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Abstract	

Waste	 incineration	 is	 a	 common	 practice	 of	 solid	 waste	 management	 in	 European	
countries,	for	it	renders	useful	energy	and	reduces	mass,	volume	and	chemical	reactivity	
of	 waste	 components.	 In	 contrary,	 solid	 waste	 incineration	 is	 by	 far	 a	 less	 common	
practice	 of	 waste	 treatment	 in	 China,	 mainly	 due	 to	 the	 unaffordable	 investment,	
operational	and	maintenance	cost	when	compared	to	the	budget	of	these	countries.		
	
A	novel	technology	for	the	recovery	of	non‐ferrous	metals	(aluminium	and	copper)	from	
bottom	ash	has	been	recently	developed.	The	goal	of	this	thesis	is	to	explore	the	impact	
this	technology	may	have	on	the	overall	economics	of	waste	management	by	investigating	
a	case	study	for	the	Chinese	municipality	of	Guanghan	with	a	population	of	210,000.	
	
Two	methodologies	have	been	applied	to	reach	the	objectives:	material	flow	analysis,	and	
cost	 benefit	 analysis.	 Two	 scenarios	 were	 elaborated	 for	 the	 cost	 benefit	 analysis:	
Scenario	I	assumes	a	waste	management	system	in	Guanghan	with	source	separation	and	
separate	 collection	 of	 all	 types	 of	 recyclable	 materials	 and	 that	 the	 rest	 waste	 flows	
directly	to	the	landfill;	Scenario	II	differs	from	Scenario	I	in	that	metals	are	not	separated	
at	 source,	 but	 flows	 with	 the	 rest	 waste	 to	 an	 incinerator	 before	 landfilling,	 where	
advanced	technologies	are	applied	to	control	air	quality	and	to	recovery	energy,	ferrous	
metal	and	non	ferrous	metals.	Data	about	municipal	solid	waste	and	cost	are	from	local	
statistics	 of	 Guanghan	 and	 literatures	 on	 incineration	 practices	 in	 China,	 Vienna,	 and	
Zurich	where	the	novel	technology	was	developed.	The	software	STAN	was	used	to	model	
the	mass	flow	of	waste	as	well	as	the	substance	flow	of	iron,	aluminium	and	copper	in	the	
waste	through	Guanghan.	
	
The	following	result	has	been	observed:	from	the	waste	management	system	perspective,	
the	 benefit	 outweighs	 the	 cost	 by	 two	 million	 euro	 when	 comparing	 Scenario	 II	 to	
Scenario	 I,	 indicating	 a	 higher	 efficiency	 in	 resource	 allocation.	 However,	 the	 result	 is	
highly	sensitive	to	variations	in	the	borrowing	cost	and	the	investment	cost	of	equipment	
and	technology.	
	
Regarding	 Guanghan,	 the	 following	 conclusions	 can	 be	 drawn:	 the	 result	 of	 the	 cost	
benefit	analysis	 indicates	potential	economic	savings	for	 the	waste	management	system	
in	 Guanghan	 as	 a	 whole;	 it	 is	 therefore	 worthwhile	 for	 the	 policy	 makers	 to	 consider	
adding	 waste	 incineration	 to	 their	 agenda	 of	 improving	 the	 city’s	 waste	 management	
system	for	environmental	protection	and	for	economic	efficiency.	
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Part	I.	Executive	Summary	

1.1.	Introduction	

Municipal	 solid	 waste	 (MSW)	 management	 in	 economically	 developed	 countries	

encompasses	 four	stages	of	activities:	source	separation,	collection,	recycling,	 treatment	

and	 final	 disposal.	 It	 starts	 in	 households,	 where	 waste	 is	 separately	 disposed	 of	

according	to	designated	categories:	glass,	paper,	plastics,	metals,	E‐waste,	organic	waste	

and	residuals.	In	certain	countries,	Switzerland	for	example,	more	detailed	separation	is	

applied,	 such	 as	 cardboards	 from	 paper,	 and	 coloured	 glass	 from	 clear	 glass.	 Different	

types	of	 solid	waste	are	 then	collected	 separately	and	sent	 to	 recycling	 companies,	 and	

the	 rest	 waste	 is	 sent	 to	 an	 incineration	 plant,	 or	 directly	 to	 a	 landfill.	 At	 the	 waste	

incineration	plant,	the	rest	waste	is	incinerated	in	order	to	significantly	reduce	their	mass,	

volume	and	chemical	reactivity,	meanwhile	resource	recovery	commonly	takes	place:	the	

recovery	 of	 ferrous	 metal	 from	 the	 bottom	 ash,	 the	 utilization	 of	 heat	 from	 the	

combustion	for	district	heating,	and	the	production	of	electricity	by	the	steam	generated	

from	the	combustion	process.	Eventually,	the	residual	bottom	ash	is	collected	and	sent	to	

a	landfill,	the	final	sink	of	non‐recyclable	materials.		

	

Municipal	solid	waste	contains	valuable	materials	that	could	be	recycled	and	considerable	

amount	of	energy	that	could	be	recovered	as	heat	and	electricity.	Recycling,	according	to	

Lave,	et	al.	(1999),	generally	refers	to	the	reuse	or	remanufacturing	of	post‐consumption	

products	into	the	same	use	or	a	lower	value	use.	Recycling	occurs	to	a	small	extent	within	

consumers’	premises	(self‐recycling)	but	mainly	after	the	collection	of	materials	from	the	

households.	Kerbside	pickup,	consumers	taking	recyclables	 to	a	central	collection	point,	

and	consumers	returning	them	to	a	retailer	or	manufacturer	(in	the	case	of	E‐wastes)	as	

part	of	a	refund	system,	are	common	recycling	collection	schemes.	Materials	such	as	glass,	

paper,	 metal	 and	 plastics	 are	 then	 recycled	 by	 specialised	 recycling	 companies.	 While	

waste	 can	 also	 be	 used	 as	 fuel	 in	 certain	 industrial	 processes,	 in	 cement	 and	 lime	

production	 for	 example,	 recovery	 of	 energy	 happens	 more	 commonly	 at	 waste	

incineration	plants,	in	the	form	of	electricity	or	heat	or	both.	
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Not	only	can	energy	be	recovered	at	incineration	plants,	but	also	valuable	materials	in	the	

residues	 after	 combustion	 could	 potentially	 be	 recovered.	 In	 fact,	 the	 recovery	 of	 raw	

materials	 from	 secondary	 sources	 is	 a	 highly	 promoted	 strategy	 in	 the	 urban	 mining	

concept.	Urban	mining,	the	systematic	recovery	and	reuse	of	raw	materials	at	the	end	of	

product	 lifetime	 from	 urban	 areas	 (Brunner,	 2011),	 leads	 to	 long‐term	 environmental	

protection,	resource	conservation	and	economic	benefit.	Mining	of	resources,	particularly	

during	the	extraction	and	processing	stages,	produces	large	amounts	of	pollution:	such	as	

methane,	 particulate	 matters,	 sulphur	 dioxide	 emissions	 in	 the	 air;	 lead,	 sulphate,	

mercury	emissions	 in	the	water.	At	the	current	rate	of	extraction,	certain	resources	will	

soon	 become	 scarce.	 Recovering	 materials	 from	 end‐of‐life	 products	 consisting	 of	

substances	 from	 primary	 extraction	 reduces	 the	 need	 of	 primary	 extraction,	 thus	

preserve	 the	 resource	 reserve	 of	 our	 planet.	 With	 the	 soaring	 price	 of	 raw	 materials,	

economic	benefit	 of	 recovering	precious	metals,	making	 them	available	 for	use	again	 is	

becoming	apparent.	The	question	lies	in	the	balance	between	the	cost	of	recovery	and	the	

benefit	from	recovering	the	resources,	which	will	be	the	aim	of	the	cost	benefit	analysis	in	

this	 study.	 One	 of	 the	 areas	 in	 urban	 anthroposphere	 where	 considerable	 quantity	 of	

resources	 can	 be	 recovered	 is	 municipal	 solid	 waste.	 So	 far,	 the	 focus	 of	 recovery	 is	

mainly	 set	 on	 the	 recycling	 of	 municipal	 solid	 waste.	 The	 European	 Union	 (EU)	 set	 a	

recycling	 target	 of	 50%	 by	 2020.	 Some	 EU	 countries	 have	 already	 achieved	 a	 level	 of	

recycling	of	municipal	solid	waste	above	50%,	with	the	residual	waste	being	composted,	

incinerated	and	landfilled.	 It	 is	noteworthy	that	there	 is	also	a	considerable	potential	 to	

recover	 materials	 from	 incineration	 residues,	 which	 relies	 heavily	 on	 technological	

development.	Currently	most	materials	in	incineration	residues	are	not	being	recovered,	

due	to	lack	of	technology.		

Generated	 at	 different	 stages	 during	 the	 incineration	 process,	 incineration	 residues	

include	 bottom	 ash,	 fly	 ash	 and	 grate	 siftings,	 among	 which	 bottom	 ash	 contains	 the	

majority	of	materials	(15‐20%	by	mass	of	the	incinerated	waste)	(Grosso,	Biganzoli	and	

Riganmonti,	 2011).	 The	main	 components	 of	 bottom	 ash	 are	 glass,	 minerals,	 magnetic	

metals,	diamagnetic	metals,	synthetic	ceramics	and	unburned	organic	matter	(Chimenos,	

Segarra,	 Fernandez	 and	 Espiell,	 1999).	 According	 to	 Chimenos	 et	 al.	 (1999),	 magnetic	

metals	 in	 the	 bottom	 ash	 are	 made	 up	 mainly	 of	 pieces	 of	 steel	 and	 iron,	 and	 their	

oxidised	products	in	the	combustion	furnace,	such	as	Magnetite	(Fe3O4),	hematite	(Fe2O3)	

and	 wüstite	 (FeO);	 while	 diamagnetic	 metals	 are	 made	 up	 mainly	 of	 melted	 drops	 of	
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aluminium	(90%	by	mass),	and	small	amounts	of	copper	wire	and	melted	drops	of	copper	

alloys.	Currently	best	available	recovery	technologies	at	waste	incineration	plants	recover	

ferrous	metal	(iron)	and	non‐ferrous	metals	(aluminium	and	copper).	At	the	incineration	

plant	 in	Doel,	Belgium,	 for	example	(Van	Brecht,	Wauters	and	Konings,	2012),	pieces	of	

ferrous	and	non‐ferrous	metals	are	 sieved	and	separated	 into	different	 size	 fractions	 in	

order	 to	 be	 recovered	 by	 magnetic	 force	 and	 eddy‐current	 method	 respectively.	 To	

increase	 the	 recovery	 efficiency	 of	 non‐ferrous	metals	 in	 finer	 fractions	 of	 incineration	

bottom	ash	is	a	technological	challenge.	A	pioneer	in	this	field,	ZAR	(Development	Centre	

for	Sustainable	Management	of	Recyclable	Waste	and	Resources)	in	Switzerland,	has	been	

developing	 first	 class	 technologies	 in	 the	 separation	 and	 the	 recovery	 of	 non‐ferrous	

metals	from	fine	bottom	ash.	By	the	end	of	2011,	they	had	developed	and	put	into	practice	

a	 break‐through	 technology	 to	 separate	 and	 recover	 aluminium	 in	 fine	 bottom	 ash	

(particle	 sizes:	0.7‐5mm),	 reaching	a	 recovery	 rate	 as	high	as	96.8%	 (ZAR,	Böni	 and	Di	

Lorenzo,	2011).	

In	light	of	advanced	separation	and	recovery	technologies	for	the	recovery	of	high‐value	

metals,	 it	 is	 time	 to	 reassess	 the	 economic	 feasibility	 of	 applying	 waste	 incineration	

treatment	in	developing	countries.	The	obstacles	for	developing	countries	to	build	waste	

incinerators	 have	 been	 mainly	 the	 high	 cost	 of	 investment,	 and	 operational	 and	

maintenance	costs	associated	with	waste	 incineration.	Public	concern	over	air	pollution	

could	be	countered	by	application	of	sophisticated	flue	gas	treatment	technologies,	which	

again	is	highly	costly.	In	fact,	air	pollution	control	is	the	major	determinant	of	incineration	

cost,	 comprising	 two	 thirds	 of	 initial	 investment	 cost	 in	 environmental	 protection	

stringent	countries	(Schuster,	1999).	Consequently,	the	net	treatment	cost	per	metric	ton	

of	waste	 is	significantly	higher	than	other	alternatives	such	as	 landfilling,	even	with	the	

revenue	 gained	 from	 the	 recovery	 of	 electricity	 and	 heat.	 The	WRAP	Gate	 Fees	 Report	

2009	(WRAP,	2009)	provided	that	the	waste	incineration	fee	was	on	average	EUR	84‐175	

per	 ton,	while	 the	 landfilling	 fee	was	 on	 average	 EUR	50	 (Hogg	 and	 ,	 2012).	

Although	the	World	Health	Organization	(WHO)	recommends	the	range	of	0.5	–	1.0%	of	

Gross	 Domestic	 Product	 (GDP)	 as	 affordable	 for	 waste	 management	 (including	 public	

hygiene	maintenance)	 (Scharff,	 2006),	 countries	 typically	 spend	 0.2%‐0.4%	 of	 GDP	 on	

waste	 management	 (Brunner	 and	 Fellner,	 2006).	 Brunner	 and	 Fellner	 (2006)	 further	

emphasise	 that	 there	 is	 a	 hierarchy	 of	 waste	 management	 objectives,	 and	 therefore	

countries	with	a	low	income	level	should	first	implement	waste	management	strategies	to	
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achieve	the	primary	objective:	protecting	human	health,	 i.e.	waste	 incineration	is	not	so	

necessary	to	be	of	primary	consideration.	The	cost	benefit	analysis	of	this	study	will	find	

out	 that	 lower‐income	 countries	 may	 be	 able	 to	 afford	 strategies	 to	 achieve	 higher	

objectives.	

This	study	 focuses	on	 the	application	of	waste	 incineration	 in	China,	 taking	a	mid‐sized	

municipality	 as	 a	 case	 for	 cost	 benefit	 analysis.	 China	 has	 been	 undergoing	 rapid	

economic	 and	 population	 growth,	 accompanied	 by	 a	 fast	 growing	 amount	 of	municipal	

solid	waste.	 In	 the	past,	 it	was	 argued	 that	 incineration	of	MSW	was	 technically	not	 an	

effective	treatment	because	of	the	high	proportion	of	organic	waste	(low	heat	value)	and	

the	 low	amount	of	high	heat	value	materials	 like	plastics.	As	urbanisation	proceeds,	 the	

lifestyle	 of	 Chinese	 has	 experienced	 a	 considerable	 degree	 of	 change.	 These	 changes	

include	 a	 decreased	 proportion	 of	 organic	 waste	 and	 an	 increased	 amount	 of	

sophisticated	 plastic	 packages	 in	 the	 waste	 composition.	 Consequently,	 the	 increased	

incentive	 for	energy	 recovery	 from	 the	 change	 in	waste	 composition	as	well	 as	 the	 fast	

growing	amount	of	MSW	has	stimulated	private	investment	of	waste	incineration	plants	

in	China.	A	recent	study	(Dong,	2011)	reported	the	increase	of	Chinese	waste	incineration	

capacity	 from	 2.2	 million	 tons/year	 at	 the	 beginning	 of	 the	 century	 to	 23.5	 million	

tons/year	in	2009.	By	2009,	there	were	93	operating	incineration	plants	in	China	[Dong,	

2011].	Nevertheless,	public	debate	over	 landfilling	and	 incineration	persists	at	different	

levels	of	society:	among	policy	makers,	scientists,	investors	and	the	general	public.	At	the	

core	of	the	debate	is	the	potentially	toxic	air	pollution	released	from	incineration	plants,	

due	 to	 the	 lack	 of	 advanced	 flue	 gas	 cleaning	 application	 and/or	 the	 opaque	 emission	

control	practice	of	the	operator.		These	issues	can	be	solved	by	applying	state‐of–the‐art	

flue	 gas	 cleaning	 technologies	 and	 by	 increasing	 transparent	monitoring	 to	 the	 public.	

