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1. Sustainability as a limited 
resource issue

society
sources

sinksthe environment

What are we running out of?

society
sources

sinksthe environment
•Land (per person)
•Fish (wild)
•Water (in some places)
•Oil
•Pristine environment…

Historical Trend in Fish Stocks

From Myers and Worm, 2003

Annual Oil Production

United States World



Discovery of US Oil Fields What are we running out of?

society
sources

sinksthe environment

Ability to 
accommodate
emissions and
wastes to land, 
air and water. 

Some emissions and wastes that 
load the environment

PCB
dioxin
DDT
Benzene
PAH
VOC
SO2

NOx

Pb
Cr (hexavalent)
Hg
As
Ni
Cl
Asbestos
etc.

Global Carbon Cycle

Ref; Smil 2001

Atmospheric CO2 since the year 1000

CO2 measurements from air (Mauna Loa) since 1958
and from ice cores taken in Antarctica (Siple Station 
and South Pole) Ref. Smil 2001

year

Global S & N

from Vaclav Smil
“Energy at the Crossroads”

MIT Press, 2003



Preliminary estimates of global 
flows for 92 elements

Natural flows
� weathering and 

erosion
� sea action
� primary plant 

productivity

Anthropogenic
flow
� mining
� fossil fuels
� biomass burning

ref Klee & Graedel, ISIE

Anthropogenic Dominance

From Klee and Graedel, 2003

Dominated (>50% of mobilization) Perturbed (15-50% of mobilization)

Unperturbed (<15% of mobilization) Undetermined

Consider the planet as a 
human artifact.

dioxin in
Swedish
breast
milk

PCB’s in 
Yukon
Lakes

Heavy
metals in 
Antarctica

Mercury
contamination
in Amazon

Wastes wash 
up on beaches

Fish unfit for
human consumption



2. Corrective Actions

1. Substitution (type)

2. Reduction (scale)
1. eco-efficiency

2. “end of pipe”

3. recirculation

substitution can work

Substitution

Chlorine dioxide for 
elemental chlorine 
for pulp bleaching
Hydrogen peroxide 
for chlorine dioxide
MTBE for Tetraethyl 
Lead
…for MTBE

R-134a for R-12
(CFC)
Zn for Cd plating
sub-bituminous for 
high sulfur coal
Organo-phosphates
for DDT
water cleaning for 
organic solvents

Material Consumption in the 
US

3. Corrective Actions

1. Substitution (type)

2. Reduction (scale)
1. eco-efficiency

2. “end of pipe”

3. recirculation

Reduction: Mass Flow

source sink

recirculation



Reduction

source sink

recirculation

0m& 8m&

kipm & kopm &
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Reduction

source sink

recirculation

1. eco-efficiency
2. “end of pipe”
3. recycle

Design for 
Recycling

Outline

1. What gets recycled and why

2. Recycling tours

3. Separation technologies

4. Cost and energy accounting

5. Design for recycling

1. What gets recycled?

Metals
Paper
Tires
Auto Batteries
beverage containers
PET
HDPE

Markets for HDPE from bottles 



Plastic bottle recycling rates Why?

Economics

Mandates

Landfill Bans

Extended Producer Responsibility

Liability Avoidance

Landfill Bans

Purchasing preference laws 2. Recycling Tours

Wheelabrator
CFR
Autos
Metech
HP/Noranda
DEER2



Wheelabrator – Trash to Ash
Worcester, MA

Hand Sort Burn Magnetic Eddy
Current TestingConsumer

Trash

Toxics Emissions

Heat

Electricity

Ferrous
Metals

Non-ferrous
Metals

Ash

Landfill
Hazardous
Landfill

R
ev
en
ue
s

C
os
ts

Wheelabrator – Trash to Ash



Wheelabrator
70% reduction in weight to landfill

500,000 tons processed per year

45 MW (produced) – 5 MW (used)

= 40 MW to grid

2.8 MJ/kg (coal ~29 MJ/kg)

Emissions and Dioxin issues

Curbside Recycling 
(FCR Charlestown, MA)

