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Outlines

[ Life cycle and environmental impact assessment of
solid waste systems

[ Energy issues in solid waste systems

O Incineration system of MSW from an LCA perspective
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1 LCA of waste systems

[0 Waste hierarchy

O Waste management has in the last decades in many countries
been governed by the WASTE HIERARCHY

Prevention, avoidance \
Material recycling ﬁf
Utilization \_IW
Landfilling N 4

O Environmental impact from waste management is an important
indicator for technology and system evaluation
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1 LCA of waste systems

0 Waste Management Strategy in Europe
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1 LCA of waste systems

O Waste Management Strategy in Europe
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1 LCA of waste systems
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1 LCA of waste systems

[d How is recycling addressed
O According to the Hierarchy, a high recycling percentage is good
O In a life-cycle context the achievements are differently defined

Paper (clean), glass,
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1 LCA of waste systems

O Life cycle assessment (LCA)

O In 1980’s LCA was introduced to address environmental issues of a
product in all its life stages, “Cradle-to-grave”

O Accounts for all resource uses and environmental emissions for the
main system (operation), all upstream activities and all downstream
activities

O Aggregates all emissions into potential impact categories; global
warming potential, etc.

O Offers normalization to person-equivalents transferring complex issues
into understandable units
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1 LCA of waste systems

O Traditional LCA systems

Disposal phase
is complex

Treatment with Emissions
[0 Waste LCA systems e werion

input

Heterogeneous / —
material —_—
composition 4// Return flows ]
—>
Ly s |—
Source ' §\"i
separation S
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1 LCA of waste systems

O LCA in waste management is real

O EU has introduced life-cycle-thinking in their thematic strategies and in
the Waste Directive

O The WASTE HIERARCHY still rules but LCT can be used to address
the balance between recycling and utilization

O LCA reflects the environmental issues much better than the hierarchy
and aggregates the complex information into communicable numbers
and provides real insight into the system allowing for future
improvements in system set up, choice of technology and for operation.
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1 LCA of waste systems

O LCA in waste management

O Used in many cases in EU, USA, Canada, Japan, China etc. (Only UK
and USA have governmental LCA tools)

O Industries (packaging), national government, local government,
technology developers

O A variety of boundaries, impacts and technological data. No consensus
about approach

O Still an approach in its youth although 15 years of age
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1 LCA of waste systems

0 An LCA consists of
four steps

Defines the system so that it addresses
the question and allows for comparison

Describes the technical systems, provide

the system

-
Converts technical results into potential
Impacts and normalize the results

-
Interprets the results. Answers the
guestion

S
data and calculates the overall load fromL

2 k«.;’é’;}\
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GOAL & SCOPE » Same horizon for all impact

=avironmental impacts
sment strategies
~e indicators

For each process/ technology we

need info about: -
*Mass balances/substance balances s
*Energy budgets eg.

*Emission accounts
__—ars) orlong (e.g.
odrs)

categornies

+ Different horizons for different
impact categories

e  etc

.ime horizon

Geographical

s +« Global, regional, local
horizon - reg !

+ |dentification of which processes
are included and which are not

SCOPE (defin.

System Boundary

+ |dentification of all the interactions

System scope within the life cycle

+« Quantification of all physical

2
INVENTORY Exchanges es through the system
3 scores to a
IMPACT Il impact
ASSESSMENT
Weighting
(optional)
Sensitivity analvsis + |dentification of key parameters
y Y +« May require several iterations
4 » Do the LCA results fulfil the
INTERPRETATION Critical ) ¢ | objectives?
ritical review of results « Is the quality sufficient?
+ Potential for improvements?
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2 Energy Issues In waste system

YANEVAN
N Materiales ,
materiale  Tnutrients and energy
| waste = = .
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 Electricity
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2 Energy Issues In waste system

O Interactions Energy-Waste system: GHGs emissions

Waste
Agriculture 4%
13%

Industry
3%

World Resource Institute 2008:World Greenhouse Gas Emissions: 2000.