These	 solutions	 mean	 further	 costs	 in	 the	 investment	 and	 the	 operation	 of	 the	

incineration,	a	discouraging	factor	for	investment	consideration.	This	study	thus	aims	to	

assess	the	impact	of	the	metal	recovery	technology	on	the	overall	economics	of	the	waste	

management	 system	 by	 conducting	 a	 cost‐benefit	 analysis	 of	 a	 potential	 waste	

incineration	plant	 in	a	mid‐sized	Chinese	municipality,	Guanghan,	with	energy	recovery,	

advanced	 flue	 gas	 cleaning	 technology	 and	 advanced	 technology	 in	 separation	 and	

recovery	 of	metals	 from	 the	 bottom	 ash,	 in	 comparison	 to	 a	 baseline	 scenario	without	

incineration.	Eventually,	the	result	of	the	study	should	serve	as	a	general	decision	support	
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on	incorporating	waste	incineration	in	the	municipal	solid	waste	management	system	in	

Guanghan.	

There	has	been	a	limited	amount	of	 literature	on	metal	recovery	and	a	great	amount	on	

waste	 incineration	practices	 in	China.	Muchova,	Bakker	and	Rem’s	 (2009)	 study	on	 the	

recovery	of	gold	and	silver	iterated	the	economic	viability	of	separating	precious	metals	

from	 bottom	 ash.	 Although	 the	 study	 focused	 specifically	 on	 the	 recovery	 of	 gold	 and	

silver	 in	 small	 quantities,	 it	 further	 reiterated	 the	 necessity	 to	 first	 classify	 bottom	 ash	

into	 different	 size	 fractions	 in	 order	 to	 separate	more	 types	 of	 precious	metals	with	 a	

higher	efficiency.	A	study	by	Grosso,	Biganzoli	and	Rigamonti	(2011)	provides	insightful	

assistance	to	the	material	 flow	analysis,	 in	which	the	amount	of	aluminium	and	a	minor	

amount	 of	 other	 non‐ferrous	 metals	 recoverable	 from	 incineration	 bottom	 ash	 is	

quantified.	 Academic	 focus	 has	 been	 set	 on	 the	 recovery	 rate	 and	 the	 factors	 that	

influence	it.	A	Swiss	study	found	that	in	Switzerland	more	than	half	of	the	ferrous	scrap	

contained	in	bottom	ash	was	recovered	and	the	recovery	of	non‐ferrous	metals	increased	

to	31%	(Hügi	et	al.,	2008,	cited	 in	Spoerri,	Lang,	Staeubli	and	Scholz,	2010).	Hu,	Bakker	

and	 de	 Heij	 (2011)	 analysed	 the	 product	 life	 cycle	 and	 emphasized	 the	 influence	 of	

aluminium	 packaging	 on	 the	 aluminium	 recovery	 rate	 at	 waste	 incineration	 plants.	

Because	waste	incineration	is	a	relatively	new	waste	treatment	option	in	China,	literature	

on	resource	recovery	in	this	field	has	been	primarily	focusing	on	energy	recovery.	A	few	

studies,	Zhang	&	He	(2009)	and	He	et	al.	(2003)	for	example,	conducted	brief	analysis	of	

bottom	ash	composition	and	called	for	the	development	of	technologies	for	the	recovery	

of	 ferrous	 and	 non‐ferrous	 metals.	 A	 noteworthy	 study	 in	 Chinese	 bottom	 ash	

composition	(Solenthaler	and	Bunge,	2003)	however	suggested	that	it	was	currently	not	

economically	viable	to	recover	metals	from	Chinese	bottom	ash	as	the	metal	content	was	

too	 low	 (3.3%	 in	 China	 versus	 12.6%	 in	 Switzerland).	 There	 has	 not	 been	 a	

comprehensive	 analysis	 on	 the	 economic	 impact	 of	 a	waste	 incineration	plant	with	 the	

application	of	advanced	resource	recovery	technology	in	China.	This	study	aims	to	fill	in	

the	 literature	gap	between	the	technical	studies	of	metal	recovery	from	bottom	ash	and	

the	economic	impact	of	its	practical	application	in	China,	through	a	cost‐benefit	analysis	

of	an	advanced	waste	incineration	plant	to	be	built	in	a	municipality	in	Guanghan.	
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1.2.	Objectives	and	Research	Questions	

The	goal	of	 this	study	 is	 to	deliver	support	 for	decision‐making	on	 investment	 in	waste	

incineration	 in	 China,	 particularly	 in	 the	 municipality	 of	 Guanghan.	 In	 an	 investment	

decision‐making	 process,	 the	 decision	 maker	 must	 first	 define	 the	 ultimate	 goals	 and	

outcome.	 For	 the	municipal	 government	 of	 Guanghan,	 it	 is	 important	 that	 not	 only	 the	

cost	 of	 waste	 treatment	 will	 be	 affordable	 according	 to	 its	 budget,	 but	 also	 that	 the	

efficiency	of	resource	allocation	of	waste	management	system	as	a	whole	is	increased,	and	

that	 the	 environmental	 impact	 will	 be	 minimal.	 Currently,	 municipal	 solid	 waste	 is	

dumped	directly	on	a	sanitary	landfill	20	km	outside	the	city,	for	which	the	government	

pays	 90	 Yuan1	per	 ton	 of	waste.	Direct	 landfilling	 of	waste	 takes	 up	 large	 area	 of	 land;	

additionally	the	environmental	impact	associated	with	untreated	waste	include	potential	

pollution	 to	 ground	 water	 and	 soil,	 emissions	 of	 greenhouse	 gases	 and	 odour.	 The	

consideration	of	the	government	would	be	to	pay	within	the	framework	of	its	budget	for	

waste	management,	 and	 at	 the	 same	 time	 reduce	 negative	 environmental	 impact	 from	

waste.	In	this	study,	a	cost‐benefit	analysis	will	illustrate	whether	the	inclusion	of	a	waste	

incinerator	with	the	advanced	bottom	ash	separation	and	recovery	technology	improves	

the	economic	efficiency	of	the	waste	management	system	in	Guanghan.	

	

In	order	to	reach	the	goal	of	the	study,	the	following	major	research	questions	have	to	be	

answered:	How	much	of	the	recoverable	substances	is	there	in	the	municipal	solid	waste	

in	Guanghan?	Since	 the	advanced	separation	 technology	applied	here	 is	 tested	as	being	

successful	in	recovering	aluminium	and	copper	in	Zurich,	the	substances	of	focus	in	this	

study	will	be	aluminium	and	copper,	 in	addition	 to	 the	commonly	recovered	substance:	

iron.	 Secondly,	 how	much	 does	 it	 cost	 to	 extract	 the	 recoverable	 substances?	 The	 cost	

includes	investment	cost	of	the	equipment	and	operational	and	maintenance	costs	of	the	

incineration	plant.	Finally,	what	is	the	value	of	the	recoverable	substances?	Market	prices	

of	aluminium,	copper	and	iron	will	be	used	to	calculate	the	referred	value.	

	 	

																																																								
1	Yuan:	unit	of	Chinese	currency	(denoted	as	CNY	on	currency	market).	EUR:CNY	is	1:	7.92,	a	three‐month	average	at	of	
10	August,	2012.	
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1.3.	Methodology	and	Procedure	

To	 answer	 the	 first	 research	 question,	 a	 material	 flow	 analysis	 (MFA)	 of	 the	 waste	

management	 system	 in	 Guanghan	 will	 be	 conducted	 with	 the	 assistance	 of	 STAN,	 a	

software	 for	 substance	 flow	 analysis.	 The	MFA	will	 be	 conducted	 on	 the	mass	 level	 of	

waste,	as	well	as	on	the	substance	level	of	the	recoverable	metals:	Al,	Cu	and	Fe.	The	MFA	

in	 the	 current	 waste	 management	 system	 is	 at	 first	 analysed,	 followed	 by	 two	

hypothetical	scenarios,	one	as	the	baseline	scenario	for	the	cost‐benefit	analysis,	another	

as	 the	 subject	 of	 the	 cost‐benefit	 analysis:	 a	waste	management	 system	 that	 includes	 a	

waste	incinerator	with	advanced	air	pollution	control	and	metal	recovery	technologies.		

	

A	 cost‐benefit	 analysis	 is	 then	 conducted,	 where	 the	 full	 range	 of	 costs	 and	 benefits	

arising	from	the	subject	scenario	in	comparison	with	a	baseline	scenario	is	analysed.	The	

Net	 Present	 Value	 as	 the	 result	 of	 the	 cost	 benefit	 analysis	will	 be	 presented,	 together	

with	 a	 sensitivity	analysis.	 Practically,	 not	 all	 costs	 and	benefits	 can	be	known,	nor	 can	

every	known	impact	be	measured	reliably	in	economic	terms.	Therefore,	at	the	beginning	

of	 chapter	 IV	 the	 assumptions	 and	 boundaries	 of	 the	 cost‐benefit	 analysis	 are	 defined,	

where	 impact	 parameters	 are	 also	 identified,	 such	 as	 cost	 of	 land	 acquisition,	 cost	 of	

construction,	 and	 cost	 of	 technology	 and	 equipment,	 operation	 and	 maintenance	 cost,	

energy	sales,	revenue	from	selling	recovered	metals	and	the	waste	treatment	fee	willing	

to	be	paid	by	the	municipal	government.	Environmental	and	social	externalities	will	not	

be	included	in	the	quantification	but	will	be	discussed	briefly	after	the	analysis.		

	

This	 study	 will	 begin	 with	 an	 exploration	 of	 waste	 incineration	 practices	 in	 European	

countries	and	in	China,	and	a	description	of	the	most	advanced	technologies	surrounding	

waste	 incineration.	 The	 following	 section	 describes	 the	 current	 waste	 management	

system	in	Guanghan	(with	MFA	charts),	its	environmental	impact	and	the	future	outlook	

of	 the	 debate	 between	 landfilling	 and	 incineration	 in	 China.	 The	 core	 of	 this	 study:	 the	

cost‐benefit	analysis,	then	follows.	Afterwards,	other	considerations	outside	the	scope	of	

the	cost‐benefit	analysis	will	be	briefly	discussed,	followed	by	the	conclusion.	
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Part	II.	Waste	Incineration	

2.1.	Waste	Treatment:	EU	Countries	Compared	to	China	

Due	 to	 the	 difference	 in	 economic	 development	 and	 to	 some	 extent	 in	 lifestyle,	 waste	

composition	and	waste	treatment	practices	vary	significantly	between	EU	countries	and	

China.	Common	waste	treatment	methods	are	recycling,	biological	treatment,	incineration	

and	 landfilling.	 Figure	 1	 depicts	 the	 differences	 in	 the	 application	 of	 these	 treatment	

methods	 between	 EU	 countries	 and	 China.	 Landfilling	 is	 by	 far	 the	 most	 common	

treatment	 practice	 in	 China.	 This	 is	 not	 only	 due	 to	 its	 financial	 affordability	 but	 also	

indirectly	due	to	the	lack	of	waste	separation	at	source	that	is	crucial	to	the	possibility	of	

recycling	 and	 composting	 at	 a	 later	 stage.	 Source	 separation	 allows	 the	 removal	 of	

hazardous	items,	which	could	be	toxic,	flammable,	corrosive	or	explosive,	including	paint,	

rat	 poison,	 plant	 killer,	 paint	 thinner,	 spray	 enamels,	 cleaning	 fluids	 and	 nail	 polish	

remover,	etc.	(Bass,	Calderon	and	Khan,	1990).	In	addition,	waste	separation	at	source	is	

the	key	to	improve	recycling	and	composting	options,	eventually	reducing	the	amount	of	

municipal	solid	waste	to	be	disposed	of	at	 landfill.	Waste	composition	is	another	crucial	

factor	that	determines	which	type	of	treatment	method	is	most	suitable	for	a	certain	type	

of	 waste	 in	 order	 to	 achieve	 sustainability.	 Organic	 waste,	 for	 example,	 is	 best	 to	 be	

composted	into	fertile	soil;	glass,	paper,	cardboards,	E‐waste,	scrap	metals	and	recyclable	

plastics	 (such	 as	 PET	 bottles)	 are	 best	 to	 be	 separated,	 recovered	 and	 recycled;	 non‐

recyclable	materials	with	high	heat	value	like	non‐recyclable	plastics	and	the	rest	are	best	

to	be	 incinerated	altogether	 so	 that	 recovery	of	 energy	 is	 possible	 and	 that	 the	weight,	

volume	and	chemical	reactivity	of	waste	are	substantially	reduced	for	safe	landfilling.		
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Figure	1:	Differences	in	waste	treatment	between	EU	27	and	China	
	

	
	
Source:		 	 Wang	and	Nie,	2001	
	 	 Zhang,	et	al.,	2011	
	 	 Eurostat,	2012	

	
Recycling	amounts	and	recycling	rates	in	China	are	the	most	difficult	statistics	to	obtain.	

Current	 statistics	 on	 waste	 recycling	 in	 China	 are	 based	 on	 a	 variety	 of	 assumptions,	

offering	an	opaque	view	of	the	situation.	To	clarify	the	picture,	firstly	the	understanding	

of	 the	 concept	 “municipal	 solid	 waste”	 has	 to	 be	 differentiated	 from	 that	 in	 the	 EU	

countries.	The	general	public	as	well	as	the	relevant	government	agencies	do	not	regard	

waste	materials	with	a	high	economic	value	like	paper,	cardboards	and	metals	as	“waste”,	

which	are	informally	collected	by	scavengers	and	household	collectors	for	recycling.	The	

proportion	 of	 recycled	 materials	 in	 Figure	 1	 (10%)	 refers	 to	 the	 amount	 informally	

collected.	Secondly,	 the	proportion	of	recyclable	materials	 in	the	waste	composition	is	a	

reflection	of	consumption	patterns,	which	correlates	to	lifestyle	and	living	standard.	The	

proportion	of	food	consumption	in	total	consumption	for	instance,	is	higher	in	China	than	

in	the	EU	countries,	hence	the	higher	proportion	of	organic	waste	in	waste	composition.	

These	are	some	of	the	important	underlying	factors	to	help	understand	the	differences	in	

waste	treatment	practices	between	European	countries	and	China.		

	

Composting	should	be	an	ideal	treatment	for	a	considerable	portion	of	the	municipal	solid	

waste	 in	 China,	 as	 organic	waste	 consists	 of	 over	 50%	 of	 total	waste.	 The	 reason	why	

composting	applies	 to	merely	2%	(Figure	1)	of	 the	collected	waste	 is	 largely	due	 to	 the	

absence	of	 source	separation.	 In	addition	 to	other	hazardous	waste	mixed	with	organic	

waste	 at	 source,	 coal	 ash	 containing	 heavy	 metals	 from	 coal	 burning	 for	 heating	 in	

northern	 parts	 of	 the	 country	makes	 composting	 from	mixed	waste	 unrealistic	 (Giusti,	
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2009).	 For	 incineration,	 coal	 ash	 also	 makes	 the	 burning	 less	 efficient.	 Nevertheless,	

waste	incineration	has	been	rising	in	the	past	decade	in	China,	mainly	driven	by	the	lack	

of	land	in	urban	areas	for	landfill	sites	and	the	recoverable	energy	potential.	Still,	it	is	the	

most	 expensive	 treatment	 method;	 therefore	 financial	 consideration	 is	 the	 key	 factor	

leading	 to	 the	 difference	 in	 the	 application	 of	 waste	 incineration	 between	 the	 EU	 and	

China.	 The	 proportion	 of	 landfilling	 practice	 in	 China	 is	 almost	 twice	 of	 that	 in	 EU	

countries	(Figure	1).	This	is	in	short	the	result	of	three	factors:	the	low	cost	of	landfilling,	

the	high	cost	of	 incineration,	and	the	limited	practicality	of	recycling	and	composting	as	

discussed	 hitherto	 due	 to	 lack	 of	 source	 separation.	 In	 fact,	 there	 is	 no	 optimal	 waste	

management	system	that	fits	all	places	or	situations	due	to	differences	in	energy	sources,	

availability	 of	 disposal	 options,	 and	 differences	 in	 waste	 characteristics.	 Therefore	

environmental	impact	and	sustainability	assessments	need	to	be	conducted	according	to	

a	specific	region	in	order	to	design	a	customised	optimal	system.	
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2.2.	State	of	the	Art	Waste	Incineration	Technologies	

Incineration	technology	

There	 are	 three	main	 types	 of	 combustion	 technologies	 in	 commercial	 practice:	 rotary	

kiln,	 moving	 grate	 and	 fluidised	 bed.	 Rotary	 kilns	 are	 commonly	 used	 for	 combusting	

industrial	 and	 hazardous	 wastes,	 but	 is	 also	 used	 in	 some	 municipal	 solid	 waste	

incinerators.	The	principle	design	(Figure	2)	consists	of	two	thermal	treatment	chambers:	

a	 slightly	 inclined	 primary	 chamber	 where	 waste	 is	 fed	 in	 (together	 with	 inlet	 of	 hot	

exhaust	air	with	oxygen),	rotated	and	thermally	decomposed	by	the	heat	radiation	from	

the	 secondary	 chamber:	 the	 re‐combustion	 chamber	 positioned	 at	 the	 rear	 of	 the	 kiln	

where	 the	decomposition	air	and	 the	 rest	waste	 is	 completely	burnt	with	 the	supply	of	

secondary	 air.	 Rotary	 kilns	 have	 the	 advantage	 of	 producing	 a	 low	 level	 of	 NOx	 and	

thermal	destruction	of	hazardous	chemicals	(GEC,	2002).	

