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Fig. 1.1: Bottom ash from a Municipal Waste Incinerator is excavated for processing. 
Exothermal chemical reactions lead to a marked increase in temperature which 
evaporates a significant amount of moisture. 



Fig. 2.1:  Incineration quota increases with Gross Domestic Product (top). In contrast to a 
common misconception, incineration does not compete with recycling, but with 
landfilling (bottom). Rich countries recycle and incinerate their wastes, while poor 
countries landfill (data EUROSTAT, IMF). 



Fig. 2.2:  The total amount of municipal waste generated increases with GDP. 
Fig. 2.3:  Zinc and copper content of wastes from 6 cities in China (balanced from the 

chemical analyses of BA and filter ash) plus data from Switzerland. As GDP 
increases, so does metal content.  





Fig. 2.4: Simplified schematic of a “stoker type” Municipal Waste Incinerator (MWI).  

 



Fig. 2.5: Composition of the primary bottom ash 

Fig. 2.6:  Typical particle size distribution of primary BA. 



Fig. 2.7:  Primary BA<32 mm.       Fig. 2.8:   Slag 8-32 mm. 

Fig. 2.9:  Glass in BA: 4-8 mm      Fig. 2.10:  Glass and ceramics in BA: 8-32 mm. 

 

Fig. 2.11: The water retention capacity for fine size fractions of BA is much higher than for 
coarse size fractions.  



Fig. 2.12: Solidification of free flowing bulk solid after wet extraction.   



  
Fig. 2.13:  Progressive solidification of BA being indicated by (left) an increasing amount of 

material with density <3.0 kg/L and (right) by the irreversible uptake of water. 
 

Fig. 2.14: Progressive solidification of secondary BA can be inferred from (left) the increase 
of compressive strength in Proctor-tests over the course of 6 months and (right) the 
continuously decreasing amount of material <0.063 mm due to the formation of 
agglomerates. 

BA<0.063m





Table 3.1: Matching pieces of aluminum found in BA with aluminum products. 



Fig. 3.1:  Copper is often present in the form of wire which is oxidized on the surface (left).  
Fig. 3.2:  Brass is mostly encountered in the form of mountings and fittings (right).  



Fig. 3.3: Aluminum melt solidified as “nugget”. 
Fig. 3.4: Approximately 2/3 of the batteries pass the incinerator intact. This sample was 

taken from magnetic scrap recovered by BA-processing. 

Fig. 3.5:  After 1h exposure to 900°C: steel (left) and copper (right) have developed an 
oxidation layer of approximately 0.08 mm thickness.  



Fig. 3.6:  Oxidation progress on steel (left) and copper (right) as functions of temperature and 
time.  

Fig. 3.7: Oxidation progress on aluminum (left) and brass (right) as functions of temperature 
and time.  

Fig. 3.8: Copper plated pieces of steel recovered from BA (after removal of the oxide scales 
by shredding).  



Fig. 3.9: As temperature increases, the steel surface oxidizes and the liquid copper 
penetrates the boundary between steel and iron oxide thus plating the steel (left). 
Front and back after cutting the steel dish in half (right).  



Fig. 3.10: The copper-balance of a MWI.  
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Table 3.2: Data from a Swiss MWI [2] 



Fig. 3.11: Total mass fractions of metals in BA. Potentially recoverable with conventional 
technology are only metals >2 mm. 

Fig. 3.12: The total mass of potentially recoverable metals >2mm in BA is 10.4% of which 
approximately a quarter is NF.  
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Fig. 3.13: Size distribution of metal particles in BA. SS and FE occur as much bigger pieces 
than aluminum, brass and copper.  

Fig. 3.14: Concentrations of selected metals in BA 0.5-2mm. The relative masses of the 
fractions were: Mferromag=20 %), Mparamag=20 %, Mnonmag=60 %.  

Fig. 3.15: BA <6mm was separated into classes of magnetic susceptibility by increasing the 
magnetic flux density of the separator. (left) With strong magnets, up to half of the 
BA <6mm is attracted. (right) Surprisingly, only around 55-65% of the metals Cu, 
Au, Ag are recovered in the nonmagnetic fraction.  
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Fig. 3.16: Illustration of our definitions for magnetic particles.  

Fig. 3.17: Copper and iron species in BA and their fate when subjected to magnetic and 
gravity separation processes. 
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Fig. 4.1: Principle of mechanical separation processes. 
Fig. 4.2: Simplified flow sheet of a BA processing plant. 