Available at: http://www.wri.org/chart/world-greenhouse-gas-emissions-2000.
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2 Energy Issues In waste system

[0 Energy savings are dominating wrt GWP

Example:

Organic waste

to Incinerator or

to anaerobic digestion
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2 Energy Issues In waste system

I
O CO,-emissions from electricity production

Australia 7] 0.873
Austria |77 0.225
Denmark 710.284
china @ R o738
Finland 2222227227227 0.194
France - 0.091
Germany | 73 0.349

Italy 710.405 WRI & WBCSD (2008)
Japan 710.429 After IEA (2007)

Norway ho.00s
Poland 4 0.659
Sweden [Z2710.045
United Kingdom 7]0.473
USA | 20573

Room for improvement in

reducing CO,-emissions e
NORDEL 0.132 et al. (2004b)

Norway f0.007
Poland 1.13
EU15-2000 0.450
EU15-2020 0.400 Smith
Wind 0.009 et al. (2001)
Coal 0.950
UK 2005 0587 } Fisher (2006)
UK marginal 0.460
USA average mix 0.622
USA fossil mix 0.878
EU25 0.540} Skovgaard et al. (2008)
- 7 > 0.643 Kreissig & Stoff 2008
/"/4, i~ Jﬁ// '}‘“’ = IJ_;_’] 2 EU25 j— reissig offregen ( )
S FORGF PRI, ' ‘ ' ‘ ‘ ' '
: WL OGNt i 0 0.2 0.4 0.6 0.8 1 1.2
School Of Environment , Beijing Normal University 17
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2 Energy Issues In waste system

O CO,-emissions from electricity production

Electricity from fossil fuels

GHG
1400 °
€ [ ]
1200 + . e
1000 1 . o s . Energy from incineration
- 5 5 L4 -
T = - ®
Z w0l ‘. . Sses ° IS much cleaner than most
ER| Sees g PRI :
21 c s . f L. fossil energy
Lé’ T ° § °
400 + i N e
T [ ]
200+ ® o
H..88 |
0__8 % :Ivlg Ul : oleloleler 1 L | | |
%F 3|3 % § 3|3 %F ﬂg % § 3[3 B Waste incineration
o~ o~ o= o=
2 2 2 2
Coal | 2] Gac| 5| Cont | 2 aes| 5| Conl |2 [aacr]| 5| cont |2 Can| 5
Fuel . Power ?Iant nfrastuct Total Turconi, R., Boldrin, A., & Astrup, T. F. (2013). Life cycle assessment (LCA) of
uel provision operation nirastuclure ota

electricity generation technologies: Overview, comparability and limitations.
Renewable and Sustainable Energy Reviews, 28, 555-565.
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2 Energy Issues In waste system

O Important issues in LCA — fossil or biogenic CO,

t al., 2009)
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2 Energy Issues In waste system

O Important issues in LCA — fossil or biogenic CO,

O Biogenic CO, is CO, neutral (taken up by e.g. forest trees, released
again when the wood is incinerated, i.e. emissions equal each other out)
« GWP=0
O Fossil CO, is not neutral — net contribution when released since
captured millions of year ago
« GWP=1
O C-biogenic bound: biogenic carbon that is bound in soil e.g. in landfill

and is not supposed to release for years
» GWP =-3.67 kg CO,-eqivalents/ kg C bound

GTAAL 2 )/ A ‘)ﬁ/ ” : )) 5
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3 Incineration from a view of LCA

O “Incineration” to “Waste to Energy”

L Combined heat and power
.d. District heating

Arhus
Skanderborg

Hernin
g Horsholm

e Tastrup

Amager

Falster

)‘f" 4’&%4 /\ %Fh
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Finland
1 0,05

Sweden
29 3,18

Norway
21 0,54™

United Kingdom : Poland

1 0,76
. Germany
Belgium 61 13,88
18 2,3
Luxembourg Czech Republic
1 013 3 04 Slovakia
France X Austria Hungary
130 12 Switzerland 7 1.4 1 o016
29 3,14 . .
Slovenia

Spain
1 1,78
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3 Incineration from a view of LCA

1 Incineration in China

MSW incineration plants in China in 2011-2018
400 364
350
286
300 249
250 220

200 166 188
138

Number

150 109
100

50

2011 2012 2013 2014 2015 2016 2017 2018
Year

MSW incineration capacity in China in 2011-2018
400000 370000
350000
300000
250000 219080
200000 rsaugs 125957
150000 122649