	
Figure	2.	A	rotary	kiln	incinerator	

	
Source:	Pollution	Issues,	2012	

A	 moving	 grate	 is	 a	 typical	 combustion	 design	 of	 a	 municipal	 solid	 waste	 incinerator.	

Waste	is	dropped	by	a	crane	onto	the	descending	grate,	which	moves	into	the	combustion	

chamber	and	eventually	moves	down	 to	drop	 the	burnt	 residuals	 into	an	ash	pit	 at	 the	

other	 end	 of	 the	 grate	 (Figure	 3).	 The	moving	 grate	 is	 a	metallic	 porous	 bed,	 allowing	
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primary	 combustion	 air	 to	 flow	 through	 from	 the	 bottom.	 Secondary	 combustion	 air	 is	

supplied	 by	 nozzles	 from	 above	 the	 grate,	 facilitating	 a	 complete	 combustion	 by	 the	

introduction	 of	 turbulence.	 Certain	 incinerators	 have	 a	 secondary	 combustion	 chamber	

connected	after	the	moving	grate	where	secondary	combustion	air	is	supplied,	to	ensure	

sufficient	 time	 to	 keep	 a	 high	 temperature	 so	 that	 toxic	 organic	 pollutants	 decompose	

(Asthana,	Ménard,	Sessiecq	and	Patisson,	2010).	

	
Figure	3.	A	moving	grate	incinerator	

	
Source:	Winderickx,	2012	

Fluidised	bed	combustion	has	recently	increased	in	application	in	municipal	solid	waste	

incinerators,	although	it	is	still	mainly	used	for	the	combustion	of	hazardous	waste.	There	

are	 different	 types	 of	 fluidised	 bed	 combustors	 (bubbling,	 rotating	 and	 circulating	

fluidised	 bed),	 but	 the	 principle	 of	 the	 design	 remains	 the	 same:	 waste	 particles	 are	

suspended	by	the	upward	flow	of	combustion	air	injected	from	beneath	so	that	it	seems	

like	a	fluid,	by	which	the	turbulence	created	enhances	uniform	mixing	and	heat	transfer	

hence	 an	 increased	 combustion	 efficiency	 (Figure	 4).	 The	 advantage	 of	 fluidised	 bed	
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technology	 is	 the	 enhanced	 combustion	 efficiency,	 however	 the	pre‐condition	of	 that	 is	

the	 homogenisation	 of	 waste	 inputs	 in	 size	 as	 well	 as	 in	 heat	 value,	 which	 requires	

extensive	 pre‐treatment	 of	 waste	 including	 typically	 size	 reduction	 and	 mixing	 (Van	

Caneghem	et	al.,	2012).	

	
Figure	4.	A	fluidised	bed	incinerator	

	
Source:	Van	Caneghem	et	al.,	2012	

Flue	gas	cleaning	technology	

Mechanical	and	chemical	methods	are	used	to	clean	flue	gas	after	incineration,	by	either	

taking	away	the	pollutants	or	neutralizing	them.	Solid	particles	are	removed	by	cyclones	

or	 multi‐cyclones	 using	 gravitational	 and	 centrifugal	 forces.	 The	 more	 expensive	

electrostatic	precipitator	is	used	to	remove	smaller	particles.	Filtration	is	used	to	achieve	

an	even	higher	efficiency	of	solid	particle	removal.	Combined	with	catalysis	of	pollutants,	

pollutants	such	as	PCDD/Fs	and	NOx	can	also	be	filtered.	In	addition,	solid	particles	can	be	

washed	out	by	 fine	water	drops,	 in	a	 combined	system	of	Venturi	 scrubber	and	packed	

column.	 Acidic	 gaseous	 pollutants,	 mainly	 SO2,	 NO2,	 HCl	 and	 heavy	 metals,	 can	 be	

eliminated	in	this	combined	system	by	adding	reactive	agents,	injecting	a	dry	or	semi‐dry	
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alkaline	agent,	and	carbonaceous	sorbents	can	be	injected	to	remove	PCDD/Fs	and	heavy	

metals.	 Selective	 non‐catalytic	 reduction	 (SNCR)	 eliminates	 NOx	 by	 reaction	 with	

ammonia	 agents	 added	 to	 the	 flue	 gas	 flow,	 generally	 achieving	 a	 removal	 efficiency	of	

60%.	While	selective	catalytic	reduction	(SCR)	achieves	an	efficiency	as	high	as	90%,	it	is	

more	 costly	 because	 of	 the	 catalyst	 required.	 Such	 separation	 and	 absorption	

technologies	 reduce	 emissions	 to	 a	 level	 way	 below	 legislative	 requirements	 and	 are	

deemed	as	sound	environmental	practices	(Tabasová,	2012).	

	

Figure	5.	Scheme	of	an	up‐to‐date	incinerator	with	mechanical	and	chemical	flue‐gas	cleaning	system	

	
Source:	Tabasová,	2012	

Energy	recovery	technology	

Energy	 recovery	 in	 the	 form	 of	 electricity	 and	 heat	 is	 achieved	 based	 on	 the	 following	

operational	set‐ups:	water	pipes	are	lined	on	the	wall	at	the	top	inside	the	furnace,	so	that	

the	heat	from	combustion	can	be	utilised	by	converting	water	into	high	pressure	steam,	

which	 is	 routed	 into	 a	 turbine	 that	 drives	 an	 electricity	 generator;	 in	 the	 case	 of	

cogeneration,	the	steam	passing	through	the	turbine	then	arrives	at	a	heat	exchanger	that	

transfers	the	heat	from	the	steam	to	district	heating	system.	There	are	designs	where	heat	

is	 extracted	 before	 the	 turbines	 for	 district	 heating,	 increasing	 heat	 utilisation	 while	

reducing	electricity	generation	(Fruergaard,	Christensen	and	Astrup,	2010).	

	
Material	recovery	technology	

Currently	best	available	recovery	technologies	at	waste	 incineration	plants	recover	 iron	

and	non‐ferrous	metals	(aluminium	and	copper).	At	the	incineration	plant,	bigger	pieces	

of	 ferrous	 and	 non‐ferrous	 metals	 are	 at	 first	 sieved,	 allowing	 smaller	 particles	 to	 be	

further	 separated.	Particles	with	a	 larger	 size	are	 then	 trommeled,	within	which	 iron	 is	
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recovered	again	magnetically.	The	 finer	particles	are	 further	 separated	 into	 fractions	of	

different	 sizes.	 Iron	 is	 retrieved	 magnetically	 from	 larger	 fractions,	 while	 non‐ferrous	

metals	(aluminium	and	copper)	are	retrieved	from	smaller	fractions	(6‐50mm	in	the	case	

of	a	Belgium	incinerator)	based	on	eddy‐current.	The	recovery	of	aluminium	and	copper	

in	finer	fractions	below	2mm	yields	such	a	low	rate	by	current	technology	that	it	does	not	

usually	 take	 place.	 To	 increase	 the	 yield	 of	 non‐ferrous	 metals	 in	 finer	 fractions	 of	

incineration	bottom	ash	is	a	technological	challenge.	
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2.3.	New	Technology	to	Separate	Fine	Bottom	Ash	–	Recovery	of	Aluminium	
and	Copper	

To	increase	the	yield	of	non‐ferrous	metals	in	finer	fractions	of	incineration	bottom	ash	is	

a	 technological	 challenge.	 A	 pioneer	 in	 this	 field,	 ZAR	 (Development	 Centre	 for	

Sustainable	Management	 of	 Recyclable	Waste	 and	 Resources)	 in	 Switzerland,	 has	 been	

developing	 first	 class	 technologies	 in	 the	 separation	 and	 the	 recovery	 of	 non‐ferrous	

metals	from	fine	bottom	ash.	By	the	end	of	2011,	they	had	developed	and	put	into	practice	

a	break‐through	technology	to	separate	and	recover	aluminium	in	 fine	bottom	ash	with	

particle	sizes	between	0.7	and	5mm,	reaching	a	recovery	rate	as	high	as	96.8%	(ZAR,	Böni	

and	Di	Lorenzo,	2011).	

	

With	the	goal	of	optimising	the	recovery	of	precious	materials	from	incineration	residues,	

ZAR	 has	 developed	 technologies	 for	 bottom	 ash	 discharge,	 separation	 and	 non‐ferrous	

metal	recovery,	and	has	put	them	into	practise	at	one	of	the	incineration	plants	in	Zurich,	

the	KEZO	incineration	plant.	Unlike	most	other	incinerators	which	discharge	bottom	ash	

after	burning	in	a	water‐filled	trough	(wet	discharge),	at	KEZO	bottom	ash	is	discharged	

from	the	incineration	chamber	dry.	The	dry	discharge	process	(Figure	6)	is	aided	by	the	

addition	of	tertiary	air,	which	supports	the	incineration	process,	cools	down	the	bottoms	

ash,	and	supports	the	afterburning	of	organic	parts	and	the	air	sifting	of	the	bottom	ash.	

The	dry‐discharged	bottom	ash	has	 all	 substances	 and	particles	 in	 their	 original	 shape,	

raising	the	possibilities	for	the	separation	of	bottom	ash	according	to	size,	weight,	shape,	

colour	and	conductivity.	Removal	of	bigger	particles	is	also	made	safer	and	simpler	(ZAR,	

2012).	
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Figure	6.	Dry	discharge	of	bottom	ash	

	
Source:	ZAR,	2012	

The	bottom	ash	is	discharged	continuously	via	an	ash	drum,	falling	down	on	special	baffle	

plates,	on	which	the	bottom	ash	is	crushed	again	and	any	glowing	embers	in	agglomerates	

are	 torn	 apart.	 The	 vibration	 conveyor	 then	 transports	 the	 ash	 parts	 to	 the	 screening	

machine.	The	screening	machine	separates	the	bottom	ash	into	three	different	fractions	of	

diameter	 size:	 coarse	 bottom	 ash	 (>5mm),	 fine	 bottom	 ash	 (0.7mm‐5mm)	 and	 micro	

bottom	ash	(0.1mm‐0.7mm)	(Figure	7).	
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Figure	7.	Separation	of	bottom	ash	into	fractions	of	different	sizes	
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Source:	ZAR,	2012	

The	 cost	 benefit	 analysis	 of	 this	 study	 applies	 the	 technology	 that	 separates	 the	 fine	

bottom	ash	(0.7	 ‐	5	mm).	Operation	of	 the	plant	was	started	 in	September	2008	and	 its	

recovery	efficiency	has	been	under	continuous	optimisation.	ZAR	states	that	“the	central	

part	 of	 the	 conception	 are	 two	 very	 strong	 magnets,	 connected	 in	 series	 and	 two	

following,	 non	 ferrous	 treatment	 devices,	 also	 connected	 in	 series.	 The	 strong	magnets	

remove	 all	material	 particles	 that	will	 disturb	 the	 induction	 field	 in	 the	next	 treatment	

step	and	reduce	the	efficiency	of	the	non‐ferrous	separation”	(Figure	8).	The	non‐ferrous	

separator	is	a	pilot	plant,	reaching	a	recovery	efficiency	over	90%	of	metals	in	very	high	

purity	and	quality	(ZAR,	2012).	

Eddy	Current	Principle	

The	 separation	 of	 non‐ferrous	metal	 is	 based	 on	 the	 eddy	 current	 principle.	 A	 rotating	

magnetic	field	in	the	drum	generates	an	eddy	current	in	each	electrically	conductive	ash	

part	(non‐ferrous	metal),	which	will	then	generate	another	magnetic	field.	The	magnetic	

ash	 part	 will	 then	 be	 repelled	 from	 the	 drum	 so	 that	 the	 non‐ferrous	 metals	 can	 be	

separated	 reliably	 (Figure	9).	The	eddy	 current	 separator	has	 the	potential	 to	 reach	an	

efficiency	 of	 96.8%	 (ZAR,	 Böni	 and	 Di	 Lorenzo,	 2011).	 Figure	 10	 shows	 the	 actual	

separator	at	KEZO	incineration	plant	in	Zurich.	
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Figure	8.	Separation	of	fine	bottom	ash	(0.7mm‐5mm)	

	
Source:	ZAR,	2012	

	
	
Figure	9.	Eddy	current	separator	

	

Source:	ZAR,	2012	
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Figure	10.	Eddy	current	separator	at	KEZO	incinerator	Zurich	

	
Source:	ZAR,	Böni	and	Di	Lorenzo,	2011	
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Part	III.	Waste	Management	System	in	Guanghan	

3.1.	Development	of	Waste	Management	and	Environmental	Impacts	

Guanghan	 is	 a	 second‐tier	 city	 in	 the	 southwest	 province	 of	 Sichuan,	 with	 an	 urban	

population	 of	 210,000	 (Qing2,	 2012).	 Like	 many	 other	 second‐tier	 cities	 in	 China,	

Guanghan	has	not	developed	a	holistic	municipal	solid	waste	management	system.	First	of	

all,	 the	definition	of	municipal	 solid	waste	 is	unclear	as	 to	whether	 it	 includes	 informal	

collection	of	recyclables	by	private	agents.	Secondly,	there	is	no	source	separation	other	

than	 those	 (newspaper,	 cardboards,	 metals	 and	 furniture)	 separated	 by	 domestic	

households	 for	 selling	 to	 informal	 collectors.	As	 a	 result,	 the	disposed	waste	 contains	 a	

recyclable	portion	mixed	with	non‐recyclable	waste,	part	of	which	will	then	be	collected	

by	 scavengers	 at	 the	 disposal	 bins,	 the	 waste	 transfer	 stations	 and	 the	 final	 waste	

dumpsite.	Waste	has	been	dumped	on	 an	open	dumpsite	12km	outside	 the	 city,	where	

minimum	control	was	applied.	 In	 the	 late	1990s,	a	pilot	waste	compost	 treatment	plant	

went	 into	 operation,	 admitting	 all	 municipal	 solid	 waste	 and	 turning	 it	 into	 organic	

fertilizer.	 This	waste	 treatment	model	was	highly	praised	by	 the	provincial	 and	 central	

government	 and	 thereafter	 was	 applied	 in	 other	 small	 to	 medium	 cities	 in	 Sichuan.	

Unfortunately,	the	private	operator	of	the	plant	went	into	a	legal	dispute	over	intellectual	

right	of	 the	sorting	and	composting	 technology	with	another	competitor	and	eventually	

lost	the	case,	resulting	in	the	closure	of	the	plant	in	order	to	pay	the	legal	fees.	Afterwards,	

waste	was	again	dumped	on	the	open	dumpsite	with	little	control,	until	2010	when	finally	

a	sanitary	landfill	construction	was	completed	and	started	its	operation.	

