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ABSTRACT

The incineration of municipal solid waste produces large amounts of fly ashes, today in
Sweden around 200 000 tons/yr. The ashes normally contain a considerable amount of
valuable and hazardous metals. To fulfil the environmental regulations, most of these fly
ashes can be deposited only in specific sites. This handling costs, requires energy and leads to
emissions in the transportation to the deposit site.

This work, taking departure in laboratory experiments for crucial steps, discusses possible
chemical processing schemes and from this develops an overall design of a plant for the
extraction and production of copper from the fly ash generated in a fluidized bed waste
incineration plant. It also addresses the economic viability and environmental impact of the
suggested processing in comparison to current handling, which involves transport to and
disposal of the fly ash in Norway. The proposed process involves a leaching step, a solvent
extraction process, a stripping step where the copper is transferred to an aqueous phase and
finally electrolysis. By quantitative modelling and cost estimates of the processing steps of
the proposed plant we identify the most important factors for the economics and
environmental impact of the plant. In addition, we quantify the necessary recycling rates of
the different process chemicals for achieving profitability. We conclude that a crucial factor is
the recycling rate of the used organic solvent. Important parameters are also the handling
costs and transportation needs of the rest products. For instance, a major benefit of the process
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is if treated fly ash can be reclassified such that it is allowed to be disposed into the own
close-up hazardous waste landfill thus lowering the costs and environmental impacts. An
extension of the process to include also the extraction of metals other than copper, for
instance zinc, should be an interesting further development to consider.

KEYWORDS
Municipal solid waste, incineration, fly ash, copper recovery, assessment
1 INTRODUCTION

In Sweden, as in many other countries, generation of municipal solid waste (MSW) has
continuously increased over time. At present, approximately 4.7 million tonnes of MSW, i.e.
more than 500kg/capita, is annually generated in the country [1]. This is an increase of more
than 100 kg/capita since 1995 [2]. Also within the EU-27, an increase in the amount of MSW
has been observed during this period; from 474kg/capita in 1995 to 517kg/capita in 2006 [2].
In recent decades, Swedish waste management has gone through dramatic changes, partially
due to new regulations emphasising material recovery and incineration [1-4]. An expansion of
incineration capacity has played a central role for this development and approximately 50% of
the MSW is currently energy recovered while less than 5% is land-filled.

Although incineration of waste offers several benefits compared to land-filling, e.g.
substantial reduction in waste volume, recovery of energy and destruction of toxic organic
compounds [5-7]; it also generates significant amounts of bottom ash and flue gas cleaning
by-products (from now on termed fly ash). Such residues, especially the fly ash, are enriched
in potentially hazardous substances and therefore have to be handled in ways limiting
negative effects on the environment or human health [8]. Each year, Swedish waste
incinerators generate about 700 000 tonnes of bottom ash and 200 000 tonnes of fly ash [1].
The bottom ash is either directly landfilled or used as construction material at waste deposits.
For fly ash, on the other hand, the disposal routes are more complex and have also changed
over time.

In the beginning of the 2000s, the fly ash was typically disposed of in Swedish landfills for
hazardous waste. Then, however, the EC Directive on the landfill of waste was brought into
legal force, making this disposal option more or less impossible [4]. This since the fly ash
virtually always exceeds stated limit values for disposal at such deposits regarding
leachability of, for instance, chlorides and potentially toxic metals. At present, there are only a
few incinerators with permission to store their fly ash in domestic landfills or rock shelters.
For most incinerators, however, there is not yet any developed domestic disposal route [9,
10]. Instead, the main part of the fly ash is transported to a company in Norway, where it is
used to neutralize sulphuric acid residues from the paint industry. This procedure is classified
as “recycling” and the generated “slurry” is disposed of in old mines at Langgya,
Holmestrand, Norway. Although this disposal only renders slightly higher costs compared to
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the domestic disposal in hazardous landfills used before the Landfill Directive was
implemented, it adds uncertainty since this option largely relies on one single actor with a
monopoly status [11]. The costs for disposal could thus suddenly be increased or else this
company might for some reason loose their permission to fill up old mines with fly ash,
leaving Swedish incinerators without any developed alternative. Of course, the long-distance
transportation of fly ash to Norway also adds environmental pressure to the disposal of
Swedish fly ash.