94114
. . 100000
Running Under construction Proposed 0000

http://www.waste-cwin.org/map/node 0

298062
255850

BESIE ©2018 GS(2011)8020 Google. ORION-ME, SK telecom

Capacity (t/d)

_C 2011 2012 2013 2014 2015 2016 2017 2018
377
< .1r ;m}\ //¢<iﬂ“ 3_ Year
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3 Incineration from a view of LCA

O Municipal Solid Waste in Beijing
O Generation in 2015 - 7.90 Mt: Around 21,700 t/d
O Design Capacity of Facilities: 10,350 t/d in 2006 — 21,970 t/d in 2015

Appr. 70% is provided
by incineration and
biotreatment
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3 Incineration from a view of LCA

) Material
(=il input

N
|
@)

1 Incinerator

12

. Tipping hall
. Waste bunker

2

3. Grabs

4. Feed chute
5

6

7

) Mo_ving grate 19. Boiler

. Boiler _ 13. Stack 20. Residue silo

- Electrostatic 14. Bunker air 21. Bottom ash bunker
precipitator extraction '
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3 Incineration from a view of LCA

O LCA modelling of incineration

Transport of plastic Recycle

]—1 | Flastic (PE) to granulate, DK,

EASETECH Collection  Transport MRFs | Rosc, Long haultruck 25t, |
, . Generic, 2006 — ¥ 2000
== | | f o | i s

| - - | Road, Small truck, 10t ]—1 ]: | Road, Long haul truck, 25t, ]— | Glass cullet to new bottles
llection - Copy| = - | 9 )
collection - Copy -'-TlGeneric, 2006 []:l—'r MRF - Copy T Generic, 2006 [1] ¥ (remelting), Denmark, 1995 Glass
. [
|]! | Conventional, Household -
]: (Raz:wi}]toggn?!ilé}truch 25t []: waste, CHF energy recovery, RES | d u e
Waste generation, Heme sorting, Wastecit}rl]: - l A ERe R
Wastecity 2013, S~ JP. 2013, 5F |' . .
I ( [ O | Road, Long haul truck, 25t -]—1 | E;;;;E::ﬁ?ﬁ:;:::per
| Paper, Curbside Collection truck, | 2 : [ - ¥ Generic, 2006_[2] ‘]:'-r Generic EU BAT, 2001
J zollection, Single-~— Paper, Single-family,~—, EE=t=ciing l l ' Pa er
S ramily, Aarhus, DK~ Aarhus, Euro3 DK, -r—rgzgalétyr Sl DK'_ . ¢ i p
Genel’ati on Ou rce 2007 ‘ 2007 (- _wl Road, Long haul truck, 75, ']‘1 | Conventional, Housshald
N Generic, 2006 _[5] —r—y waste, CHP energy recovery,
Se paratl 0 n l - l 100 years, genenc_[1]
| Utilization for neutralization of
1waste acid, Morway, 2006 TO be expandEd
‘:I#:Ib . FRoad, Long haul truck, 25t I-:'—/
. r I | 1. 2006 [4] = r
gzsrii';:;wam' Collection truck, l | | £ Poad, Long haul truck, 256, | Aluminium scrap te
ollaction. Sinale!” = Bezidual waste, Single'— Waste Incineratian,{: Genelri 23‘{]5 3] ! [ reprocessed aluminium
oo eng L tamily, Aarhus, Euro3, generic, DK, 2012 | " = - "3 l (remelting), Europe, 2000
family, Aarhus, DK/ DK, 2007 [ ,h" Leachate - Collection system|_| fl h
= .- i2a) ) y ash,
> - . . | Conventional, Household bottom aSh
i Collection Transport Incineration | [¥ waste, cHP encray recovery. :
) 100 years, genaric Iandfl I I
School C f d
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3 Incineration from a view of LCA

O LCA modelling of incineration

O Inventory analysis YO N
Emissions
to atmosphere
Waste: 100
D Hea
Incinerator > Electricity
Lime,

act. carbon,

water, etc. {} @ 2 basic approaches:
Bottom ash  Fly ash - Input related
FE) Jegbrier s i - process related

X c‘\w’: School Of Environment, Beijing Normal University




3 Incineration from a view of LCA

O LCA modelling of incineration
O LCA modelling in EASETECH

=/

WTE - Change of energy Waste to energy plant,
content. generic, DK, 2012

- generic. DK, 2012

Set losses from
moisture

Set transfers to stack, solid
outputs, energy recovery etc.