	

The	 current	 sanitary	 landfill	 is	 built	 next	 to	 the	 old	 open	 dumpsite,	which	 had	 already	

accumulated	600,000	 tons	of	wastes	 (Sichuan	Environmental	Monitoring	Centre,	 2011)	

and	was	sealed	with	a	grassy	field	as	the	top	 layer	when	the	sanitary	 landfill	was	being	

constructed.	The	old	dumpsite,	with	no	bottom	sealing,	situated	on	a	hill,	had	detrimental	

impacts	 on	 the	 agricultural	 fields	 and	 residing	 population	 down	 the	 slope.	 In	 the	 past,	

accidents	 happened	 frequently	 during	 the	 stormy	 season,	 when	 the	 runoff	 of	 the	 rain	

transported	 the	waste	 on	 the	 open	 dumpsite	 to	 the	 agricultural	 fields	 along	 the	 slope,	

																																																								
2	Qing,	G.	Z.	is	an	official	from	the	Guanghan	Environmental	Protection	Bureau,	who	was	the	main	correspondent	to	
provide	the	local	information	for	this	thesis.	An	interview	and	a	field	visit	with	him	were	conducted	in	February	2012;	
private	emails	pursued	thereafter	regarding	further	data	and	information.	
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causing	 contamination	 of	 the	 soil	 as	 well	 as	 skin	 diseases	 to	 the	 farmers	 who	 were	

working	on	the	field.	The	harvest	grown	from	the	contaminated	soil	thereafter	could	not	

be	 consumed.	 Besides	 these	 accidents,	 severe	 environmental	 impacts	 associated	 with	

open	dumpsite	persisted	until	 the	sanitary	 landfill	was	built.	These	 impacts	 include	soil	

contamination	 from	 direct	 contact	 with	 wastes,	 ground	 water	 contamination	 by	 the	

leachate	 from	 the	 waste,	 odour	 and	 green	 house	 gas	 emissions	 from	 the	 site,	 and	

pathogenic	diseases	being	carried	around	by	animals	and	scavengers	that	scavenged	food	

and	recyclable	materials	from	the	waste.	The	new	sanitary	landfill	mitigates	the	problem	

of	soil	and	ground	water	contamination,	and	the	control	of	entry	prevents	animals	from	

coming	 to	 the	 waste	 thereby	 reducing	 pathogen	 contagion.	 Nevertheless,	 the	 old	

dumpsite	 without	 bottom	 sealing	 will	 still	 pose	 long‐term	 threat	 to	 the	 environment	

especially	 to	 the	 soil	 and	 groundwater.	 The	new	 sanitary	 landfill	 has	 a	 capacity	 of	 180	

tons	 per	 day	 and	 is	 already	 admitting	 a	 daily	 intake	 of	 200	 tons	 (Qing,	 2012).	 At	 the	

current	 rate	 of	 waste	 generation	 growth,	 the	 landfill	 will	 reach	 its	 capacity	 within	 15	

years,	by	then	a	new	landfill	has	to	be	constructed.	
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3.2.	Material	Flow	Analysis	of	Current	Practice	

To	illustrate	the	current	flow	of	waste	materials	in	the	city,	a	material	flow	analysis	was	

conducted	 using	 the	 STAN3	software	 for	 the	 year	 2011.	 Through	 the	 STAN	 software,	 a	

graphical	model	was	built	with	processes,	flows	and	a	system	boundary	with	input	data	

including	 mass	 flows,	 stocks,	 concentrations	 and	 transfer	 coefficients.	 Material	 flow	

analysis	was	also	conducted	on	the	substance	level,	 for	the	three	substances	relevant	to	

the	cost	benefit	analysis,	aluminium	(Al),	copper	(Cu)	and	iron	(Fe),	in	order	to	illustrate	

the	 quantities	 of	 their	 flows	within	 the	 system.	 Figure	 11	 shows	 the	 flow	 of	municipal	

solid	waste	in	Guanghan,	from	its	generation	through	various	channels	in	the	urban	area	

until	the	final	destination.		

	

The	 official	 document	 from	 the	 government	 of	 Deyang	 (2009),	 the	 upper‐level	

administration	 above	 Guanghan,	 defines	 municipal	 solid	 waste	 to	 be	 the	 solid	 waste	

produced	by	the	urban	population	from	their	daily	activities	and	the	solid	waste	produced	

by	entities	that	supply	goods	and	services	to	urban	life,	and	other	solid	waste	designated	

by	 law	 and	 regulations,	 including	 wastes	 from	 households,	 offices,	 restaurants,	 public	

facilities	 such	 as	 schools,	markets	 and	 sport	 centres,	 as	well	 as	 construction	waste	 and	

special	waste,	excluding	industrial	solid	waste.	Based	on	this	definition,	Deyang	reported	

84,000	tons	of	waste	“generated”	in	Guanghan	in	the	year	2010.	This	figure	however	does	

not	 include	 the	 recyclables	 separated	 by	 the	 households	 and	 collected	 by	 informal	

collectors	before	the	rest	is	disregarded	as	waste	(Qing,	2012).	This	figure	hence	is	in	fact	

formally	collected	waste.	Therefore	the	actual	amount	of	generated	waste	should	include	

the	 amount	 of	 recyclables	 informally	 collected,	 which	 is	 estimated	 at	 about	 10%	 of	

generated	waste	in	China	(Wang	and	Nie,	2010).	The	total	waste	generation	of	100,000t	

into	the	system	is	therefore	calculated	as:	

	

Wr2011	=	W2010		/	(100%	‐	10%)	*	(1	+	rg)1	
	

where	Wr2011	is	 the	real	 total	waste	generated	 in	the	year	2011,	W2010	the	reported	total	

waste	 generation	 in	 the	 year	2010	 (in	 fact	 formally	 collected	waste),	 and	 rg	 the	 rate	 of	

waste	generation	growth	per	year.	rg	is	calculated	based	on	the	daily	waste	generation	of	

																																																								
3	STAN	(short	for	subSTance	flow	ANalysis)	is	a	freeware	that	helps	to	perform	material	flow	analysis	according	to	the	
Austrian	standard	ÖNorm	S	2096	(Material	flow	analysis	‐	Application	in	waste	management).	
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100t	 in	Guanghan	 in	1998	 (Hu,	 et	 al.,	 1998)	 and	 the	daily	waste	 generation	of	 230t4	in	

Guanghan	in	2010.	

	

10%	of	the	100,000t	of	generated	waste	is	sold	by	households	to	informal	collectors,	that	

is	10,000t,	while	the	remaining	90,000t	is	disposed	in	the	waste	bins	at	each	building	or	

in	 small	 communities	 without	 separation.	 They	 are	 then	 collected	 by	 small	 trucks	

operated	 by	 the	 Urban	 Appearance	 and	 Environmental	 Hygiene	 Department	 and	

transported	 to	waste	 transfer	 stations	 situated	 at	 the	 periphery	 of	 the	 city.	 Before	 the	

trucks	come,	scavengers	are	around	the	bins	to	collect	recyclables.	It	is	estimated	that	the	

amount	of	recyclables	scavenged	at	this	stage	is	approximately	5%	of	the	disposed	waste	

(Tai,	 et	 al.,	 2011),	 that	 is	 4,500t,	 leaving	 85,500t	 of	 waste	 to	 be	 collected	 by	 formal	

collection	trucks.	Once	the	waste	is	transferred	to	the	transfer	stations,	it	is	compacted	by	

a	 compaction	 machine	 to	 reduce	 the	 volume.	 Bigger	 trucks	 then	 come	 to	 the	 transfer	

station	to	collect	larger	amounts	of	waste	and	deliver	them	to	the	sanitary	landfill	12km	

(SCEMC,	 2011)	 outside	 the	 city.	 Scavenging	 also	 occurs	 at	 the	 transfer	 stations.	 The	

amount	of	12,500t	is	calculated	as	the	difference	between	the	reported	amount	of	waste	

that	is	admitted	to	the	landfill	and	the	amount	of	incoming	waste	to	the	transfer	stations.	

On	 the	 landfill,	 an	 estimated	 amount	 of	 1%	 of	 the	 admitted	 waste	 is	 collected	 by	

scavengers	 as	 recyclables,	 approximately	 900t;	 the	 rest	 is	 stored	 in	 the	 landfill.	

Scavengers	and	informal	collectors	sell	their	collections	to	the	privately	owned	recyclable	

material	depots	where	the	materials	are	sorted,	accumulated	and	delivered	to	specialised	

recycling	companies.		

	

Figures	 12,	 13	 and	 14	 illustrate	 the	 material	 flow	 on	 the	 substance	 level,	 namely	

aluminium	 (Al),	 copper	 (Cu)	 and	 iron	 (Fe).	 While	 the	 concentration	 of	 Cu	 in	 the	 total	

formally	collected	waste,	132g/t,	is	directly	obtained	from	Qing	(2012),	the	concentration	

of	Al	and	Fe	in	the	total	formally	collected	waste	is	not	available	and	therefore	their	mass	

is	calculated	using	synthetic	data	in	the	following	steps:	first,	the	percentage	of	Al	and	Fe	

in	the	total	metal	content	of	 the	waste,	22%5	and	67%6	respectively,	 is	calculated	based	

on	the	data	available	in	Zhao,	et	al.	(2007)	and	Giugliano,	et	al.	(2011).	Second,	the	mass	of	

																																																								
4	230	t/d	=	84,000t	/	365days	
5	22%	=	0.6%	(Aluminium)	/(0.6%	(Aluminium)+2.1%	(metals	without	Al)),	from	Fig.	2	of	Giugliano,	et	al.	(2011)	
6	67%	=	2%	(Fe	metal)	/(1%	(non‐Fe	metal)+2%(Fe	metal)),	from	Table	1	of	Zhao,	et	al.	(2007)	
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Al	 and	 Fe,	 100t7	and	 300t8	respectively,	 is	 calculated	 by	 applying	 the	 above‐mentioned	

percentages	 to	 the	 total	 metal	 amount	 in	 formally	 collected	 waste,	 450t9,	 which	 is	

calculated	 based	 on	 the	 metal	 percentage	 of	 0.5%	 in	 Guanghan’s	 waste	 composition	

(Deyang	Urban	Appearance	and	Environmental	Hygiene	Management	Department,	2012).	

It	is	assumed	that	the	transfer	coefficients	remain	the	same	on	the	substance	level	as	that	

on	 the	 goods	 level,	 except	 for	 that	 from	 the	 total	 waste	 generation	 because	 the	metal	

content	 in	 it	 is	 much	 higher	 than	 in	 waste	 formally	 collected.	 As	 direct	 data	 is	 not	

available	 on	 the	waste	 composition	of	 generated	waste,	 4%	of	metal	 content	 is	 applied	

which	is	the	average	in	Asian	countries,	resulting	in	4,000t	of	metal	generated.	The	same	

percentage	of	Al,	Cu	and	Fe	as	calculated	above	is	used	to	calculated	the	amount	of	Al,	Cu	

and	 Fe	 in	 the	 total	 generated	 waste,	 890t10,	 110t11	and	 2,670t12respectively.	 Then	 the	

difference	 between	 the	 amount	 in	 the	 total	 generated	 waste	 and	 in	 the	 total	 formally	

collected	waste	is	the	amount	collected	by	informal	collectors	from	the	households.	As	a	

result,	the	current	waste	management	system	leaves	approximately	80t	of	Al,	9t	of	Cu	and	

240t	of	Fe	in	the	sanitary	landfill	un‐recycled.	

	 	

																																																								
7	100t	=	450t	*	22%	
8	300t	=	450t	*	67%	
9	450t	=	90,000	*	0.5%	
10	890t	=	4,000t	*	22%	(with	rounding)	
11	110t	=	4,000t	*	(12t	/	450t)	(with	rounding)	
12	2,670t	=	4,000t	*	67%	(with	rounding)	
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Figure	11.	Current	material	flow	of	municipal	solid	waste	in	Guanghan	

	

Figure	12.	Current	material	flow	of	aluminium	(Al)	in	municipal	solid	waste	in	Guanghan	
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Figure	13.	Current	material	flow	of	copper	(Cu)	in	municipal	solid	waste	in	Guanghan	

	

(Note:	 The	 amount	 of	 recyclables	 scavenged	 from	 transfer	 stations	 is	 rounded	 to	 2,	 which	 creates	 an	 insignificant	
irreconcilable	mass	equation.)	
	
	
Figure	14.	Current	material	flow	of	iron	(Fe)	in	municipal	solid	waste	in	Guanghan	
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3.3.	Material	Flow	Analysis	of	Two	Scenarios	for	the	Cost‐benefit	Analysis	

Since	the	city	of	Guanghan	is	facing	the	challenge	of	municipal	solid	waste	management,	it	

is	inevitable	that	a	decision	has	to	be	made	on	source	separation	and	separate	collection	

in	 the	 future.	 In	order	to	assist	 this	decision‐making,	 this	study	compares	 the	costs	and	

benefits	of	two	scenarios:	

Scenario	I:	The	city	is	going	to	implement	source	separation,	as	is	the	common	practice	in	

EU	countries,	so	that	recyclable	materials	are	separated	at	household	level	and	collected	

separately	by	specialised	collection	vehicles,	and	that	informal	collection	and	scavenging	

is	prevented.	The	rest	waste	is	sent	to	the	landfill	as	the	final	disposal	without	treatment.	

Scenario	II:	The	city	is	going	to	implement	source	separation,	but	excluding	separation	of	

metals,	 which	 means	 materials	 such	 as	 batteries	 and	 waste	 electrical	 electronic	

equipment	are	not	collected	separately.	Non‐metals	are	separated	at	household	level	and	

collected	 by	 specialised	 collection	 vehicles,	 and	 informal	 collection	 and	 scavenging	 is	

prevented.	 Instead	 of	 being	 directly	 buried	 in	 the	 sanitary	 landfill,	 the	 rest	 waste	 is	

incinerated	in	a	waste	incinerator,	of	which	only	the	residual	bottom	ash	will	be	buried	in	

the	 sanitary	 landfill.	 The	 incinerator	 is	 equipped	 with	 state	 of	 the	 art	 technologies:	

moving	grate,	flue	gas	treatment,	energy	recovery	and	material	recovery	technologies.	Al,	

Cu	and	Fe	are	recovered	from	the	bottom	ash,	using	the	technology	developed	by	ZAR.	

Figure	15	 to	Figure	18	 illustrate	 the	material	 flow	of	 Scenario	 I	 on	 the	goods	 level	 and	

substance	level.	On	the	goods	level,	a	recycling	rate	in	households	of	27.9%13	is	applied,	

equivalent	to	the	rate	calculated	as	the	total	material	collected	by	informal	collectors	and	

scavengers	over	the	total	waste	generated	in	the	current	system.	This	application	is	based	

on	the	assumption	that	the	amount	of	total	recycled	materials	is	the	same	as	that	in	the	

current	system,	and	that	the	difference	 lies	 in	the	elimination	of	 informal	collection	and	

scavenging,	 instead	 of	 which	 households	 perform	 source	 separation	 and	 afterwards	

formally	 organised	 vehicles	 collect	 recyclables	 separately.	 On	 the	 substance	 level,	 the	

total	 Al,	 Cu	 and	 Fe	 separated	 and	 collected	 from	 households	 are	 810t14,	 101t15	and	

																																																								
13	27.9%	=	(10,000	+	4.500	+	12,500	+	900)	/	100,000,	see	MFA	of	current	system	Figure	11	
14	810t	=	790t	+	5t	+	14t	+	1t.	See	MFA	of	current	system	Figure	12	
15	101t	=	98t	+	1t	+	2t	+	1t,	with	rounding.	See	MFA	of	current	system	Figure	13	
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2,430t16,	 calculated	 as	 the	 sum	 of	 each	 element	 collected	 by	 informal	 collectors	 and	

scavengers	at	all	points	 in	 the	current	system.	 In	percentage	 terms,	 they	are	91%,	92%	

and	91%	respectively	of	the	amount	in	the	generated	waste.	These	metal	recycling	rates	

seem	rather	high,	when	compared	 to	 the	average	metal	 recycling	 rates	 reported	by	 the	

United	Nations	Environment	Programme	(2011)	of	70%	for	Al,	53%	for	Cu	and	90%	for	

Fe.	 In	 order	 to	 test	 the	 robustness	 of	 the	 cost‐benefit	 analysis,	 these	 average	 rates	 are	

applied	holding	other	variables	unchanged	to	see	if	the	result	of	the	cost	benefit	analysis	

differs	 substantially	 from	the	higher	 rates	used	 for	Scenario	 II.	The	result	 shows	only	a	

325,000	Euro	difference.	