Fig. 4.3: After comminution the metals are fully liberated. Note that the particle size of the 
all mineral matter has been reduced while the size of the metal pieces remains 
unaltered.  

Fig. 4.4: Liberation of pieces of FE and SS embedded in slag: (left) before comminution and 
(right) after. 
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Fig. 4.5: Impact crusher: The rotor with the impact bars revolves at approximately 1000 
rpm. The material is crushed by the impact bars and also by impact on the baffle 
plates. The photo shows the interior after opening the lid with the baffle plates. 



Fig. 4.6: Equipment for the coarse classification of BA: (left) a bar-sizer (drawing by 
Mogensen) and (right) a trommel screen. 



  
Fig. 4.7: Vibrating screen: in principle (left) and production scale (right). 

Fig. 4.8: In order to avoid blinding, sizes 10-100 mm are often processed on star-screens.  

Fig. 4.9a:  Schematic of “flip-flow” screen, used for the classification of moist and “sticky” 
BA.  



Fig. 4.9b:  (left) Installation of a “flip flow” screen. (right) BA on a 16 mm deck. 

Fig. 4.10:  “ADR” technology for separating moist BA. 

    



Fig. 4.11:  Gyratory screens are employed, if the feed contains fibrous and elongate particles.   



 
 

    
Fig. 4.12: Schematic of the “lateral pole” design of magnetic separators. D is the outer 

boundary of the zone of attraction for a particular material (e.g. steel). As the 
magnet approaches the steel spheres, the bigger sphere is attracted first (top). Upon 
withdrawing the magnet from the glass pane, the big sphere drops first (bottom). 



  
Fig. 4.13: Drum magnets: (left) deflection magnet, (right) extraction magnet. 

   
Fig. 4.14: Overhead magnet: schematic and photo. A “crossbelt design” (lower left corner on 

drawing) must be avoided if coarse BA is processed. 



  
Fig. 4.16: Eddy Current Separator ECS: Schematic of principle (left). View from diagonally 

above into the separation chamber (right). On the photo one can see NF particles 
passing over the splitter while the mineral material dives under the splitter.  
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excellent separability   aluminum = magnesium 
copper = silver 
gold=zinc 
brass= tin =bronze 
lead 

low separability  Cr/Ni-SS  

  
Fig. 4.17: (left) Forces acting on a conductive particle with magnetic properties. (right) The 

spin of the conductive particle is opposed to the direction of the rotor spin.  
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Fig. 4.18: NF recovered by ECS: (left) mostly aluminum. (right) NF concentrate from a sensor 

sorter (after ECS): mostly SS. 
 

  
Fig. 4.19:  (left) Functional principle of sensor sorting. (right) View into the separation 

chamber.  
 



      
Fig. 4.20: Handpicking station.  
Fig. 4.21: Transformers and electric motors handpicked from BA. 





 
Fig. 4.22: Metals recovered from BA by gravity concentration: gold originating from ball 

bonded contacts (left), contact foils (middle) and copper from litz wire (right). Even 
the longest dimensions of these objects are approximately only 0.5 mm.  

 

    
Fig. 4.23: Coins recovered from the NF fraction of BA: (left) after extraction from the NF 

concentrate; after polishing (Photos: Georg Schons/GS-GmbH).  





Table 5.1: Taxonomy of BA processing operations 
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Category  1.1/2.1/3.2/4.1/5.1 



 
Fig. 5.1:  Example for flowsheet of a dry BA processing plant “state of the art”. 

Category 1.3/2.1/3.1/4.2/5.2 
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Fig. 5.2:  Simplified flowsheet of a wet BA processing plant. 



Category 1.x/2.2/3.x/4.x/5.x  

  
Fig. 5.3: Metals 10-40 mm recovered from dry extracted BA: NF (left) and FE (right). Even 

thin foils of aluminum have been successfully recovered as a pure product with 
virtually no corrosion and adhesions of mineral material. 



  
Fig. 5.4: The ECS splitter setting (A) results in 100% recovery but only 45% grade. Splitter 

setting (B) results in 100% grade but only 60% recovery.  
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Table 5.2: definitions for grade, recovery and related terms 

 

Note that in the above definitions the term „metal“ refers to „native metal“. And 
keep in mind that all data on metal content or yield should be given with respect to 
dry mass (i.e. the mass of the material after drying at 105°C). 