As a consequence, several Swedish initiatives have recently been conducted exploring
possible options for storing the fly ash in domestic mines and dressing sand quarries [12,13].
Treatment of the fly ash as well as the bottom ash, e.g. through washing and leaching
processes, in order to make it fulfil legal requirements for disposal at domestic hazardous
landfills is another example of such initiatives [14-17]. A number of treatment methods have
been suggested and an overview can be found in [18].

Apart from hazardous substances, however, waste incineration fly ash contains significant
amounts of valuable metals, such as copper (typically 600-3200 mg/kg dry ash) and could
also constitute a resource itself as, e.g., earth construction material [8,19]. The disposal of fly
ash in old mines or hazardous landfills thus inherently lead to that limited natural resources
are lost, cf. [20]. Quite recently, investigations of the applicability of hydro metallurgic
methods to recover metals from MSWI ash have started [21-23]. Providing that the metal
compounds present in the ash can be dissolved in, for example, an acid, either solvent
extraction or electro chemical processes can be used to separate the metals into pure forms.
Since solvent extraction is used in many other applications, a large number of extraction
agents (extraction ligands) have been developed. Quite a few are available commercially,
which can simplify the development of methods to recover metals from dissolved fly ash. In
addition to the need for more research into the technical issues of metal recovery from fly ash,
there is a lack of evaluations from a systems perspective. Such work is very important since it
goes beyond the present focus on pollution concerns and also takes into account the related
resource implications and points out the most environmentally and economically favourable
paths to follow [24].

In this paper, we develop an overall design of a plant for extracting copper from the generated
waste incineration fly ash from one combustion plant in Sweden. The economic and
environmental feasibility of realizing this process is then evaluated by comparing to the
present disposal route, involving transportation to Langeya in Norway for disposal in old
mines. Emphasis is on identifying critical factors for economic and environmental
performance such as efficiency of copper recovery and recycling rates of process chemicals.
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2 METHOD

2.1 Process identification

Enhanced leaching of ash is widely used to release metal compounds from the ash. The
probably most widespread leaching method is acid leaching [25-28]. However, due to the
high alkalinity of ash large amounts of acid is needed to reach a sufficiently low pH. An
alternative is to use other leaching agents, which form soluble complexes with metal ions at
higher pH [29-30]. In addition leaching at slightly alkaline pH using NH;NO3 can be effective
for the release of Cu from ash [23]. The reason for the selective dissolution of copper is
mainly that copper ions form soluble complexes with ammonia.

The proposed leaching-extraction method is given as a flow sheet in Figure 1. In the first
step, “Ash leaching”, the ash is leached using 3M NH4;NOs. After filtration, the pH in the
leachate is adjusted to 2 using HNOs. In the second step, “Cu extraction”, the leachate is
mixed with an organic phase containing the extractant (LIX 860N-1). In the third step, “Cu
stripping”, the loaded organic containing Cu is mixed with 2M H,SO,4.The hydrogen ions
from the acid replace the Cu®* in the extractant in the organic phase making the extractant
available for re-use. In the fourth step, “Cu electrowinning”, high purity Cu metal is
recovered through electrolysis and the spent electrolyte becomes available for another
stripping cycle.

Ash leaching
MNH:NO3
24 hours, L/S=5

Ash leachate, pH=2
~20 mmol Cu/kg

Cu extraction =
A/O=1, 1 stage Cu raffinate, pH=0.7
<1 mmol Cu/kg

N
Spent organic Loaded organic
17w/w% LIX 860N-I ~20 mmol Cu/kg
<1 mmol Cu/kg <1 mmol/kg Ca, K, Mg, Na, Zn

Cu stripping
A/O=1, 1 stage

Pregnant electrolyte ~19
mmol Cu/L
<<1mmol/LCa, K, Pb, Zn...
2 M H2S0:

Spent electrolyte

Cu electrowinning

l

Cu metal

Figure 1. Flow sheet of the proposed recovery method developed for Cu from fly ash.
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Table 1. The composition of selected elements in the fly ash and the shares leached in the 3M
NH4NO;3 leaching step used in the analysis.