Figure	15.	Scenario	I	material	flow	of	municipal	solid	waste	in	Guanghan	

	

	 	

																																																								
16	2,430t	=	2,370t	+	15t	+	43t	+	3t,	with	rounding.	See	MFA	of	current	system	Figure	14	
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Figure	16.	Scenario	I	material	flow	of	aluminium	(Al)	in	municipal	solid	waste	in	Guanghan	

	

Figure	17.	Scenario	I	material	flow	of	copper	(Cu)	in	municipal	solid	waste	in	Guanghan	

	

Figure	18.	Scenario	I	material	flow	of	iron	(Fe)	in	municipal	solid	waste	in	Guanghan	
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Figure	19	to	Figure	22	 illustrate	 the	material	 flow	of	Scenario	 II	on	the	goods	 level	and	

substance	 level.	 On	 the	 goods	 level,	 the	 recycled	 amount	 of	 24,600t17	is	 calculated	 by	

applying	 the	 recycling	 rate	 of	 27.9%	 less	 the	 amount	 of	 Al,	 Cu	 and	 Fe	 that	 would	

otherwise	have	been	separately	recycled	at	household	level	in	Scenario	I	and	which	is	not	

recycled	from	households	in	Scenario	II.	The	amount	of	bottom	ash	and	raw	gas	from	the	

incinerator,	as	well	as	the	amount	of	recovered	Al,	Cu	and	Fe	and	the	residual	bottom	ash,	

is	calculated	based	on	the	data	from	the	KEZO	incinerator	in	Zurich	that	is	operating	with	

the	recovery	technology.	The	data	shows	that	18%	of	incineration	product	is	bottom	ash	

while	the	rest	82%	is	raw	gas	(including	fly	ash).	The	assumption	of	the	same	percentage	

in	 Guanghan’s	 incinerated	waste	 leads	 to	 13,600t18	of	 bottom	 ash	 and	 61,800t19	of	 raw	

gas.	 Input	of	water	 is	0.34%	of	 input	waste,	 thus	256t20	of	 input	water	 is	 to	be	used	 to	

treat	the	residual	bottom	ash	that	is	eventually	going	to	the	landfill.	Applying	the	recovery	

rate	of	Al,	Cu	and	Fe	from	KEZO,	95%,	97%	and	98%	respectively,	 to	the	amount	of	the	

metals	 in	 the	 waste	 input	 into	 the	 incinerator,	 the	 amount	 of	 recoverable	 metals	 is	

calculated:	846t21,	107t22	and	2,620t23	respectively.	Consequently,	the	rest	of	the	amount	

of	bottom	ash	is	residual	bottom	ash,	calculated	as	the	difference	between	the	bottom	ash	

produced	plus	the	water	input	and	the	recovered	amount	of	metals:	10,283t24	to	end	up	

in	the	landfill.	

On	the	substance	level,	the	metals	are	burnt	and	they	flow	into	the	portion	of	bottom	ash,	

with	 none	 in	 the	 raw	 gas.	 Then	 they	 are	 separated	 and	 recovered	 in	 the	 bottom	 ash	

recovery	process,	resulting	in	recovered	amount	of	846t,	107t	and	2,617t	respectively,	as	

calculated	in	the	previous	paragraph,	with	the	unrecovered	portion	ending	in	the	residual	

bottom	ash,	which	is	then	treated	to	reduce	environmentally	harmful	impacts	and	sent	to	

the	sanitary	landfill	as	the	final	destination.	

	 	

																																																								
17	24,600t	=	100,000t	*	27.9%	‐	810t	–	101t	–	2,430t,	with	rounding.	See	Figures	15,	16,	17	and	18.	
18	13,600t	=	75,400t	*	18%,	with	rounding	
19	61,800t	=	75,400t	*	82%,	with	rounding	
20	256t	=	75,400t	*	0.34%	
21	846t	=	890t	*	95%.	See	Figure	16.	
22	107t	=	110t	*	97%.	See	Figure	17.	
23	2,620t	=	2,670t	*	98%,	with	rounding.	See	Figure	18.	
24	10,283t	=	13,600t	+	256t	–	846t	–	107t	–	2,620t	
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Figure	19.	Scenario	II	material	flow	of	municipal	solid	waste	in	Guanghan	

	

Figure	20.	Scenario	II	material	flow	of	aluminium	(Al)	in	municipal	solid	waste	in	Guanghan	
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Figure	21.	Scenario	II	material	flow	of	copper	(Cu)	in	municipal	solid	waste	in	Guanghan	

	

Figure	22.	Scenario	II	material	flow	of	iron	(Fe)	in	municipal	solid	waste	in	Guanghan	
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Part	IV.	Cost‐Benefit	Analysis	

4.1.	Cost‐benefit	Analysis:	Assumptions	and	Scope	

When	undertaking	a	project,	goods	and	services	are	consumed	as	well	as	produced,	while	

social,	economic	and	environmental	impacts	occur.	Economic	efficiency	is	a	fundamental	

criterion	for	public	investment,	which	means	that	the	benefits	must	outweigh	the	costs	of	

using	 scarce	 resources,	 benefits	 being	 the	 total	 positive	 effects	 while	 costs	 the	 total	

negative	 effects	 measured	 in	 economic	 terms.	 The	 purpose	 of	 cost‐benefit	 analysis	

therefore	is	to	help	decision‐makers	choose	the	option	among	alternatives	that	is	efficient	

in	 its	use	of	 resources.	 In	 the	case	of	Guanghan,	 since	 the	city	 is	 facing	 the	challenge	of	

improving	 its	municipal	solid	waste	management	system,	 it	 is	 inevitable	 that	a	decision	

has	to	be	made	on	source	separation,	separate	collection	and	waste	treatment	options.	In	

order	to	assist	the	decision‐making,	this	study	analyses	the	cost	benefit	of	Scenario	II	 in	

comparison	 to	 the	 baseline	 of	 Scenario	 I.	 Note	 that	 Scenario	 I	 is	 also	 a	 hypothetical	

situation,	 which	 differs	 from	 the	 current	 waste	 management	 system	 in	 that	 informal	

collection	 and	 scavenging	 are	 replaced	 by	 source	 separation	 and	 formal	 separate	

collection	 of	 different	 types	 of	 waste.	 The	 reason	 for	 using	 Scenario	 I	 as	 the	 baseline	

instead	 of	 the	 current	 situation	 is	 based	 on	 the	 assumption	 that	 source	 separation	will	

inevitable	 happen	 in	 the	 future	 for	 the	 efficient	 recycling	 of	materials.	 The	 cost‐benefit	

analysis	 therefore	 is	 to	 examine	 whether	 the	 exclusion	 of	 metal	 separation	 at	 source	

together	with	 the	 implementation	of	 a	waste	 incinerator	with	advanced	metal	 recovery	

technology	 before	 landfilling	 is	 economically	 more	 efficient	 than	 separating	 metals	 at	

source	 without	 incineration	 before	 landfilling.	 Based	 on	 this	 result,	 together	 with	

considerations	of	other	non‐economic	 factors,	 the	municipal	government	will	be	able	 to	

make	an	informed	decision	on	whether	to	implement	the	proposed	Scenario	II	for	the	city	

of	Guanghan,	with	the	goal	of	improving	resource	use	efficiency	and	eventually	managing	

the	city’s	municipal	solid	waste	sustainably.	

	

The	system	under	examination	includes	the	flow	of	waste	from	its	generation	to	its	final	

disposal	 and	 the	 processes	 in	 between,	 excluding	 the	 processes	 of	 recycling	 after	

collection	at	source	and	after	recovery	from	the	incinerator.	It	should	be	recognised	that	

not	all	impacts	can	be	known,	and	that	not	all	known	impacts	can	reliably	be	assigned	a	
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quantitative	value,	even	less	a	monetary	value.	For	this	study,	the	economic	impacts	will	

be	quantified	in	the	cost	benefit	analysis,	while	the	social	and	environmental	impacts	will	

be	discussed	in	the	next	chapter	in	a	qualitative	context.	It	is	assumed	that	the	lifetime	of	

the	proposed	 incinerator	 is	20	years	with	1	year	of	construction	 in	addition,	and	that	 it	

has	two	individual	lines	(one	as	backup	for	when	the	other’s	capacity	is	exceeded)	with	a	

capacity	of	400t/d25	each.	It	is	also	assumed	that	the	plant	is	located	within	1km	distance	

to	the	current	sanitary	landfill,	and	that	it	is	near	to	the	existing	electricity	grid,	so	that	no	

extra	cost	 is	 incurred	 through	a	costly	new	 transmission	system.	Furthermore,	 revenue	

from	electricity	sale	is	assumed	to	flow	throughout	the	lifetime	of	the	plant.	Finally,	it	is	

assumed	 that	 the	 level	of	waste	 flow	 increases	by	7.19%	per	year,	which	 is	 the	growth	

rate	 of	 waste	 generation	 during	 the	 past	 thirteen	 years	 (Table	 1	 below	 shows	 the	

predicted	 waste	 flows	 based	 on	 this	 growth	 rate);	 and	 that	 the	 tipping	 fee	 of	 the	

incinerator	is	equal	to	that	of	the	current	landfill:	90	Yuan.	The	calorific	value	of	the	waste	

is	assumed	to	increase	by	3%	per	annum,	a	trend	observed	in	Europe	from	year	1980	to	

2000.	

Table	1.	Predicted	waste	generation	and	waste	flows	

	

																																																								
25	Close	to	the	waste	flow	into	the	incinerator	at	the	end	of	lifetime:	829t/d	=	75,400t/y	/	365d	*	(1+7.19%)^20y	
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In	order	 to	 identify	 the	economic	 impacts	of	 Scenario	 II,	 assessment	of	 the	net	 changes	

compared	 to	 the	 baseline	 scenario	 is	 needed.	 Firstly,	 there	 is	 additional	 input	 of	water	

into	 the	 system	 that	 is	 needed	 in	 the	 incinerator;	 however	 the	 amount	 (256t/y)	 is	 so	

insignificant	 that	 the	 additional	 cost	 (only	 a	 few	 hundred	 euros	 per	 year)	 will	 not	 be	

included	in	the	cost‐benefit	analysis.	Secondly,	the	amount	of	recycled	materials	at	source	

is	 reduced	 because	 of	 the	 exclusion	 of	 metal	 separation,	 hence	 the	 cost	 of	 source	

separation	 is	 reduced.	 Thirdly,	 as	 a	 consequence	 of	 reduced	 need	 to	 separate	 metals,	

there	is	a	higher	amount	of	residual	waste	flowing	through	the	rest	waste	collection	and	

transfer	stations,	which	means	higher	collection	cost.	Fourthly,	the	incinerator	induces	a	

variety	of	economic	impacts:	fixed	costs	on	capital	investment,	variable	cost	of	operation	

and	maintenance,	 revenue	 from	 the	waste	 treatment	 fee,	 electricity	 sale	 and	 recovered	

metal	 sale.	 Lastly,	 the	 reduced	 amount	 of	 waste	 that	 is	 sent	 to	 the	 landfill	 means	 a	

reduced	cost	of	landfilling,	and	more	significantly	it	means	there	is	no	need	to	construct	a	

new	landfill	that	would	have	otherwise	been	needed	in	15	years	under	Scenario	I.	Table	2	

below	lists	the	impact	parameters	of	the	cost	benefit	analysis.	

	

Table	2.	Economic	impact	parameters	for	the	cost‐benefit	analysis	

	

Physical	quantification	of	these	parameters	and	monetary	evaluation	is	described	in	the	

following	sections.	The	result	of	the	cost	benefit	analysis	is	the	Net	Present	Value	(NPV),	
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the	difference	between	the	sum	of	discounted	benefits	and	the	sum	of	discounted	costs.	If	

the	NPV	is	greater	than	zero,	the	proposed	scenario	represents	an	efficient	change	in	the	

allocation	of	resources.	The	NPV	is	calculated	as:	

	

NPV	=	ΣBt(1+i)‐t	‐	ΣCt(1+i)‐t	

Where	 B	 denotes	 benefit,	 C	 denotes	 cost,	 i	 the	 discount	 rate,	 and	 the	 summation	 runs	

from	 t=0	 (the	 first	 year	 of	 the	 project)	 to	 t=T	 (the	 last	 year	 of	 the	project).	 A	 five‐year	

averaged	bank‐lending	 rate	 from	 the	 year	 2008	 to	 2012	of	 6.73%	per	 annum	 (Bank	of	

China,	2012)	is	used	as	the	discount	rate.	

	

The	 functional	 unit	 of	 the	 cost	 benefit	 analysis	 is	 the	 Euro.	 Three‐month	 averaged	

currency	exchange	rates	 (as	of	10	August	2012	 from	ECB)	are	applied	 to	convert	other	

currencies	 to	 Euro.	Most	 data	 are	 obtained	 through	 currently	 operating	 incinerators	 in	

China,	particularly	those	with	a	similar	capacity.	Since	data	used	are	subject	to	variation,	

as	 the	 future	 flow	 of	 physical	 impacts	 and	 prices	 are	 predicted	 rather	 than	 known,	 a	

sensitivity	analysis	 is	conducted	at	 the	end	to	 identify	which	 factors	 the	outcome	of	 the	

cost‐benefit	analysis	is	most	sensitive	to.	

	

It	should	be	noted	that	the	cost‐benefit	analysis	provides	a	general	guideline	on	the	waste	

management	 system	 level.	 A	 feasibility	 study	 is	 required	 for	 a	 specific	 investment	 to	

investigate	 detailed	 investment	 cost	 and	 to	 take	 consideration	 of	 local	 factors	 such	 as	

waste	 transport	 distance,	 land	 use,	 and	 environmental	 and	 social	 impacts	 on	 the	 local	

population.	
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4.2.	Costs	

4.2.1.	Fixed	Costs	

	

Fixed	 costs	 are	 associated	with	 the	 capital	 investment	 in	 the	 first	 year	of	 the	proposed	

incinerator,	 including	 three	 categories	 of	 cost:	 land	 acquisition	 cost,	 equipment	 and	

technology	acquisition	cost,	and	construction	and	installation	cost.	Land	acquisition	cost	

is	calculated	based	on	the	size	of	the	land	area	needed	and	the	current	price	of	the	type	of	

land	needed.	The	size	of	 the	 land	needed	is	estimated	to	be	52,800m2,	similar	to	that	of	

the	KEZO	plant	in	Zurich;	while	the	current	price	of	the	type	of	land	needed	in	Guanghan	

is	 equivalent	 to	 €23/m2	 (Land	 and	 Resources	 Department	 of	 Sichuan	 Province,	 2012).	

The	 equipment	 and	 technology	 acquisition	 cost	 estimation	 is	 based	 on	 the	 cost	 of	 the	

state	of	the	art	technologies	applied	in	a	Viennese	waste	incinerator	(Federal	Ministry	for	

Soil	and	Forestry,	Environment	and	Water	Management 2002)	adjusted	with	 the	cost	

of	 the	 most	 advanced	 incinerators	 in	 China	 (Anon,	 2012?).	 The	 construction	 and	

installation	cost	 is	obtained	from	a	feasibility	study	of	an	advanced	waste	incinerator	in	

Tonghua	 in	 China	 (Wuzhou	 Engineering	 Design	 and	 Research	 Centre,	 2010),	 since	 the	

capacity	 of	 the	 incinerator	 is	 similar	 to	 the	 proposed	 incinerator	 in	 Guanghan.	 Table	 3	

lists	 the	 fixed	costs	and	Figure	23	shows	 their	 corresponding	percentages	of	 total	 fixed	

costs.	The	incinerator	equipment	cost	and	the	construction	cost	are	by	far	the	majority	of	

the	total	fixed	costs.		