Hand Sort

Non-recyclables –
to landfill

Magnetic

Ferrous
Metals

Separated
Containers
and Bottles

Air
Classification

Glass – to landfill

Eddy
Current

Aluminum

Milk Cartons, 
Aseptic

Containers,
Other Plastics –

to landfill

HDPE

Hand Sort
PET

FCR Recycling – Paper

Hand Sort

Paper Bags

Separated
Paper

Products

Non-recyclables

Newspaper

Office Paper

FCR Recycling
Recycle ferrous, non-ferrous, paper, 

HDPE, and PET

Landfill glass, all other plastics, aseptic 

containers, and material contaminated by 

food products

Hand and automatic sorting



Automobile Recycling

Disassembly Crush Magnetic Eddy
CurrentAutomobiles

Hazardous
Components

R
ev
en
ue
s

C
os
ts

Valuable
Components

Resaleable
Components

Shred

Non-ferrous
metals

Ferrous
metals

ASR
(to landfill)

Automobile Recycling
Over 94% of cars are recycled
Over 75% of each car is recycled
European Union automobile take-back
legislation
� by 2006, 

� 80% reuse/recycling by weight
� 85% reuse/recovery by weight 

� By 2012,
� 85% reuse/recycling by weight
� 95% reuse/recovery by weight

Metech Computer Recycling

Disassembly Hammer
Mill

Roasting
(2400° F) Ball MillElectronics

Hazardous
Components

PWBs

Fines

R
ev
en
ue
s

C
os
ts

Resaleable
Components

Frames and 
Housings

Ring Mill

Emissions

Ash

Ash with metal 
(to smelter)

Metech
Customers pay to dispose of computers

� 20¢/ lb without CRT

� 35¢/ lb with CRT

Certificate of 
destruction

Mercury Relays

HP/Noranda, Roseville, CA

hazardous components
(including CRT glass) and 

resalable componentsreusable
resalable

residue

dust

small
metal

particles

ferrous

non-
ferrous

aluminum

Test

Disassemble

Shred

Granulate

Shake
Table

Magnetic

Eddy
Current

Gravity

other

plastics

PCPlastic
Separation

…

ABS

Done offsite



HP/Noranda
Customers pay to return HP products
� Monitor $29
� PC (without monitor) $21
� Ink printer $17

1.6 million lbs processed per month
400 hp shredder motor
$4-5 million capital investment in plant
No water used in process

DEER2 (Tampa, FL)

ShreddingManual Disassembly

Granulation
Elutriation

Dust, debris

Plastics

Non-ferrous
metals

Eddy Current

Ferrous
metals

Magnetic
Shredding

Printed Circuit 
Boards

Computer
Housings

Manual
Disassembly

Granulation

DEER2 – Plastics Module

Hydrocyclone
Lights

Heavies

Hydrocyclone

Polyolefins

Hydrocyclone Heavies

Lights

Heavies

Hydrocyclone

Lights

Heavies

Hydrocyclone

Hydrocyclone

HIPS

Sink/Float

PVC, nylon

PC, PC/ABS

PC

Electrostatic
PC/ABS

PC, PC/ABS

ABS, HIPS

Lights

Heavies

Lights

Heavies

ABS, HIPS
Electrostatic

ABS

Plastics

Hydrocyclone Sink/Float Electrostatic

DEER2
Funded by the DOD
Technology demonstration
$1.2 million for plastic separation module
Max throughput = 1000 lb/hr
Wash/Rinse most expensive step
Metal contaminants cause problems in 
electrostatic separation
Shape factors cause problems in 
hydrocyclone and electrostatic separation
15-17¢ / lb for plastics shred and separate

RRT Design and Construction
CRT recycling

Envirocycle (largest CRT tube recycler in US)
Techniglass (one of few US CRT 
manufacturing, produces high quality tubes for 
military, hospitals)
Doe-Run (primary Pb smelter in US, uses Pb-glass
as flux)

RRT has designed and built systems to crush 300 
tubes/hr at capital cost of $250,000 for automated 
system.  Compare to manual 500 monitors/day by 4 
people