Waste to energy plant, generic. DK, 2012
Matenal transfer

Waste to energy plant, generic, DK, 2012

Substance transfer - per fraction

Define transfer coefficient for: | Energy =

WWE_Electricity substitution EI eCtri City }
oK _ i 1
— substitution process
Heat substitution
—-.", WiE_Heat substitution DK

—_—process

Different transfers set
here. This example is for

[] Show only defined transfers

Add fraction Add fraction to all sybst
—

ﬂEnergy

Fraction nam air - nen-urban air Fly Ash (%) Iren scraps (%) -

L ——

Default 0 0

0 0

e >

sy — ’Process specific
;“353'2 w46 emissions and external
% School Of Environn Material transfer | Process Exchama—JI/ "_‘processes go here.
A\

Aluminium srap -

~

Waste water (%] -
|

Degradation (%) Electricity\(m>
] ‘_’—25/

Add

Add

output compartment

ht. imp. | Composition |




3 Incineration from a view of LCA

O Environmental impacts of incinerating MSW with auxiliary coal

- A case of modelling incineration

Information of the City (2012):
Annual coal production: 0.61billion ton
Installed capacity of coal power: 4.6 million kW h
Population density: 9565 inhabitants/km?
MSW generation: 280 t/d
MSW unit generation rate: 1.27 kg per person per day
The overall LHV: 4342 kJ/kg

Tahle 1
Composition of M5SW in Shuozhou City (% by wet weight ).
Fractions Percentage (%) Water content (%) Total solid (%) Volatile solid (¥T5) Element percentage (%£T5)
P P C H 0 M 5
Food waste Gz J (Gas) W/ 45.49 048 477 64 380 16 04
Plastics and rubbers 8.40 15.46 84,54 g875 68.0 9.0 9.2 0.5 0.4
Paper and cardboard $ 25.92 74.08 866 41.1 5.6 30.2 0.2 0.2
Ash and dust 10.56 89,44 0.0 0.0 0.0 0.0 0.0 0.4
Textiles 313 6.48 §3.52 964 52.1 6.0 31.1 32 0.4
\ k""/4’ (7 Organic vand waste 0.58 29493 7007 760 43.0 52 253 1.5 02
3 zj ot —fé: Glass 1.45 1.67 08.33 0.0 0.0 0.0 0.0 0.0 0.08

7/ School Of Environm Metals 1.88 1.38 98.62 0.0 0.0 0.0 0.0 0.0 0.05




3 Incineration from a view of LCA

[ A case of modelling incineration

Scenario Source Auxiliary coal Heating Emission
separation value standard
A N Excessive (4:1) 7500 kJ/kg Old
B N Moderate 5500 kJ/kg Old
C N Excessive (4:1) 7500 kJ/kg New
D N moderate 5500 kJ/kg New
E Y — Ash Excessive (4:1) 7500 kJ/kg Old
F Y — Ash moderate 5500 kJ/kg New
Primary emission standards of air pollutants for power plants in China.
Standard Item Threshold limit value Unit
GB13223-2003 S0, 400 mg/m’
NO, 450 mg/m’

X c‘\“ﬂ' School Of Environment, Beijing Normal University
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3 Incineration from a view of LCA

O A case of modelling incineration

Waste management system:
« All MSW is collected in mixed form into 6 m3 containers by trucks
» 280 containers transported to facilities by 10 trucks

Incinerator information

e 17 km away from the downtown area

» Capacity: 700 tons/day

 Incineration technology: circulating fluidized bed with power generation

 Air pollution control technology: dry process + carbon adsorption + bag-type dust
removal

» Fly ash: landfilled as hazardous waste

« Bottom ash: non-hazardous waste

« Power generation capacity: 1.63 X 108 kW h when incinerating 700 tons/day for 365 days,
where 1.24 X 108 kW h is for external offering, and 0.39 X 108 KW h is for internal use.