   
Fig. 5.5: (left) Simplified flow sheet of a BA processing operation plus downstream metal 

concentrate refining.  (right) Example: Graphic representation of the composition 
of a BA, the metal concentrate and the product after smelting.  

 

*reference: dry mass (105°C) 

120 kg
57 kg



 

   
Fig. 5.6: (left) As the trajectories of coarse nonconductive particles and small conductive 

particles overlap, separation efficiency is low when processing wide particle size 
distributions. (right) If the metals were not sufficiently liberated, separation 
efficiency is low. 

 

 
Fig. 5.7: Influence of various parameters on improving the grade/recovery curve. Ideally, 

the plant would operate at 100% metal recovery and 100% grade. 



Example (fictional): Plant Optimization 



 
Fig. 5.8: Optimization of an ECS. Optimum throughput is approximately 53t/h.  

Example: multiple ECS in series 

The BA fed to the first ECS contained 2% (20 kg/t) fully liberated aluminum particles of which 
60% were successfully separated, i.e. metal recovery ECS1=60% (12 kg). On the second device 
ECS2 one may expect a recovery of 65% of the recovery of ECS1 i.e. 0.65*0.6=39%. At the 
remaining head grade of 0.8% (=8kg/t) one may therefore expect another 0.39*8=3.1 kg to be 
recovered to the concentrate. Running the material through ECS2 would increase aluminum 
recovery from 12 to 15.1 kg per ton of BA processed. A third separation step would add another 
(20-15.1)*0.39*0.65=1.24 kg. Note, that this algorithm applies only if the metal particles are 
fully liberated – a small aluminum particle locked in a big slag particle will never be recovered 
into the concentrate, regardless of the number of ECS in series.  

t/h % t/h €/h €/h

assumptions:
concentrate grade is always 80%
operating cost is 60€/h (independent of throughput)
revenue for concentrate is 20€/t





dMSM MSMd

MSM minimum sample mass [kg]  dmax maximum size of metal pieces [m] 
 density of the metal [kg/m3]   mass fraction of the metal [-]  

 

   
Fig. 6.1: The minimum sample mass MSM as a function of the maximum size of the metal 

particles at various mass fractions of metal w=0.1%...10%. For a given metal the 
MSM read from the graph must be multiplied with the density of the metal in 
multiples of 1’000 kg/m3. The MSM for copper (density=9’000 kg/m3) with 
maximum particle size 10 mm and a mass fraction of 1% the MSM would be 
2.5kg*9’000/1000=22.5kg (left). Assuming typical concentrations of metals in BA, 
the required MSM can be estimated from the graph (right). 

Example 1: A size fraction 0-16 mm of BA needs to be sampled for aluminum. It is estimated 
that the BA contains approximately =2% aluminum particles. The density of aluminum is 

=2’700 kg/m3. The minimum sample mass MSM is calculated as MSM = 
25*2’700*0.0163/0.02=13.8 kg.  

Example 2: The residue of a processed BA 0-64 mm is to be sampled for residual copper 
potential (i.e. pieces >2mm). The density of copper is 9’000 kg/m3. Assuming that all copper 
pieces >6 mm have been successfully recovered by the eddy current separators, the maximum 
size of copper particles in the residue is 6 mm (despite the maximum size of the mineral 
material being 64 mm). Further assuming that, of the 0.5% copper present in the feed an 
estimated 50% had been recovered in the NF concentrate, leads to approximately 0.25% 
native copper in the residue. The minimum sample mass is therefore 
MSM=25*9’000*0.0063/0.0025=19.4 kg.  



MSM minimum sample mass with implicit error =10% [kg] 
M* sample mass actually drawn [kg] 
 error to be expected 

    
Fig. 6.2: Segregation according to particle size. Big particles fly farther than small particles 

of same initial horizontal velocity (left). Big particles accumulate at the foot of the 
pile and small ones in the center (right). 





 
Fig. 6.3: Reduction of a 20 kg sample for chemical analysis. The coarse fractions from the 

sieves can be either ground in special mills and then remixed into the fine fraction 
or they can be analyzed as a whole, for example by fire assay or chemical analysis.   

fire assay chemical analysis

600g
19.7 kg

jaw crusher ball mill

sieve
2 mm

sieve
0.3 mm disc milldisc mill

chemical analysis2g



  
Fig. 6.4: Fire assay of 250g HNF concentrate from BA. The slag collects on top of the metal 

regulus (right). After the regulus has been sawed in half the surface can be analyzed 
for example by spark emission spectroscopy. 