Element Concentration Leaching in 3M Element Concentration  Leaching in 3M
(mg/kg TS) NH4NO;(%) (mg/kg TS) NH;NO; (%)
Al 22 000 <1 Cr 380 10
Ca 315000 50 Cu 7800 100
Fe 9 800 <1 Mn 690 <1
K 13 000 >100 Mo 10 60
Mg 9500 10 Ni 90 5
Na 18 000 90 Pb 4000 <1
Si 31000 <1 Sn 250 <1
Ti 820 <1
Cd 60 100 \% 10 5
Co 20 5 Zn 5500 40

In this work a fly ash from a bubbling fluidized bed (BFB) combustion plant mainly
incinerating MSW and with a relatively high content of copper was studied, Table 1. The
copper recovery process has been evaluated in laboratory tests carried out for a number of fly
ash samples from different combustion units. It was found to give a copper yield of 50-95%
of total Cu content in the ash, and 90-95% recovery of the dissolved copper [23]. Further
optimization of the process is in progress.

2.2 Process assessment

We assess a project composed of a suggested process plant utilizing the identified copper
recovery process. We assess the project in comparison to a reference case consisting of the
current situation with transport of the fly ash for storage at Langaya, and production of the
same amount of Cu from virgin ore, see Figure 2. The treatment capacity is 15 000 tons of fly
ash per year containing 117 tons of copper. With some marginal for increased capacity, this
corresponds to yearly output of the MSW plant generating the examined fly ash. The
produced copper is sold to market price. The rest products are handled in the cheapest
possible way, but in accordance with current legislation. In performed tests the rest ash has
not fully fulfilled the legislation on leaching for disposal at a local landfill. In the base case,
we therefore assume this part will still be sent to Langgya, Norway. The rest product from the
extraction step is going to a nearby hazardous waste landfill site.

To estimate the operational costs for utilized major chemicals and energy as well as possible
gains in energy use and CO, emissions a modelling of the major materials and energy flows
and transports of the project and the reference case are performed, Figure 2. For a high
recycling rate of chemicals in the process the transportation (tonkm) is dominated by the
transport to the deposition at Langgya. For the transport and the production of each input the
use of electricity, fuel and CO, emissions are estimated. The data applied for the different
process flows in the assessment are given in Tables 2 and 3.
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Figure 2. The assessed project and its reference case. The inputs are marked in italics. For
these five inputs, the three involved processes (Leach./Extr./Str., Electrow., and Cu prod.) and
the two marked transport services, the energy and CO; emissions are estimated.

Table 2. Applied data for the different process fluxes in the base case.

Flow Cost [SEK]a) Electricity [GJ] Fuel [GJ] CO;, [tons]
Ammonium nitrate,1 ton 2142" 0,86" 15.3" 1.0M
Sulphuric acid, 1 ton 693" - -1.179 -0.07?
LIX 860 N-I, 1 ton 70686 © - 43.4 +43.49 3.1+ 3.19
Kerosene, 1 m 73009 - 353+51" 245+0.37™
Water, 1 m® 9.58 9 - - -
Electricity Sweden, 1 MWh 761" - - 0.1"”
Leach./Extr./Str., per ton Cu 4.5 - 0.125"
Electrowinning of Cu, 1 ton -54193 9 oP) - 0.25"