SEITRN

2 ﬂ ;—_ 57, 2>
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N e School Of Environment BEIjIﬂg Normal University




3 Incineration from a view of LCA

O A case of modelling incineration

Table 6
Input and Output |nvent0ry Information on air and water emissions from the incineration
° M a‘[enals Category Substance Amount
° Fuel Air emission  Cadmium (Cd) 9.0 « 104
° Carbon monoxide (CO) 0.72
Energy Hydrogen chloride (HCI) 0.43
° Em|SS|OnS Hydrogen fluoride (HF) 0.014
Lead (Pb) 0.014
Mercury (Hg) 0.0018
Table 4 Nitrogen oxides (NO,) 0.36
[nput information on the material and energy in the incinerator. Diaxin (2,3,7.8-PCDF) Q.0 = 10 '°
ltern Amount  Unit Output ;iiﬁf;iﬁjﬂhmﬂ ;;i < 10-®
Auxiliary coal 250 ke /ton waste Bottom and fly ashes Chromium (Cr) 3.54 107
Fuel ail 0.63 ke jton waste - Hydrocarbons (HC) 0.27
Ca{OH )z 11.17 kg ton waste  Air pollution control residues Water Ammonium-N {NH;-N) 0.0004
Activated carbon 0.39 kg /ton waste  Air pollution control residues emission  Biological Oxyeen Demand 0,004
Water 1037 kg ton waste Waste water (BOD)
Chemical Oxygen Demand 0.02
(COD)

>hg s bW o  x g e
AR Sk

School Of Environment, Beijing Normal University




3 Incineration from a view of LCA

I
[ A case of modelling incineration

 Scenarios A and B

— The potential impacts from collection and transportation primarily contribute to global
warming and photochemical ozone formation.

— flue gas purification and recovery efficiency of electricity in incinerators are considered
key parameters for environmental impacts and should be given considerable attention in
MSW system management.

ETs q 5.10
NE » (13.47)
POF | 34.97[E
ETs: ecotoxicity in soil; oD 20.03
NE: nutrient enrichment
POF: photochemical ozone formation AC [ .29.47
OD: ozone depletion ;
AC: acidification GW100 Q- '
GW100: global warming (100 years). 33 58 P 7 T a 4 4
Person equivalent
2 ‘E/ dot @ Collection & Transport to incinerator
lj 4V *fé \-<I' 17\%{, 3’- “714 o Incineration mIncineration residue transport to landfill

School Of Environment , Beijing Normal University & Mineral landfill for incineration residues



3 Incineration from a view of LCA

[ A case of modelling incineration
10 4 |
- Scenarios A and B _ E B o |
— In Scenario B, only 70 kg/t waste of auxiliary coal was T I E I
needed, with an LHV of 5500 kJ/kg ; 10
— The impacts on global warming are significantly C - f
improved with less auxiliary coal &
— Fewer emissions, such as NOx and SO,, are avoided .
because of reduced power generation. -
GW100 AC oD ETs

Table 7

Comparison of major air and water emissions from the indnerators in Scenarios A and B.

mincinerator with exgdess auxiliary coal

ncinerator with adequate auxiliary coal

Substance Catepory Unit Soenario A SOEnario Bl /
Auxiliary ooal Electricity recovery ﬂ.uxlllarylu&l L"LI.TILIl}' rECoOVETY
Ammonia (MHz) AT emission kg 5.39 — 0,006 I 51 —0un03
Ammonium (MHZ ) Water emission kg o —0.o02 —0.001
S e e Y e S =55
[ Carbon d.ll.‘l."(ldl. | C0y-fossil) Adr emission kg I 78 = 10° —1.45 = 10° 4.EI‘J xﬁﬂ‘ —-E3'E x IID"

Chlonde (C17 Waler emission kg [1] — 144749 [1] —b245

Ehrumium.-'j:r} Adr cmission kg 8.69 = 10— —-335= 107" —1.A47 = 10—

Dioxin (2.3.7.8-TCDD TEQ) AT emission kg 6.27 = 1072 —1.01 = 107 —4.42 « 1078

Hydrogen chloride ( HCL) Adr emission kg 9.13 -131 057

Lead ( Ph) AT emission kg 0.010 —-024 —0.10

Mercury (Hg) Adr emission kg 0.007 —0m —0.005

Methane (CHyg) Adr emission kg B3G622 —35298 —154.54

Mitrogen oxides (NO, ) Adr emission kg 14322 —B77.0 —3B3497
f‘/’F jék/( ’,L Sulfate 503—; ‘."ltl'au:r.i:n'-Lixsiun kg o -9.10 —3498

