copper)
TBBA (Tetrabrombisphenol A)
SnPb37 (Eutectic Tin-Lead-Solder)
Pb (Lead)
Ag (Silver)
Ni (Nickel)
Co3O4 (Cobalt-Oxide)
Hg (Mercury)
Be (Beryllium)

0
0.6
0.7
1.6
3.0
8.4
20.8
37.8
33.5
38.0
39.4
69.1

Calculation of the Toxic Potential of Products
The material specific TPI value TPIi together with the mass mi of this material in a product gives a hint
for the potential of hazards that might emerge from this material. The ecological assessment TPI
product/component of a device is the sum of the products of the material specific value TPIi and the mass
mi of the material i for all materials in the device:
TPI product/component = (mi x TPIi)
Equation 0-14: Calculation of the toxic potential of a product [94]

A simple calculator program for TPI values, based on the required input of MAK values, WGK classes
and R phrases, can be downloaded from the Fraunhofer IZM website http://www.izm.fraunhofer.de.
See at the Services of the department EE-Environmental Engineering or search for the “TPI
calculator”.
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Annex III The Surplus Energy Concept [59]

Damage to Resources caused by depletion of minerals and fossil fuels
If the resource quality decreases, economic factors and environmental burdens associated with
mining low grade ores will become the real problem. The latter includes the land-use for the mining
operation and the amount of energy to extract the resource from the low-grade ore. The availability
of land and energy could thus form the real limitations and land-use and energy use will probably be
the most important factors. This is the basis for the proposal of [BLONK 1996].
When we look at alternative energy resources, another additional option is to translate increased
energy consumption into increased future land use, as most non-fossil energy sources use a relatively
large area. [ROS 1993] proposes some land-use values for the most important solar and wind based
technologies.
[MÜLLER-WENK 1998-1] follows this line of thought. However, instead of land use, he uses the
concept of surplus energy. The surplus energy is defined as the difference between the energy
needed to extract a resource now and at some point in the future. He calculates the future surplus
energy at Q*N, in which Q represents the total amount that has been extracted by mankind before
1990 and N represents the number of times this amount is extracted. Müller-Wenk uses N=5 and
N=101.
The choice of the factor 5 is arbitrary, We could also have selected the point on the damage curve
at 10*Q or 2*Q, as we assume the damage curve is linear. The consequence of this arbitrary choice
is that the absolute value of the surplus energy has no significance. The only purpose of the surplus
energy concept is to have a relative measure for the damage the depletion of a mineral or fossil
resources creates. In a way the surplus energy is used as a characterisation method, since the choice
of N is only used as a reference. 2
As we will see later in the damage assessment, the lack of absolute meaning of the damage to
Resources does create some problems in the presentation of questions to the panel.

Surplus energy for minerals
[CHAPMAN AND ROBERTS 1983] analyses the relation between energy use and the lowering of ore
grades for the most common minerals. Chapman states there are three effects:

1

[Müller-Wenk 1998-1] shows that even at Q*10, the total surplus energy requirements are in the
order of magnitude of 1% of the current energy use. This would indicate that the availability of
energy may not become a very serious limitation.

2

Müller-Wenk does use the absolute value when he combines the surplus energy concept with the
availability of energy due to increases in energy efficiency. We do not follow this approach; see
[MÜLLER-WENK 1998-1 Müller-Wenk 1999]
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1) The amount of energy needed to change the chemical bonds in which the mineral is found is
by definition constant. It is not possible to reduce this energy requirement by efficiency
improvements or technological developments.
2) The energy requirements needed to extract, grind and purify an ore goes up as the grade
goes down
3) The energy requirements needed to extract, grind and purify an ore goes down with
efficiency increases and technological developments.
Chapman shows convincingly that until now the 3 mechanism is stronger than the second. This
means that although the grade of all ores decreases, historically the energy requirements also
decrease. Chapman shows that this trend will continue many decades from now. In the case of
copper we can extract about 100 times more than mankind has done so far before the actual energy
requirements get higher than the present values. For most other metals, the situation is even better.
rd

Future efficiency increases are not taken into account in LCA. This is consistent with the other
damage models. For instance we do not take into account the possibility that the treatment methods
of cancer will be improved, when we look at long term exposure. It is also common practice in LCA
not to take possible remediation technologies into account.

Sources of uncertainty
The uncertainties in resource models are considerable for minerals. It appears that there are very
significant differences of opinion between the two sources used by [Müller-Wenk 98-1] for some
minerals, while for other minerals there is a considerable level of agreement.
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Annex IV Biological Impact of Soldering Metals

Within the EFSOT project [40], the Japanese project partners made comprehensive assessments of
soldering metals. The results were presented at a conference [107]. The following pages show some
of the slides displaying the most imporant results and, in particular, showing that bismuth in the tests
did not show adverse toxic effects. The following slides show the test procudure and the main results
of the tests. The slides are courtesy of Mr. Masahide Okamoto from Hitachi PERL, the inter-regional
coordinator of the EFSOT project.
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Note the positive result for bismuth! For comments on this result, see the conclusions (page 284).
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Conclusions

The tests show that the toxic potential of bismuth is much lower than that of lead, with one
exception. The carcinogenicity test showed a positive result for bismuth in the chromosome
aberration test. The test result occurred at high concentartions of 5 g/ml and was at the limit of the
significance threshold. The test was therefore repeated, but the positive carcinogenicity test result
could not be confirmed.
At the current level of knowledge, there are hence no hints of toxic, teratogenic or mutagenic and
carcinogenic effects of bismuth.
The results, however, show that antimony is a metal with highly adverse impacts. It shows heavy
toxic effects and carcinogenic effects in the animal experiments similar or even worse than lead. As
antimony is widely used in the electronics industry as antimony tri-oxide, an assessment is highly
recommendable.
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