Cu from ore, 1 ton 14.09 11.89 4,19

% A conversion ratio of 1 US$ = 7.14 SEK and 1 € = 9.59 SEK is used; ® [31]; @ [32]; ¥ [33]; © We use water
rates from city of Goteborg [34]; ? Average electricity cost 2010 [35]; 9 We use the market copper price (27-
months seller) for sales revenues of copper [36]; ™ For production of used ammonia and nitric acid we use
CPMdatabase, Chalmers [37]. Waste heat substitutes fossil fuel with the same CO, intensity as the fuel used in
the ammonium nitrate production; ? The production in Europe of H,SO, from the various sources is estimated to
give in average a net export of steam [37]; ¥ Assumed same CO, intensity for heat substitution as for ammonium
nitrate production; ¥ No data for the production of LIX860 N-I has been available. It is an expensive
hydrocarbon. We therefore use the same energy and CO, density as for kerosene, but also assume a fuel and CO,
cost in the production equal to the energy and CO, content of the chemical itself; " The energy content of
kerosene is 35.3 GJ/m® [38]. We assume the same fuel use share in kerosene production as for CO, emission, or
~ 15 %; ™ For the production of kerosene the same specific (ton/GJ) value as for diesel is used [37]. CO, content
in the fuel 71.5 kg CO,/GJ [38]; ™ Average value for Swedish electricity production is used [35]; © Pumping
costs in leaching, extraction and stripping can contribute considerably to the energy cost in large-scale mining
industry [39]. We therefore assume here half of the electricity use in the electrowinning step per ton Cu at 100 %
recovery; P The value for zinc production in a corresponding process adjusted for the lower standard potential in
Cu reduction is used [21]. This also corresponds to data (8 GJ/ton Cu) for large-scale Cu electrowinning in
mining industry [39]; ® Average values for Chilean electrorefined (i.e., pyrometallurgical) copper cathodes in
2008. Also including indirect fuels (fuels for fuels and electricity) gives a total energy value of 30.9 GJ/ton [40].
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Table 3. Applied costs, fuel use and CO, emissions for transportation and deposition of fly
ash and rest product in the base case.

Process Cost SEK/ton®  Fuel CO,

Truck transport to landfill, 310 km one way 384 ” 0.011 GJ/km  0.79 kg/km®
Disposal of fly ash and rest ash in Langgya 480 - -

Local disposal of the rest product 4509 - -

% A conversion ratio of 1 € = 9.59 SEK is used; ™ Price for delivery of fly ash at Langeya [41]; ®Average value
of truck transportation with and without trailer [42] + for diesel production; ® The rest products is assumed to be
deposited at an existing local hazardous waste deposit at negligible marginal cost, except for the Swedish waste
deposit tax of 450 SEK/ton.

Table 4. Plant costs (investment / annuity), and operational costs in the base case.

Investment 10.8 MSEK / 1.26 MSEK/yr
Initial cost for chemicals 0.92 MSEK / 0.11 MSEK/yr
Residual value - 1.0 MSEK / -0.02 MSEK/yr
Operational and maintenance costs 0.75 MSEK/yr

The process plant costs are given in Table 4. The plant cost consists of investment costs and
cost for start-up chemicals assuming a turnover time for the processing batch of 6 hours. The
investment costs is estimated by taking an average specific value for two existing
hydrometallurgical plants producing yearly 40 000 and 2 100 tons, respectively, of Cu from
ore [43], while applying a cost-capacity scale factor of 0.7 [44]. The operation of the plant is
assumed handled by a personnel of one manyear/yr [45]. The project is evaluated by
calculating the net present value, with an applied lifetime of 20 yrs and interest rate of 10%.

3 RESULTS

The involved materials turnover for each batch is shown in Table 5. The amounts of
chemicals involved are in the order of the treated ash or larger (kerosene), and very large in
comparison to the copper. The net present value (NPV) of the project is shown in Figure 3.
For the base assumptions, the NPV is maximally around 44 million SEK. For a base case
assumption of 95 % Cu overall yield, the sales of copper gives a revenue of 49 millions while
15 millions are due to the saved transport and deposition costs, Figure 3b. The income from
copper sales is lowered with roughly 4 millions for each 10 % decrease in yield (or copper
price) but the NPV is still positive at no copper yield showing that the savings of transport
and dumping cost are paying for the project alone. The local dumping of the rest product is
now assumed to be free of charge except for the waste deposit tax. Assuming a handling cost
equal to dumping at Langgya would almost eradicate the cost benefits from avoiding the
transport to Langeya. However, the energy and CO, gains, discussed below, would prevail.
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Table 5. The materials turnover in one batch (6 hours operation).