Sulfur dioxide (504) Adr emission kg 17833 —1348.10 —59021

School Of Environment, Beijing Norn




3 Incineration from a view of LCA

[ A case of modelling incineration

e Scenarios Cand D

— After the new standard was implemented, waste incineration with excess auxiliary coal presented fewer
advantages than before, and the impacts on acidification and nutrient enrichment turn into loads from savings.

— Co-incineration of waste and a mass of coal is not recommended in MSW management. Further considering

the low LHV of mixed waste and high percentage of ash and dust, direct incineration is probably unsuitable
for MSW disposal in this city.

20 -
20 1 gOthers mNH3 SHCI gNOx 0802 >0 mOthers sNO3- oNH3 ONOx
m
15 ol 5
g / = 0 -
= B s
5 =] 5 151 =
g s g
210 2 3 -10 4
g 3 104 g
5 s 7
P 5 ~ 0 ™ -20
R e N
-30 4
0 0.5 B ETs: ecotoxicity in soil;

Incinerator with Incinerator with Incinerator with Incinerator with NE: nutrient enrichment
excess coal in  adequate coal in excess coal in  adequate coal in -40 - i K B
Scenario C Scenario D Scenario C Scenario D GW100 AC oD POF NE ETs POF: phOtOCthICH_' ozone formation
a) Acidification b) Nutrient enrichment oincinerator with excess auxiliary coal = Incinerator with adequate auxiliary coal OD: ozone dep|eti0n
2 > de AC: acidification
;“32 a/’f’ ’ F'g 3. Normalized potential impacts of the incinerators on Fig. 4. Normalized potential impacts of the incinerators in

Sehiool OF Enioaimant: é acidification and nutrient enrichment in Scenarios C and D.

Scenarios C and D. GW100: global warming (100 years).



3 Incineration from a view of LCA

[ A case of modelling incineration

« Scenario E and F

— When two-thirds of ash is source-separated and landfilled, the LHV of rest-waste is calculated as
5.5X 1032 kJ/kg, which is sufficient for incineration without auxiliary coal.

— Incineration in Scenario E presents impact savings on global warming. This finding is primarily attributed
to the absence of auxiliary coal in Scenario E.

— the impacts to global warming turn negative because of the counteraction between electricity
substitution and waste specific emissions.

20+
ETs 5.31 |
L 10 - -18.24 5.31
NE 665 | a :
r &, -0.02
POF 1824 ) B O
i z
oD -0.02 §-
e -10+
Z
AC -10.81 S
. — 220 4
GW100 -1.30 | |
-20 -15 -10 -5 0 5 10 T
Person equivalent (PE) 230 4
& Collection @ Ash transport to landfill GW100 AC oD POF NE ETs
& Transport of resi-waste to the incinerator @ Landfill of ash mOther sub-processes O Electricity production
: . ¢ Olncineration of rest-waste m Transport of incineration residue to landfill " ; it 5 et
‘E‘/_,’ 4’ b }é,/ ;;\;’ i; 1177 -mMineral landfill for incineration residues mWaste specific emissions @Process specific emissions
a vt 4"(—‘ NG RTYH

/ “Schaol Of Environment . Beijing Norma 119+ 5. Normalized potential impacts of the MSW system with ash separation Fig. 6. Normalized potential impacts of the incinerator in Scenarios F.



3 Incineration from a view of LCA

o
O Wrap-up
O The environmental impact potentials of incineration systems are balance
between loads and savings

O The energy substitution is crucial to the performance
» With marginal energy substitution, the dirtier the better

O Decision making on future waste management systems must take place
on a system level — not on a single technology level
* In the case above, ash separation of is probably more important than food waste

O LCA and modelling tools are useful and helpful in understanding the
current and even future processes from a systematic perspective
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Thanks for your attention

Further communication 1s welcome

Yan Zhao PhD. Associate Professor
School of Environment, Beijing Normal University
yanzhao@bnu.edu.cn