	
Table	3.	Fixed	cost	
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Figure	23.	Percentages	of	different	types	of	fixed	cost	out	of	total	fixed	costs	
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4.2.2.	Variable	Costs	

	

1).	Increased	collection	cost	from	source	to	landfill	

Because	metals	are	not	separated	from	the	rest	waste	in	Scenario	II,	and	also	because	the	

incinerator	 is	 assumed	 to	be	within	1km	distance	 to	 the	 current	 landfill,	 the	amount	of	

waste	to	be	collected	from	the	source	and	to	be	transported	to	the	incinerator	is	higher	by	

the	amount	of	metals	that	would	have	been	separated	in	Scenario	I.	Additionally,	based	on	

the	assumption	that	the	distance	between	the	incinerator	and	the	landfill	is	1km,	the	cost	

of	collecting	and	transporting	the	residual	bottom	ash	from	the	incinerator	to	the	landfill	

is	 accounted	 for.	 The	 increased	 collection	 cost	 from	 source	 to	 landfill	 every	 year	 is	

therefore	calculated	as:	

	

Cc	=	(QwfII	‐	QwfI)*Pc1	+	Qwl*Dl*Pc2	

where	Cc	is	the	total	increased	collection	cost	from	source	to	landfill,	QwfII	the	quantity	of	

waste	flow	from	source	to	the	incineration	plant	in	Scenario	II,	QwfI	the	quantity	of	waste	

flow	from	source	to	the	landfill	in	Scenario	I,	Pc1	the	unit	cost	of	collection	per	ton	of	waste	

from	source	to	the	incineration	plant,	Qwl	the	quantity	of	residual	bottom	ash	that	is	sent	

to	 the	 landfill,	D1	 the	distance	between	 the	 incinerator	and	 the	 landfill,	 and	Pc2	 the	unit	

cost	of	collection	per	ton	per	km	of	bottom	ash	from	the	incinerator	to	the	landfill.	

	

The	unit	 cost	per	 ton	of	waste	 from	source	 to	 the	 incineration	plant	 is	obtained	 from	a	

study	done	for	the	city	of	Shenzhen	on	municipal	solid	waste	collection	cost	(Li	and	Kong,	

2011),	while	the	unit	cost	per	ton	of	waste	per	km	is	obtained	from	a	study	done	for	the	

municipality	 of	 Heping	 in	 the	 city	 of	 Tianjin	 (Research	 Office	 of	 Tianjing	 City	 Heping	

Municipal	 People's	 Government,	 2007).	 Furthermore,	 the	 price	 of	 collection	 cost	

increases	every	year	by	6.17%	per	annum,	calculated	as:	

	

Rcr	=	rdn*pd/c	+	rwn*pw/c	

where	 Rcr	 is	 the	 rate	 of	 collection	 cost	 increase	 per	 year,	 rdn	 the	 rate	 of	 diesel	 price	

increase	per	year,	pd/c	the	percentage	of	diesel	cost	as	a	component	of	collection	cost,	rwn	

the	rate	of	wage	increase	per	year,	and	pw/c	the	percentage	of	wage	cost	as	a	component	

of	collection	cost.		

	



	 46

rdn	 is	calculated	based	on	the	diesel	price	in	China	between	2000	and	2012,	while	rwn	 is	

calculated	 based	 on	 the	 average	 wage	 level	 in	 Guanghan	 between	 2004	 and	 2011	

(Statistic	Bureau	of	Deyang,	2012).	The	percentage	of	diesel	 cost	 and	wage	 cost	 as	 two	

major	 components	of	 collection	 cost,	52.7%	and	15.5%	respectively,	 is	obtained	 from	a	

study	by	Wang	 (2009).	Table	4	below	 lists	 the	 increased	collection	 cost	 from	source	 to	

landfill.	

Table	4.	Increased	collection	cost	from	source	to	landfill	
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2)	Incinerator	maintenance	cost	

Incinerator	maintenance	 cost	 is	 the	 cost	of	maintaining	and	 repairing	 the	equipment	at	

the	incineration	plant.	According	to	a	study	on	waste	incineration	enterprise	information	

system	 (Anon,	 2011),	 the	 annual	 cost	 of	 maintenance	 is	 approximately	 3%	 of	 capital	

investment	on	the	equipment.	Therefore	3%	is	applied	to	the	incinerator	technology	and	

equipment	acquisition	cost	(€71.7Mil	 from	Table	3)	to	calculate	the	yearly	maintenance	

cost	(see	Table	5):	€2,146,000	per	annum.		

	

Table	5.	Incinerator	maintenance	cost	
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3)	Incinerator	operational	cost	

The	 yearly	 operational	 cost	 of	 the	 incineration	 plant	 includes	 utility	 costs	 (water,	

electricity,	gas),	human	resource	costs,	cost	of	chemical	materials	needed	for	air	pollution	

control,	 cost	 of	 auxiliary	 fuel	 when	 needed,	 cost	 of	 materials	 for	 amenity	 and	 office	

maintenance,	and	other	administrative	costs,	excluding	equipment	maintenance	cost.	An	

average	cost	equivalent	to	€13.9/ton	of	admitted	waste	is	calculated	as	an	average	value	

based	on	the	data	available	in	a	recent	feasibility	study	of	a	waste	incinerator	investment	

in	 the	 city	 of	 Baoji	 (Anon,	 2004?)	 and	 the	 study	 on	 waste	 incineration	 enterprise	

information	system	(Anon,	2011).	The	operational	cost	every	year	is	calculated	as:	

	

Co	=	Qwi*Po	

where	Co	is	the	operational	cost,	Qwi	the	waste	input	into	the	incinerator,	and	Po	the	unit	

cost	of	operation.	Table	6	below	lists	the	operational	cost	every	year.	

	

Table	6.	Incinerator	operational	cost	
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4.2.3.	Summary	of	Costs	

	

Table	7	below	gives	an	overview	of	cost	parameters	during	the	21‐year	project	period	at	

nominal	value.	Figure	24	shows	that	 the	 initial	 investment	cost	 is	very	high,	while	 from	

the	 year	 of	 operation	 on	 annual	 costs	 rise	 steadily	 because	 of	 the	 increase	 in	 waste	

volume.	 To	 even	 out	 cash	 flow,	 financing	 is	 needed.	 The	 financing	 cost,	 namely	 the	

borrowing	 cost,	 assumed	 to	 be	 the	 averaged	 bank‐lending	 rate,	 which	 is	 used	 as	 the	

discount	 rate,	 affects	 the	 result	 of	 the	 cost‐benefit	 analysis	 by	 influencing	 the	 present	

value	of	future	cash	flows.	The	higher	the	borrowing	cost,	the	lower	is	the	present	value	of	

future	cash	flows.	

	
Table	7.	Summary	of	costs	
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Figure	24.	Trend	of	cost		
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4.3.	Benefits	

4.3.1.	Fixed	Benefits	

	

One	 impact	 parameter	 is	 identified	 as	 a	 fixed	 benefit:	 the	 saved	 cost	 of	 acquiring	 and	

constructing	 additional	 landfill	 area.	 In	 the	 baseline	 Scenario,	 the	 current	 landfill	 will	

reach	its	capacity	in	the	year	2025,	by	then	a	new	landfill	area	needs	to	be	acquired	and	a	

new	landfill	constructed;	while	Scenario	II	will	sustain	the	current	landfill	until	the	end	of	

the	 21‐year	 project.	 It	 is	 assumed	 that	 the	 new	 landfill	 to	 be	 constructed	will	 have	 the	

same	 capacity	 and	 technical	 requirement	 as	 the	 current	 landfill,	 hence	 the	 cost	 of	 the	

current	 landfill	 is	 applied,	 equivalent	 to	€5,680,000	 (SCEMC,	2011).	This	 is	 the	present	

value	of	 the	 cost.	 To	present	 the	 value	of	 the	 cost	 in	 the	 year	2024,	which	 is	when	 the	

construction	actually	should	take	place,	the	future	value	of	the	cost	is	calculated	as:	

	

FVl	=	PV1*(1+i)^(2024‐2011)	

where	FV1	is	the	future	value	of	the	cost	of	acquiring	and	constructing	a	new	landfill,	PV1	

the	present	value	of	the	cost	of	acquiring	and	constructing	a	new	landfill,	 i	 the	discount	

rate,	and	(2024‐2011)	the	number	of	years	to	account	for.	

	

The	future	value	is	needed	to	show	the	correct	year	when	the	cost	occurs,	even	though	at	

the	 end	 it	will	 be	 discounted	 back	 to	 present	 value	 to	 obtain	 the	 NPV	 of	 the	 scenario.	

Table	8	shows	the	cost	of	acquiring	and	constructing	a	new	landfill	in	2024:	

	
Table	8.	Saved	cost	of	acquiring	and	constructing	additional	landfill	area	
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4.3.2.	Variable	Benefits	

	

1).	Saved	cost	on	source	separation	and	separate	collection	of	metals	

Source	 separation	 and	 separate	 collection	 is	 costly.	According	 to	 a	 study	on	 the	 cost	 of	

source	separation	of	household	waste	in	China	(Zhuang	et	al.,	2008),	it	costs	an	equivalent	

of	€10.7	per	ton	of	waste	materials	 for	source	separation.	Applying	this	unit	cost	to	the	

quantity	 of	metals	 that	 otherwise	would	have	been	 recovered	by	 separate	 collection	 in	

the	 baseline	 scenario,	 the	 saved	 cost	 on	 source	 separation	 and	 separate	 collection	 of	

metals	every	year	is	calculated	(Table	9).	

	
Table	9.	Saved	cost	on	source	separation	and	separate	collection	of	metals	

	

	 	



	 53

2).	Saved	cost	on	landfilling	

Incineration	reduces	the	mass	and	the	volume	of	waste	significantly.	When	comparing	the	

amount	 of	 waste	 sent	 to	 the	 landfill,	 shown	 by	 the	 MFA,	 the	 amount	 in	 Scenario	 II	 is	

merely	 14%26	of	 that	 in	 Scenario	 I.	 The	 reduced	 amount	 to	 be	 admitted	 by	 the	 landfill	

means	 a	 reduced	 landfill	 treatment	 fee	 (the	 tipping	 fee).	 The	 current	 tipping	 fee	 of	 the	

landfill	 is	 equivalent	 to	 €11.4/ton.	 Applying	 this	 tipping	 fee	 to	 the	 quantity	 of	 waste	

reduced	going	to	the	landfill,	the	saved	cost	is	calculated	for	every	year	(Table	10).	

	
Table	10.	Saved	cost	on	landfilling	

	

	 	

																																																								
26		14%	=	10,283	/72,100,	see	Figure	15	and	Figure	19.	



	 54

3).	Revenue	from	incinerator	tipping	fee	

Assuming	the	tipping	fee	of	the	incinerator	to	be	the	same	as	that	of	the	current	landfill,	

the	revenue	from	incinerator	tipping	fee	is	then	calculated	by	applying	the	tipping	fee	to	

the	 quantity	 of	 waste	 that	 is	 admitted	 into	 the	 waste	 incinerator.	 Table	 11	 lists	 the	

revenue	from	incinerator	tipping	fee	every	year.	

	
Table	11.	Revenue	from	incinerator	tipping	fee	
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4).	Revenue	from	electricity	sale	

Electricity	sale	 from	waste	 incinerators	 is	strictly	regulated	by	the	Chinese	government.	

The	amended	regulation	on	waste	to	energy	projects	(National	Development	and	Reform	

Commission,	2012)	mandates	 the	price	of	electricity	sold	 from	waste	 incinerators	 to	be	

0.65	yuan	per	kilowatt‐hour,	equivalent	to	€0.08/kwh	(Article	1).	Article	1	also	mandates	

280	kwh	of	electricity	transmission	to	the	power	grid	per	ton	of	waste	incinerated	for	the	

baseline	 calculation	 of	 total	 electricity	 transmitted	 by	 an	 incineration	 plant.	 Article	 3.2	

states	 that,	when	 the	 total	 baseline	 transmission	 is	 lower	 than	 50%	 of	 the	 actual	 total	

transmission,	 the	 electricity	 is	 regarded	 as	 conventional	 electricity	 that	 does	 not	 fall	

under	 this	 regulation;	when	 the	baseline	 transmission	 is	higher	 than	50%	of	 the	actual	

total	 transmission	but	 lower	 than	 the	actual	 total	 transmission,	 the	baseline	calculation	

applies	for	receiving	the	revenue;	and	when	the	total	baseline	transmission	is	lower	than	

the	actual	total	transmission,	the	actual	amount	is	applied	for	receiving	the	revenue.	The	

municipal	solid	waste	in	Guanghan	has	a	low	heat	value	of	1,291	kcal/kg,	which	according	

to	a	statistical	study	on	incinerators	operating	during	2006‐2010	in	China	(Anon,	2012?)	

will	be	able	to	transmit	approximately	200	kwh	of	electricity	to	the	grid	per	ton	of	waste	

incinerated.	Since	this	 level	of	 transmission	falls	under	the	third	situation	in	Article	3.2,	

the	actual	total	transmission	is	used	for	calculating	the	revenue.	In	addition,	it	is	assumed	

that	the	heating	value	of	the	waste	will	increase	by	3%	per	annum.	If	the	energy	capacity	

of	the	incineration	plant	is	assumed	to	be	planned	at	the	level	of	full	capacity	in	21	years,	

the	 3%	 increase	 per	 annum	 could	 be	 reasonably	 applied	 to	 the	 quantity	 of	 electricity	

transmitted	as	well.	Thus	the	calculation	of	the	revenue	from	the	electricity	sale	is:	

	

Re	=	Qwi	*	200kwh/t	*(100%+3%)^(tn	–	t1)	*	Pe	

Where	Re	is	 the	 revenue	 from	 the	electricity	produced	 at	 the	 incinerator,	Qwi	 the	waste	

input	into	the	incinerator,	tn	any	referred	year,	t1	the	first	year	of	the	project	(2011),	and	

Pe	 the	price	of	electricity	 sold	by	 the	waste	 incinerator.	Table	12	 lists	 the	 revenue	 flow	

from	electricity	sale	every	year.	
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Table	12.	Revenue	from	electricity	sale	
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5).	Revenue	from	the	sale	of	recovered	aluminium	from	the	incinerator	

From	the	MFA	of	Scenario	 II	on	 the	element	 level,	 the	quantity	of	aluminium	recovered	

from	 the	bottom	ash	 is	obtained,	846t	 for	 the	year	2011.	The	waste	generation	growth	

rate	of	7.19%	per	annum	is	applied	as	the	growth	rate	of	the	recovered	amount	of	metals	

to	calculate	 the	quantity	of	aluminium	recovered	every	year.	The	current	price	of	 scrap	

aluminium	in	the	province	of	Sichuan	is	approximately	12,400	yuan	per	ton	(China	Waste	

Products,	2012),	equivalent	to	€1,570/ton.	Though	metal	prices	are	usually	volatile,	 the	

trend	 from	 the	 past	 20	 years	 can	 be	 observed	 and	 used	 as	 a	 base	 for	 future	 price	

prediction.	The	 revenue	every	year	 is	 then	 calculated	by	multiplying	 the	price	with	 the	

quantity,	 adjusted	 for	 an	 annual	 price	 increase	 of	 1.12%27	(Trading	 Economics,	 2012)	

during	the	lifespan	of	the	incinerator,	shown	in	Table	13.	