 



 
Fig. 6.5: Simplified schematic of metal analysis making use of selective comminution. 
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Fig. 6.6: Metals from selective comminution of BA: FE and NF 8-32 mm (left). NF on a 2 mm 

sieve (right). Note that the NF particles were flattened when passed through the jaw 
crusher (left) or roll mill (right).  

 
Fig. 6.7: The minimum masses required when sampling HNF concentrates for precious 

metals.  



Example: How much sample of HNF<1 mm (from BA) needs to be drawn if an error of ±20% 
in the result for gold analysis by fire assay is tolerated? Taking eq. 5.2 leads to 
MSM/M*=(0.2/0.1)2=4. Reading from Fig. 6.7 MSM=10 kg it is calculated that M* = 2.5 kg. 



Table 7.1: Contents and values of metals in BA (pieces >2mm) 

total HNF 0.94% 9.35 58.4



Example: Estimate the sales price for 100t NF concentrates (LNF+HNF) from a BA processing 
operation on the basis of LMEcopper=6’000 €/t and LMEaluminum=2’000€/t. The estimate is 
0.11*6’000+0.34*2’000 = 134’000 €.  

 
Fig. 7.1: The development of metal prices over the past 16 years.  

 



Table 7.2: cost/revenue structure of BA processing operations 
dry processing & landfill
base data cost
annual throughput 90'000 t/a payoff capex 500'000 €/year
content FE metal >2mm in BA 7.0% interest (0.5×capex×interest) 150'000 €/year
content NF metal >2mm in BA 2.6% maintenace (8% of capex) 240'000 €/year
recovery FE metal >2mm in concentrate 80% energy (10 kWh/t @ 0.15€/kWh) 135'000 €/year
recovery NF metal >2mm in concentrate 45% labor 540'000 €/year
revenue FE metal 100 €/t overhead, chem. analyses… 450'000 €/year
revenue NF metal* 1'800 €/t 2'015'000 €/year
landfill fee for raw BA (incl. transport) 28 €/t 22.4 €/ton
disposal of processed BA (incl. transport) 28 €/t
capex: 10'000 throughput^0.5 3'000'000 € revenue
payoff period (linear) 6 years saved disposal fees 227'472 €/year
interest rate 10% revenue FE metal 504'000 €/year
cost labor; 6×throughput 540'000 €/year revenue NE metal 1'895'400 €/year
cost overhead…:1500×throughput^0.5 450'000 €/year 2'626'872 €/year

29.2 €/ton
*Based on "metal recovery" i.e. 1t pure metal (no minerals). This is profit 611'872 €/year
equivalent to 1'800*0.75=1'350€/t of 1.33t concentrate incl. 25% minerals) 6.8 €/ton

wet processing & recycle
base data cost
annual throughput 90'000 t/a payoff capex 750'000 €/year
content FE metal >2mm in BA 7.0% interest (0.5×capex×interest) 225'000 €/year
content NF metal >2mm in BA 2.6% maintenace (8% of capex) 360'000 €/year
recovery FE metal >2mm in concentrate 80% energy (10 kWh/t @ 0.15€/kWh) 135'000 €/year
recovery NF metal >2mm in concentrate 45% labor 540'000 €/year
revenue FE metal 100 €/t overhead, chem. analyses… 450'000 €/year
revenue NF metal 1'800 €/t disposal of 10% sludge 252'000 €/year
landfill fee for raw BA (incl. transport) 28 €/t add. operating cost wet proc. 1'260'000 €/year
disposal of processed BA (incl. transport) 5 €/t 3'972'000 €/year
capex: 15'000×throughput^0.5 4'500'000 € 44.1 €/ton
payoff period (linear) 6 years revenue
interest rate 10% saved disposal fees 2'155'620 €/year
cost labor: 6×throughput 540'000 €/year revenue FE metal 504'000 €/year
cost overhead…:1500×throughput^0.5 450'000 €/year revenue NE metal 1'895'400 €/year
additional operating cost wet processing 14.0 €/t 4'555'020 €/year

50.6 €/ton
profit 583'020 €/year

6.5 €/ton



 
Fig. 7.2 The profit gained from BA processing depends considerably on the throughput of 

the plant.  
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Fig. 7.3: Development of cost and revenue depending on the recovery of NF (left). The profit 

optimum is at approximately 50%. This optimum not only increases with increasing 
NF prices but also shifts towards higher recoveries (right).  

 

Table 7.3: The data plotted in Fig. 7.3 
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