Materials Flow per batch ~ Materials Flow per batch
Fly ash input (tons) 10.3 Kerosene (m") 42.3
Ammonium nitrate (tons) 11.2 Sulphuric acid (tons) 9.8
L1X860 N-I (m®) 7.5 Cu (tons) 0.080

On the other hand, because only a few species, mainly Ba, do not fulfil leaching limits in our
tests, a further development of the leaching process and/or rest ash handling may make
possible a local disposal also of the rest ash, and consequently avoidance of all the transport
to Langeya, saving money, energy and CO,. A three times higher investment cost, as
suggested for a zinc extraction plant with similar metal recovery, but, due to higher metal
concentration in that case, almost a factor of ten less treated fly ash [21], lowers the NPV by
20 million SEK. Such an increase in plant investment cost may still give a positive NPV,
though. The NPV is sensitive to specifically the recycling rate of the kerosene, Figure 3a. At
100 % yield and base assumptions, around 1% losses per cycle of this process chemical make
the project non-profitable. For the other chemicals, and especially sulphuric acid, such a high
recycling rate is not crucial for the profitability.
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Figure 3.a) Net present value of the project (MSEK) for copper yield and recycling rates for
the different chemicals, respectively, varied between 100 and 80 %. (Note: Losses for LIX 860
N-1is a given at 3 kg/kg Cu.); b) Contribution of different factors to the net present value
(MSEK) (Cu yield is held at 95 % and recycling rates at 99.9%)

Figure 4 depicts, relative to the reference case, the project’s net energy gain and net CO;
emissions, respectively. Figure 5 shows how the different inputs and processes contribute to
the energy costs and CO, emissions, respectively, at an assumed loss rate of chemicals of 1%o
and a 95% recovery yield of copper. Both for energy and CO, the recycling rate of process
chemicals is even more critical than for the cost, with energy turnover the most critical of the
two.
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Figure 4. a) The project’s a) net energy gain (GJ/yr), and b) the net CO, gain (tons/yr) for the
project (incl. of initial set up of chemicals) for copper yield and recycling rates for the
different chemicals, respectively, varied between 100 and 95 %. (Note: Losses for LI1X 860 N-
I is a given at 3 kg/kg Cu.)
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Figure 5. Processes contributing to the project’s a) net energy cost (GJ/yr), and b) net CO,
emission (tons/yr). The process chemicals are shown for a case of 0.1 % loss (recycling rate
99.9%) of the yearly process through-flow and 95% Cu yield. For kerosene the emission also
is divided into the contributions from the solvent itself (bottom) and its production,
respectively. (Note: Losses for LIX 860 N-I is a given at 3 kg/kg Cu.)

For the project to have a positive energy balance compared to the reference case the loss rate
of kerosene, the most critical flow, has to be less than around 1%., Figure 5a. For kerosene,
the energy loss as well as the CO, emissions are dependent on how the losses are handled; can
the energy in the solvent substitute for another CO,-emitting fossil energy use, then the
balance can be considerably more favourable. The energy and CO, balances are relatively
insensitive to copper yield and losses of sulphuric acid.
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4 CONCLUSIONS

We have performed an investigation of the requirements for a viable recovery of copper from
municipal solid-waste incineration fly ash from the point of view of the net present value, the
energy use and the CO, emissions. It is a first preliminary assessment that has relied on a
process tested on a laboratory scale and applied to a specified ash from a fluidized bed boiler.
We have in the base case applied a Cu overall yield of 95%, somewhat higher then achieved
in the laboratory, 90% at best, but the process should be possible to further optimize. The
suggested plant has been compared to the current alternative of copper production from ore
and continued dumping of fly ash abroad involving a considerable amount of truck transport.
At current or higher copper market prices, the sales of copper dominate the contribution to the
net present value but also avoided transportation costs are significant. Due to the large
turnover of chemicals in the suggested process, high recycling rates are required. The most
stringent requirements come from the energy turnover; to be positive a loss rate of 1%o or less
is required for the process chemical kerosene. Regarding net CO, emissions, the recycling
rates of process chemicals are less important due to considerable amounts of avoided
emissions from transport of fly ash and virgin Cu production. However, in order to have a
positive economic net present value, the recycling rate of kerosene needs to be around 99 %.
An extension of the process to include also the extraction of metals other than copper, for
instance zinc, should be an interesting further development to consider.
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