	
Table	13.	Revenue	from	the	sale	of	recovered	aluminium	from	the	incinerator	

	

	 	

																																																								
27		1.12%	=	(2000/1600)^(1/20)	–	1.	2000USD/LB	was	the	price	at	the	end	of	2011,	1600USD/LB	was	the	price	at	the	
end	of	1991.	
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6).	Revenue	from	the	sale	of	recovered	copper	from	the	incinerator	

From	the	MFA	of	Scenario	II	on	the	element	level,	the	quantity	of	copper	recovered	from	

the	bottom	ash	is	obtained,	107t	for	the	year	2011.	The	waste	generation	growth	rate	of	

7.19%	 per	 annum	 is	 applied	 as	 the	 growth	 rate	 of	 the	 recovered	 amount	 of	metals	 to	

calculate	the	quantity	of	copper	recovered	every	year.	The	current	price	of	scrap	copper	

in	the	city	of	Chengdu	(the	capital	city	of	the	province	of	Sichuan)	is	approximately	46,100	

yuan	per	 ton	(China	Waste	Products,	2012),	equivalent	 to	€5,820/ton.	The	 trend	of	 the	

last	 20	 years	 shows	 an	 annual	 increase	 in	 the	 price	 of	 copper	 of	 5.65%28	(Trading	

Economics,	2012).	The	revenue	every	year	is	then	calculated	by	multiplying	the	price	with	

the	quantity,	adjusted	for	the	annual	price	increase,	shown	in	Table	14.	

	
Table	14.	Revenue	from	the	sale	of	recovered	copper	from	the	incinerator	

	

	 	

																																																								
28		5.65%	=	(330/110)^(1/20)	‐1.	330	USD/LB	was	the	price	at	the	end	of	2011,	110USD/LB	was	the	price	at	the	end	of	
1991.	
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7).	Revenue	from	the	sale	of	recovered	iron	from	the	incinerator	

From	the	MFA	of	Scenario	II	on	the	element	level,	the	quantity	of	iron	recovered	from	the	

bottom	ash	 is	 obtained,	 2,620t	 for	 the	 year	2011.	The	waste	 generation	 growth	 rate	 of	

7.19%	 per	 annum	 is	 applied	 as	 the	 growth	 rate	 of	 the	 recovered	 amount	 of	metals	 to	

calculate	the	quantity	of	iron	recovered	every	year.	The	current	price	of	scrap	iron	in	the	

province	of	Sichuan	is	approximately	1,820	yuan	per	ton	(China	Waste	Products,	2012),	

equivalent	to	€230/ton.	The	trend	of	the	last	20	years	shows	an	annual	price	increase	of	

iron	of	5.66%29	(U.S.	Geological	Survey,	2011).	The	revenue	every	year	is	then	calculated	

by	multiplying	the	price	with	the	quantity,	adjusted	for	the	annual	price	increase,	shown	

in	Table	15.	

	
Table	15.	Revenue	from	the	sale	of	recovered	iron	from	the	incinerator	

	

	 	

																																																								
29		5.66%	=	(319/106)^(1/20)	‐1.	319USD/t	was	the	average	price	of	scrap	iron	in	2010,	106USD/t	was	the	average	
price	of	scrap	iron	in	1990.	
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4.3.3.	Summary	of	Benefits	

	

Table	 16	 below	 gives	 an	 overview	 of	 benefit	 parameters	 during	 the	 21‐year	 period	 at	

nominal	value.	Figure	25	shows	that	 from	year	2	of	 the	project,	which	 is	 the	year	when	

operation	 starts,	 benefits	 flow	 in	 steadily	 throughout	 the	 entire	 project	 because	 of	 the	

steady	increase	of	waste	generated	leading	to	an	increasing	amount	of	the	revenue	source,	

except	for	the	14th	year	(2024).	In	2024,	the	benefits	rise	steeply	because	of	the	saving	of	

the	cost	of	constructing	the	 landfill	 that	would	otherwise	have	been	required	under	the	

baseline	scenario.	

	
Table	16.	Summary	of	benefits	(part	1)	
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Table	16.	Summary	of	benefits	(part	2)	

	

Table	16.	Summary	of	benefits	(part	3)	
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Figure	25.	Trend	of	benefits	
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4.4.	Cost‐benefit	Analysis	Result	and	Sensitivity	Analysis	

Result	

In	order	to	calculate	the	NPV,	the	difference	between	the	sum	of	discounted	benefits	and	

the	sum	of	discounted	costs,	the	present	value	of	each	year’s	costs	and	benefits	is	at	first	

calculated	then	summed	up	for	comparison:	

	

NPV	=	ΣBt(1+i)‐t	‐	ΣCt(1+i)‐t	

Where	 B	 denotes	 benefit,	 C	 denotes	 cost,	 i	 the	 discount	 rate,	 and	 the	 summation	 runs	

from	t=0	(the	first	year	of	the	project:	2011)	to	t=T	(the	last	year	of	the	project:	2031).	A	

five‐year	averaged	bank‐lending	rate	of	6.73%	is	used	as	the	discount	rate.	

	

Table	17	shows	the	present	value	of	each	year’s	total	costs	and	the	present	value	of	each	

year’s	total	benefits,	and	at	the	end	the	NPV	as	the	difference	between	the	total	present	

value	 of	 total	 benefits	 and	 the	 total	 present	 value	 of	 total	 costs.	 An	 alternative	way	 of	

calculating	 the	 NPV	 is	 to	 sum	 up	 the	 total	 present	 value	 of	 each	 impact	 parameter,	 as	

presented	in	Table	18.	The	impact	of	each	parameter’s	total	present	value	is	then	clearly	

shown	 in	 Figure	 26:	 the	 cost	 of	 equipment	 and	 technology	 is	 the	 parameter	 most	

influential	on	the	final	result,	followed	by	revenue	from	electricity	sale,	revenue	from	the	

sale	of	aluminium	and	the	construction	cost	of	the	incinerator.		

	

The	 resulting	NPV	 is	 a	positive	€2.3	million,	meaning	 the	proposed	Scenario	 II	 is	more	

efficient	 in	 its	allocation	of	 resources	 in	comparison	 to	 the	baseline	scenario	within	 the	

waste	 management	 system	 of	 Guanghan.	 Such	 a	 positive	 result	 shows	 that	 waste	

incineration	 is	 worth	 being	 taken	 into	 consideration	 by	 the	 municipal	 government	 of	

Guanghan	when	planning	its	municipal	solid	waste	management	in	the	coming	decade.	
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Table	17.	Result	of	the	cost‐benefit	analysis	

	
	

Table	18.	Total	present	value	of	each	impact	parameter	
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Figure	26.	Comparison	of	total	PV	of	each	impact	parameter	

	

	
	

Sensitivity	Analysis	

The	 NPV	 result	 is	 calculated	 based	 on	 various	 input	 parameters,	 some	 of	 which	 are	

estimated,	and	some	of	which	are	predicted	in	the	case	of	future	values.	Changes	in	these	

input	parameters	will	inevitably	alter	the	NPV	result.	The	reason	why	they	should	change	

is	 because	 of	 uncertainty	 in	 the	 estimated	 and	 predicted	 data.	 	 In	 order	 to	 find	 out	 to	

which	 input	 parameters	 the	 NPV	 result	 is	 most	 sensitive	 to,	 sensitivity	 analysis	 is	

conducted,	 by	 recalculating	 NPV	 when	 certain	 key	 input	 parameters	 change.	 The	 key	

input	 parameters	 identified	 for	 the	 sensitivity	 analysis	 are	 the	 following	 independent	

variables:	

	
P1:	discount	rate	

P2:	waste	generation	growth	rate	

P3:	incinerator	equipment	and	technology	acquisition	cost	

P4:	incinerator	construction	and	installation	cost	

P5:	operational	cost	per	unit	of	waste	incinerated	

P6:	 percentage	 of	 maintenance	 cost	 per	 annum	 per	 incinerator	 equipment	 and	

technology	acquisition	cost	

P7:	saved	cost	on	acquiring	and	constructing	additional	landfill	area	

P8:	quantity	of	electricity	transmitted	to	the	grid	per	ton	of	waste	incinerated	

P9:	price	per	kwh	of	electricity	uploaded	to	the	grid	from	the	incinerator	

P10:	rate	of	price	increase	of	aluminium	
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P11:	rate	of	price	increase	of	copper	

P12:	rate	of	price	increase	of	iron	

	

By	 applying	 a	 3%	 increase	 in	 each	 of	 the	 key	 input	 parameters	 one	 at	 a	 time,	 the	

percentage	 change	 of	 the	 NPV	 is	 observed	 for	 each	 of	 the	 3%	 increases	 per	 input	

parameter,	 holding	 other	 input	 parameters	 constant.	 As	 shown	 in	 Figure	 27,	 the	 NPV	

result	is	most	sensitive	to	a	change	in	P2:	waste	generation	growth	rate;	secondly	to	P3:	

incinerator	equipment	and	technology	acquisition	cost;	and	thirdly	to	P3:	discount	rate;	

followed	by	P8:	quantity	of	electricity	transmitted	to	the	grid	per	ton	of	waste	incinerated,	

and	 P9:	 price	 per	 kwh	 of	 electricity	 uploaded	 to	 the	 grid	 from	 the	 incinerator.	 As	

evidenced	 in	 reality,	 the	 capital	 cost	 of	 incineration	 plant,	 i.e.	 the	 equipment	 and	

construction	costs,	are	critical	to	the	economic	feasibility	of	such	project.	In	addition,	the	

discount	 rate	 is	 usually	 an	 influential	 parameter	 for	 the	 NPV,	 and	 a	 3%	 increase	 will	

already	bring	the	NPV	to	negative.	Finally,	the	project	lifespan	is	positively	correlated	to	

the	NPV.	To	be	specific,	 the	NPV	starts	to	become	positive	only	in	the	last	year	2031.	In	

China,	a	license	is	usually	given	to	waste	incineration	projects	for	25	years,	in	which	case	

the	NPV	would	be	even	higher	than	the	current	result.	

	
Figure	27.	Sensitivity	analysis	graph	
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P1:	discount	rate	

P2:	waste	generation	growth	rate	

P3:	incinerator	equipment	and	technology	acquisition	cost	

P4:	incinerator	construction	and	installation	cost	

P5:	operational	cost	per	unit	of	waste	incinerated	

P6:	percentage	of	maintenance	cost	per	annum	per	incinerator	equipment	and	technology	acquisition	cost	

P7:	saved	cost	on	acquiring	and	constructing	additional	landfill	area	

P8:	quantity	of	electricity	transmitted	to	the	grid	per	ton	of	waste	incinerated	

P9:	price	per	kwh	of	electricity	uploaded	to	the	grid	from	the	incinerator	

P10:	rate	of	price	increase	of	aluminium	

P11:	rate	of	price	increase	of	copper	

P12:	rate	of	price	increase	of	iron	

	

The	result	of	the	sensitivity	analysis	means	that	when	considering	the	proposed	scenario,	

the	municipal	 government	 should	 look	 into	 the	 input	 parameters	 that	 the	NPV	 is	most	

sensitive	 to,	 namely	 the	waste	 generation	 growth	 rate	 and	 the	 equipment	 cost,	 so	 that	

more	efforts	are	made	to	improve	the	accuracy	of	the	input	parameters	when	conducting	

a	 feasibility	 study	 and	 to	 manage	 the	 risk	 associated	 with	 these	 parameters	 carefully	

during	 project	 implementation,	 although	 many	 of	 them	 are	 out	 of	 the	 control	 of	 the	

decision‐maker.	
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Part	V.	Other	Considerations	Out	of	the	Scope	of	the	Cost‐Benefit	
Analysis	

The	social	and	environmental	costs	and	benefits	that	arise	in	Scenario	II	mainly	lie	in	the	

difference	 in	 the	 impact	between	 landfilling	and	 incineration.	 In	addition	 to	 the	general	

discussion	 on	 landfilling	 and	 incineration,	 a	 specific	 focus	 is	 put	 on	 the	 social	 impacts	

brought	 by	 Scenario	 II	 in	 comparison	 with	 Scenario	 I.	 First	 of	 all,	 the	 existence	 of	 an	

incinerator	as	an	additional	process	in	the	system	boundary	of	the	waste	flow	in	the	city	

of	Guanghan	means	an	additional	demand	 for	 labour.	Employment	opportunity	will	not	

only	 rise	because	of	 the	demand	by	 the	 incinerator	 (estimated	 to	be	between	60	 to	70	

permanent	employees),	but	also	because	of	the	demand	by	the	associated	services,	such	

as	separate	collection,	logistics	design,	etc.	Secondly,	by	reducing	the	amount	of	landfilled	

waste,	 the	 living	 environment	 of	 the	 farmers	 downstream	 of	 the	 landfill	 will	 improve;	

additionally,	 as	 the	 farmland	 becomes	 less	 vulnerable	 to	 accidents	 from	 the	 landfill,	

healthy	crops	and	fewer	health	risks	will	follow.	Since	the	landfill	will	only	bury	treated	

residual	bottom	ash,	the	problem	of	disease	contagion	and	bad	smell	will	disappear.		

	

On	the	other	hand,	since	metals	are	not	separated	at	source	and	no	separate	collection	of	

them	is	needed,	 the	metal	collectors	will	not	easily	accept	 the	fact	that	 their	business	 is	

taken	away	and	taken	over	by	the	incineration	plant.	To	solve	this	issue,	employment	as	

well	as	a	partnership	opportunity	could	be	offered	in	a	way	that	the	benefit	of	recovering	

metals	 at	 the	 incinerator	 is	 fairly	 shared.	 The	 biggest	 issue	 in	 fact	 lies	 in	 the	 pollution	

control	of	the	incineration	plant.	In	China,	as	the	number	of	waste	incinerators	rises,	the	

civil	 environmental	 movement	 is	 also	 progressing	 to	 the	 extent	 that	 community	

opposition	to	a	few	waste	incineration	proposals	has	pressured	local	governments	to	halt	

these	projects.	For	new	waste	incineration	projects	to	proceed,	the	general	public	needs	

on	 one	 hand	 objective	 environmental	 education	 and	 on	 the	 other	 hand	 certainty	 over	

emission	control.	Current	public	opposition	 to	 incineration	 is	partly	due	 to	 ill‐informed	

and	 popular	 media	 coverage	 on	 the	 level	 of	 toxic	 emissions	 from	 waste	 incinerators,	

particularly	about	dioxins.	Some	of	the	information	does	not	reflect	the	reality	of	state	of	

the	 art	 pollution	 control	 technologies.	 Nevertheless,	 the	 concerns	 of	 the	 population	

should	be	addressed,	best	by	real‐time	or	close	to	real‐time	emission	monitoring	on	site	

and	public	display	of	the	results	of	on‐going	monitoring.	
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Social	and	environmental	impacts	are	not	quantified	because	of	the	lack	of	empirical	data	

in	this	respect	for	the	region	under	consideration.	Moreover,	these	impacts	are	strongly	

influenced	by	 the	political	and	 legal	environment	 in	China,	entailing	high	uncertainty.	A	

cooperative	effort	with	the	local	and	regional	government	is	essential	in	carrying	out	the	

quantification	and	the	valuation	of	social	and	environmental	impacts.	
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Part	VI.	Conclusion	

Waste	incineration	is	a	common	waste	treatment	method	in	large	parts	of	Europe,	where	

the	 municipal	 solid	 waste	 system	 is	 integrated	 to	 a	 high	 extent,	 while	 in	 China	 waste	

incineration	is	still	in	its	infant	stage	of	development:	an	average	22%	of	the	waste	in	EU	

countries	is	incinerated,	compared	to	13%	in	China.	Incineration	reduces	the	waste	mass	

and	volume	by	70%	and	90%	respectively;	it	also	reduces	the	chemical	reactivity	of	waste	

to	a	 large	extent,	reducing	the	burden	on	 landfills	significantly.	 In	addition,	 incineration	

utilises	 the	 energy	 in	 the	 waste,	 turning	 it	 into	 useful	 heat	 and	 electricity	 during	 the	

incineration	process.	Recovery	of	 iron	also	commonly	 takes	place	at	waste	 incinerators.	

Despite	these	advantages,	China	still	relies	primarily	on	landfilling	to	treat	municipal	solid	

waste.	The	main	reason	lies	in	the	economic	factor:	 investment	and	operational	costs	of	

waste	incineration	plants	is	high,	as	a	new	incinerator	needs	capital	investment	exceeding	

100	 million	 euros.	 Such	 a	 high	 cost	 can	 not	 be	 compensated	 by	 revenue	 from	 energy	

recovery.		