3. Separation Technologies

Magnetic

Eddy Current

Sink-Float

Hydro-cyclone

Electrostatic



4. Cost and energy Accounting

pre-mfg mfg use collect end
of
life

reprocess

Cost Questions

1. Can you reduce disposal costs?

2. Can the recycler make a profit?

Cost Calculation

pre-mfg mfg use collect end
of
life

reprocess

pre-mfg mfg use collect end
of
life

reprocess

Recycling Revenues = Revenues – (Collection
+ Reprocessing + Disposal)

Recycling Revenues

Revenues
fees
resale value

Costs
collect

inefficiency
reprocessing
transportation
disposal

Cost Example

Case #1
disposal of 4 kg as hazardous waste
(shipped to Niagra Falls)

cost 4 kg X $2.2/kg = $8.8

1 kg 1kg 1kg 1kg
glass ABS Al Pb



Case # 2  Disassemble Pb. Recycle, the rest to 
landfill

Costs 1.  disassemble (1 min. unskill) $ 0.20
2.  transport (1920 km) $ 1.92
3.  Landfill (3kg) $0.38

Total Cost $2.50

Revenues 1. Pb $0.70

net cost = $2.50 - $0.70 = $1.80

Case # 3  Disassemble Pb, recycle, 
the rest to the shredder & recycle
Costs 1.  disassemble (1 min. unskilled) $0.20

2.  transport (1920 km) $1.92
3.  shred and separate (3 kg) $0.60
4.  Transport (200 Km, 3 kg) $0.60

Total Cost $3.32

Revenues 1. Pb $0.70
2.  A1 $0.80
3.  ABS $0.50

$2.00

net cost = $3.32 - $2.00 = $ 1.32

Case # 4  Lead free; shredder & 
recycle

Costs
1.  shred and separate (3 kg) $0.60
4.  Transport (200 Km, 3 kg) $0.60

Total Cost $1.20

Revenues
1.  A1 $0.80
2.  ABS $0.50

$1.30

net revenue = $1.30 - $1.20 = $ 0.10

Energy Calculation

pre-mfg mfg use collect end
of
life

reprocess

pre-mfg mfg use collect end
of
life

reprocess

Energy Credit = avoided Pre-mfg + avoided end of life
- reprocessing
- additional travel
- collection inefficiency

Energy Account for Case # 3
Energy credits 254 MJ

30 MJ
1 MJ
50 MJ
335  MJ

Energy Costs (transportation)
4kJ/km.kg x 1kg x 1920km= 8  MJ
4kJ/km.kg x 3kg x 200km = 2  MJ

10 MJ
Net Credit = 335 - 10 = 325 MJ

Life Cycle Analysis

pre-mfg mfg use collect end
of
life

reprocess

pre-mfg mfg use collect end
of
life

reprocess



5. Design for recycle

Recycling is like mining. 
How would you design an ore?

5. Design for recycle

Recycling is like mining. 
How would you design an ore?
high value
lots available
easy to get at

Price and dilution 
for metal ores how about mixtures of materials?

develop a measure of mixtures
develop tree diagram representations of 
recycling systems
show that the measure of mixtures 
represents the most compact tree 
diagram for a given mixture
ref. Material “Entropy” and Product Recycling, Timothy G. Gutowski and 
Jeffrey B. Dahmus, 1st Global Conference on Sustainable Product Development 

and Life Cycle Engineering, Berlin, Germany, September29 -October 1, 2004.

Analogy with information systems

hazardous components
(including CRT glass) and 

resalable componentsreusable
resalable

residue

dust

small
metal

particles

ferrous

non-
ferrous

aluminum

Test

Disassemble

Shred

Granulate

Shake
Table

Magnetic

Eddy
Current

Gravity

other

plastics

PCPlastic
Separation

…

ABS

Ash 1965

Material Value, Material Mixing
and Recycling for Products in U.S.
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Trends in Recycling
Technology

DfE Summary

mandates with some flexibility are 
needed
taxes on materials would do the trick 
too

as would landfill bans etc.
design must be for the system

US Electronics Take-back



The end…
or the beginning
it is up to you.


