Exercise 5 – Answers

Exercise 1 — Municipal solid waste separation
Municipal solid waste is separated by a mechanical sorting plant into a combustible fraction (30%) and another fraction (non-combustible fraction, 70%) that is digested by a subsequent biochemical process. Approximately half of the non-combustible fraction is transformed to biogas during the anaerobic digestion process (other half remaining = digestion product).
1. Draw the system as a quantitative flow chart.
[image: ]
Note: MSW – municipal solid waste, NCF – non–combustible fraction, CF – combustible fraction, DP – digestion product, OG – off–gas (biogas)
2. The concentrations of Hg are: Municipal solid waste input – 1.5 mg/kg, combustible fraction – 1 mg/kg, biogas – 0.005 mg/kg, digestion product – 3.4 mg/kg. Calculate all mass flows and transfer coefficients for Hg.
To calculate the transfer coefficients:
 [image: ]
To calculate the mass flows of Hg:
[image: ]
Exercise 2 — Regional MFA of construction material
Figure 1 depicts a quantitative MFA of construction materials in a fictional region.
1. Which stock will be most important for sand and gravel after 100 years, assuming that the material management stays constant?
Calculating the stocks of the system in a 100 years’ time:
· Stock in building and construction = 180 + 100 x 4 = 580 t/cap
· Stock in underground construction = 160 + 100 x 2 = 360 t/cap
· Stock in geogenic gravel reservoir = 1000 – 8 x 100 + 0.01 x 100 = 201 t/cap
Consequently, the stock in building and construction will be the most important one.
2. Which conditions are required in order that recycling of construction materials can make a substantial contribution to the supply of construction materials (both buildings and underground)?
[bookmark: _GoBack]At present, a 100% recycling rate (not realistic), i.e. 3 t/cap/y, could substitute for 33% of primary resources (where total primary resources = 9 t/cap/y). If construction were in steady state (input = output), then recycled material could potentially substitute up to 80%^ of primary material (i.e at a recycling rate of up to 80%^ - more realistic than 100%).
^ arbitrary value
3. Which differences in material quality do you expect in the four stocks? Which is the fourth stock?
The landfills represent the fourth stock, which is > 300 t/cap after 100 years. The composition of demolition debris is different from geogenic gravel and sand. Some fractions (concrete, bricks, stone) have comparable quality when carefully separated and collected form the deconstruction site. Mixed construction wastes require pre-treatment (sorting, separation of contaminants). A fraction of 10 to 30% cannot be recycled and has to be incinerated and finally land filled.
[image: ]
Figure 1: Diagram of the flows and stocks of construction materials in a fictional region (Brunner & Rechberger, 2005, pg. 257)


Exercise 3 — Copper recycling
Assume that the incineration of one ton of municipal solid waste (copper content ca. 0.1%) yields the following solid residues: 250 kg of bottom ash, 25 kg of fly ash, 3 kg of iron scrap, and 3 kg of neutralisation sludge from the treatment of scrubber water. About 90% of the copper (Cu) leaves incineration via bottom ash, and 10% via fly ash. The Cu flow via other residues such as off–gas, iron scrap, etc. is <1% and can be neglected. Investigations show that by mechanically processing the bottom ash, approximately 60% of the Cu can be separated in the small fraction of metals concentrate. The Cu content of this fraction (ca. 50%) can be recovered in a metal mill.
1. Develop a diagram of the waste management process described above.
[image: ]
2. What is the recovery efficiency for the combined process "municipal solid waste and mechanical processing of bottom ash"?
All flows are related to 1 ton of MSW. The copper in MSW is 1 kg. 0.9 kg are transferred into bottom ash. Approx. 0.54 kg of Cu are recovered; the recovery efficiency is thus 54%.



Exercise 4 — Photovoltaic cell production
The production of photovoltaic cells can be represented in a simplified manner depicting only the two main processes; silicon wafer production and photocell production. The flow data for each of the processes are as follows:
	Wafer production (for 1kg silicon wafers)

	Input

	Silicon [kg]
	1

	Energy [MJ]
	420

	Output

	Silicon wafers  [kg]
	1



	Photocell production (for 1m2 photovoltaic cells)

	Input

	Energy [MJ]
	13.6

	Glass  [kg]
	10

	Silicon wafers  [kg]
	1.6

	Output

	Photovoltaic cells  [m2]
	1



1. Perform a system analysis: establish the system diagram and derive the balance equations.

[image: ]

InputE1∙k1 + InputSi∙k2 = Output1∙k3
Output1∙k3 + InputE2∙k4 + InputG∙k5 = Output2∙k6 
InputE1∙k1 + InputSi∙k2 + InputE2∙k4 + InputG∙k5 = Output2∙k6
2. Develop the output equations considering each of the inputs, and calculate the amount of energy, silicon and glass needed to produce 1 m2 of photovoltaic cells.

· x kg Si-wafers = k2∙x kg Si + k1∙x MJ energy
· x kg Si-wafers = 1∙x kg Si + 420∙x MJ energy
· y m2 PV cells = k3∙y Si-wafers + k5∙y kg glass + k4∙y MJ energy
· y m2 PV cells = 1.6∙y Si-wafers + 10∙y kg glass + 13.6∙y MJ energy
Therefore, to produce 1 m2 of PV cells, we need 1.6∙1 kg Si, 10∙1 kg glass, and (420∙16 + 13.6∙1.6) MJ energy; i.e. 1.6 kg Si, 10 kg glass, and 685.6 MJ energy is required.


image3.png
To calculate the mass flows of Hg:

Hg in MSW = Hg concentrationygw jnpue X Total MSW = 1.5 mg/kg - 100 kg
=150 mg

Hg in CF = Hg concentrationcy x Combustible fraction = 1 mg/kg - 30 kg
=30 mg

Hg in OG = Hg concentrationgg x Off-gas = 0.005 mg/kg - 35 kg
=0.175 mg

Hg in DP = Hg concentrationpp x Digestion product = 3.4 mg/kg - 35 kg
=119 mg
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