	

A	break‐through	technology	was	developed	by	ZAR	in	Switzerland,	Development	Centre	

for	Sustainable	Management	of	Recyclable	Waste	and	Resources	of	the	Canton	of	Zurich,	

which	runs	its	operation	in	the	incineration	plant	KEZO	in	Hinwil	and	which	is	proven	to	

be	consistently	successful.	This	 technology	 incorporates	dry	bottom	ash	discharge	 from	

the	combustion	 furnace,	separation	of	bottom	ash	 into	different	size	 fractions,	magnetic	

devices	 and	 eddy	 current	 method	 with	 smart	 engineering	 design,	 in	 order	 to	 recover	

precious	metals	from	the	bottom	ash,	namely	aluminium,	copper	and	iron.	With	soaring	

metal	prices,	this	technology	sheds	new	light	on	investing	in	waste	incineration	plants	for	

low‐income	countries.		

	

In	order	to	find	out	if	this	technology	provides	sufficient	economic	benefits,	a	cost‐benefit	

analysis	was	conducted,	based	on	the	case	of	a	mid‐sized	Chinese	municipality,	Guanghan,	

with	a	population	of	210,000.	Material	Flow	Analysis	of	the	current	municipal	solid	waste	

system	in	Guanghan	was	conducted	to	identify	the	flow	of	waste	on	the	mass	level	and	the	

metals	on	the	substance	level.	Then	a	baseline	scenario	was	assumed	for	the	purpose	of	

the	cost	benefit	analysis,	which	differs	from	the	current	system	in	that	source	separation	

and	 separate	 collection	 from	 source	 is	 in	 place	 instead	 of	 informal	 collectors	 and	
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scavengers	collecting	recyclables	at	all	spots	within	the	system.	The	assumption	of	such	a	

baseline	scenario	is	based	on	a	long‐term	view	that	source	separation	is	inevitable	in	the	

future.	The	question	with	 the	cost	benefit	analysis	of	Scenario	 II	 is	 that	whether	by	not	

separating	the	metals	at	source	and	instead	recovering	them	from	the	bottom	ash	of	the	

incinerator	is	an	economically	more	efficient	way	than	the	baseline	scenario.			

	

The	 result	 of	 the	 cost‐benefit	 analysis,	 a	 positive	NPV	of	 2	million	Euros,	 indicates	 that	

Scenario	 II	 is	more	efficient	 in	resource	allocation	than	the	baseline	scenario	within	the	

waste	management	system	of	Guanghan.	The	result	provides	critical	 information	for	the	

decision‐makers	of	 the	municipal	government	 in	assisting	 them	to	plan	 the	city’s	waste	

management	 system,	 particularly	 in	 considering	 whether	 to	 incorporate	 a	 waste	

incineration	plant	with	resource	recovery	technology	and	advanced	air	pollution	control	

equipment,	and	if	so,	whether	metals	need	to	be	separated	at	source.	The	result	means,	

even	 if	 the	metal	 content	 in	 the	municipal	 solid	waste	 in	 Guanghan	 becomes	 the	 same	

level	 as	 that	 in	 Switzerland	 (three	 times	 its	 the	 current	 level),	 the	 new	metal	 recovery	

technology	would	not	make	the	investment,	operational	and	maintenance	cost	less	critical	

for	 the	economic	 feasibility	of	waste	 incineration	 investment.	 In	 fact,	 it	 is	 still	 the	most	

critical	factor,	and	must	be	reduced	for	the	investment	to	be	economically	feasible.	

	

A	sensitivity	analysis	 identified	certain	key	input	parameters,	the	variation	of	which	the	

result	of	the	cost‐benefit	analysis	is	sensitive	to.	Among	the	identified	input	parameters,	

the	municipal	government	should	look	into	those	input	parameters	that	the	NPV	is	most	

sensitive	 to:	 the	waste	 generation	 growth	 rate,	 the	 investment	 cost	 on	 equipment	 and	

technology	and	the	discount	rate,	so	that	more	efforts	are	made	to	improve	the	accuracy	

of	 these	 input	 parameters	when	 conducting	 a	 feasibility	 study	 and	 to	manage	 the	 risk	

associated	with	these	parameters	carefully	during	project	implementation.	

	
	 	



	 72

Bibliography	

Anonymous,	2004?.	Feasibility	Report	of	A	Municipal	Solid	Waste	Incineration	Plant	in	
Baoji	(in	Chinese).	[online]	Available	at:	http://www.cn‐
hw.net/plus/download.php?open=0&aid=29477&cid=3	[Accessed	15	August	2012].	
	
Anonymous,	2011.	Waste	Incineration	Enterprise	Production	and	Management	Information	
System	–	Project	Implementation	(in	Chinese).	[online]	Available	at:	
http://www.docin.com/p‐274230144.html	[Accessed	10	August	2012].		
	
Anonymous,	2012?.	Nationwide	Constructed	and	Being‐Constructed	Municipal	Solid	Waste	
Incineration	Plants	and	the	Major	Parameters	(in	Chinese).	[online]	Available	at:	
http://www.doc88.com/p‐307515107638.html	[Accessed	10	August	2012].	
	
Asthana,	A.,	Ménard,	Y.,	Sessiecq,	P.,	Patisson,	F.,	2010.	Modelling	On‐Grate	MSW	
Incineration	with	Experimental	Validation	in	a	Batch	Incinerator.	Industrial	&	Engineering	
Chemistry	Research.	[e‐journal]	49	(16),	p.7597–7604.	Available	through:	ACS	
Publications	database,	at:	http://pubs.acs.org/doi/abs/10.1021/ie100175e	[Accessed	23	
May	2012].	
	
Bank	of	China,	2012.	Renminbi	Borrowing	Rate	(in	Chinese).	[online]	Available	at:	
http://www.boc.cn/finadata/lilv/fd32/	[Accessed	5	August	2012].	
	
Bass,	E.	S.,	Calderon,	R.	L.,	Khan,	M.	E.,	1990.	Household	Hazardous	Waste:	A	review	of	
public	attitudes	and	disposal	problems.	Journal	of	Environmental	Health.	[online].	
Available	at:	http://infohouse.p2ric.org/ref/33/32403.pdf	[Accessed	11	May	2012].	
	
Brunner,	P.	H.,	2011.	Urban	Mining:	A	Contribution	to	Reindustrializing	the	City.	Journal	of	
Industrial	Ecology.	[online].	Available	at:	
https://www.kth.se/social/upload/4ea9a52cf27654531a000026/Brunner%202011.pdf	
[Accessed	13	May	2012].	
	
Brunner,	P.	H.,	Fellner,	J.,	2006.	From	1	to	10	to	100	€/Person	and	Year	–	Uniform	Waste	
Solutions	for	Everyone?	In:	ISWA	/	DAKOFA	Annual	Congress	2006.	
Copenhagen,	Denmark,	1‐5	October	2006.	[online]	Available	at:	
http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=19&ved=0CGMQFj
AIOAo&url=http%3A%2F%2Fwww.solarwte.org%2Fpub%2FTutzing%2FWebHome%2F
Paul_Brunner_1‐10‐100__Person‐Year_waste_solutions_article.pdf&ei=ySOxT‐
u9FMfStAaF4pDXBg&usg=AFQjCNHY3WTpWj4ELsB_31NaYCCEWvYRog	[Accessed	14	
May	2012].	
	
Chimenos,	J.	M.,	Segarra,	M.,	Fernandez,	M.	A.,	Espiell,	F.,	1999.	Characterisation	of	the	
Bottom	Ash	in	Municipal	Solid	Waste	Incinerator.	Journal	of	Hazardous	Materials.	[e‐
journal]	64	(3),	p.211‐222.	Available	through:	SciVerse	database,	at:	



	 73

http://www.sciencedirect.com/science/article/pii/S0304389498002465	[Accessed	11	
May	2012].	
	
China	Waste	Products,	2012.	Price	of	Scrap	Aluminium	in	Sichuan	as	at	the	13th	August	
2012	(in	Chinese).	[online]	Available	at:	
http://www.zgfp.com/price/View/40/181166.htm	[Accessed	15	August	2012].	
	
China	Waste	Products,	2012.	Price	of	Scrap	Copper	in	Chengdu	as	at	the	13th	August	2012	
(in	Chinese).	[online]	Available	at:	http://www.zgfp.com/price/View/61/181140.htm	
[Accessed	15	August	2012].	
	
China	Waste	Products,	2012.	Price	of	Scrap	Iron	in	Sichuan	as	at	the	10th	August	2012	(in	
Chinese).	[online]	Available	at:	http://www.zgfp.com/price/View/14/180758.htm	
[Accessed	15	August	2012].	
	
Deyang	Environmental	Protection	Bureau,	2010.	A	letter	from	Deyang	Environmental	
Protection	Bureau	about	regulating	municipal	solid	waste	treatment	sites	(in	Chinese).	
[online]	27	May.	Available	at:	
http://www.dyhb.gov.cn/fggw/UploadFiles_1576/201005/2010052710452363.doc	
[Accessed	29	June	2012].	
	
Deyang	Urban	Appearance	and	Environmental	Hygiene	Department,	2012.	Municipal	solid	
waste	analysis	(in	Chinese).	Deyang:	Deyang	Urban	Appearance	and	Environmental	
Hygiene	Department.	
	
Dong,	Y.,	2011.	Development	of	Waste‐To‐Energy	in	China;	and	Case	Study	of	the	
Guangzhou	Likeng	WTE	plant.	M.S.	Colombia	University.	[online]	Available	at:	
http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0CFYQFjA
A&url=http%3A%2F%2Fwww.seas.columbia.edu%2Fearth%2Fwtert%2Fsofos%2FDong
_thesis.pdf&ei=fTyxT5iDJIPRsgbIqo2wBA&usg=AFQjCNHLKsh2lHLAoO4J‐jxUIGaiwc1kQA	
[Accessed	14	May	2012].	
	
Eurostat,	2012.	Landfill	still	accounted	for	nearly	40%	of	municipal	waste	treated	in	the	
EU27	in	2010.	[press	release],	27	March	2012,	Available	at:	
http://ec.europa.eu/malta/news/28.03.12_landfill_en.htm	[Accessed	17	May	2012].	
	
Federal	Ministry	for	Soil	and	Forestry,	Environment	and	Water	Management,	2002.	Status	
of	the	Technology	at	Waste	Incineration	Plants	(in	German).	[online]	Available	at:	
http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0CCEQFjA
A&url=http%3A%2F%2Fwww.umweltbundesamt.at%2Ffileadmin%2Fsite%2Fumweltth
emen%2Findustrie%2Fpdfs%2Fendversion_deutsch.pdf&ei=PdtJUK‐
oCIHf4QSutYDwCg&usg=AFQjCNFEj6AkdtclC‐FCPSLO98H6jsp7dQ&cad=rja	[Accessed	1	
September	2012].	



	 74

Fruergaard,	T.,	Christensen,	T.	H.,	Astrup,	T.,	2010.	Energy	recovery	from	waste	
incineration:	Assessing	the	importance	of	district	heating	networks.	Waste	Management.	
[e‐journal]	30	(7),	p.1264‐1272.	Available	through:	SciVerse	database,	at:	
http://www.sciencedirect.com/science/article/pii/S0956053X10001959	[Accessed	11	
May	2012].	

Giugliano,	M.,	Cernuschi,	S.,	Grosso,	M.,	Rigamonti,	L.,	2011.	Material	and	energy	recovery	
in	integrated	waste	management	systems:	An	evaluation	based	on	life	cycle	assessment.	
Waste	Management.	[e‐journal]	31	(9‐10),	p.	2092‐2101.	Available	through:	SciVerse	
database,	at:	http://www.sciencedirect.com/science/article/pii/S0956053X11001140	
[Accessed	24	July	2012].	

Giusti,	L.,	2009.	A	review	of	waste	management	practices	and	their	impact	on	human	
health.	Waste	Management.	[e‐journal]	29	(8),	p.2227‐2239.	Available	through:	SciVerse	
database,	at:	http://www.sciencedirect.com/science/article/pii/S0956053X09001275	
[Accessed	18	May	2012].	

Global	Environment	Centre	Foundation	(GEC),	2002.	Rotary	Kiln	Furnace.	[online]	July,	
2002.	Available	at:	http://nett21.gec.jp/jsim_data/waste/waste_3/html/doc_431.html	
[Accessed	22	May	2012].	

Green	&	Blue	Group,	2012.	Incinerator	for	Municipal	Solid	Waste	in	Kuala	Lumpur.	[online]	
10	April.	Available	at:	http://greenbluegroup.blogspot.co.at/2012/04/incinerator‐for‐
municipal‐solid‐waste.html	[Accessed	12	June	2012].	

Grosso,	M.,	Biganzoli,	L.,	Riganmonti,	L.,	2011.	A	quantitative	estimate	of	potential	
aluminium	recovery	from	incineration	bottom	ashes.	Resources,	Conservation	and	
Recycling.	[e‐journal]	55	(12),	p.1178‐1184.	Available	through:	SciVerse	database,	at:	
http://www.sciencedirect.com/science/article/pii/S0921344911001625	[Accessed	14	
May	2012].	

He,	P.	J.,	Song,	L.	Q.,	Zhang,	H.,	Shi,	A.	J.,	Zhang,	P.	J.,	2003.	Characterization	of	waste	
incineration	bottom	ash	and	its	beneficial	use	prospect	(in	Chinese).	China	Environmental	
Science.	23	(4),	p.395‐398.	[online]	Available	at:	
http://paper.solidwaste.com.cn/upfile/onload/200604131829356657502.pdf	[Accessed	
15	May	2012].	

Hogg,	D.,	 ,	2012.	
������������������������������������	���������.	[pdf]	European	
Commission.	Available	at:	
http://ec.europa.eu/environment/waste/studies/eucostwaste_management.htm	
[Accessed	7	May	2012].	
	
	
Hu,	D.,	Wang,	R.	S.,	Yan,	J.	S.,	Xu,	C.,	Wang,	Y.	B.,	1998.	A	pilot	ecological	engineering	project	



	 75

for	municipal	solid	waste	reduction,	disinfection,	regeneration	and	industrialisation	in	
Guanghan	City,	China.	Ecological	Engineering.	[e‐journal]	11	(1‐4),	p.129‐138.	Available	
through:	SciVerse	database	
http://www.sciencedirect.com/science/article/pii/S0925857498000676	[Accessed	10	
June	2012].	

Hu,	Y.,	Bakker,	M.	C.	M.,	de	Heij,	P.	G.,	2011.	Recovery	and	distribution	of	incinerated	
aluminium	packaging	waste.	Waste	Management.	[e‐journal]	31	(12),	p.2422‐2430.	
Available	through:	SciVerse	database,	at:	
http://www.sciencedirect.com/science/article/pii/S0956053X1100328X	[Accessed	15	
May	2012].	

Land	and	Resources	Department	of	Sichuan	Province,	2012.	Deyang	City	Guanghan	
Municipality	Land	Categorisation	and	Standard	Prices	(in	Chinese).	[online]	Available	at:	
http://www.scdlr.gov.cn/portal/site/site/portal/sc/common_c.portal%5BcontentId=19
4857%5D%5BcategoryId=4305%5D%5BcategoryCode=001001002040%5D	[Accessed	
10	August	2012].		

Lave,	L.	B.,	Hendrickson,	C.	T.,	Conway‐Schempf,	N.	M,	McMichael,	F.	C.,	1999.	Municipal	
Solid	Waste	Recycling	Issues,	Journal	of	Environmental	Engineering,	[online].	Available	at:	
http://msl1.mit.edu/classes/esd123/2003/bottles/MunicipalSolidWasterRecyclingIssue
s.pdf	[Accessed	11	May	2012].	
	
Li,	Z.,	Kong,	L.	Y.,	2011.	Municipal	Solid	Waste	Collection	Model	–	A	Case	Study	of	the	City	of	
Shenzhen	(in	Chinese).	[online]	Available	at:	http://www.cn‐
hw.net/html/31/201106/28032_3.html	[Accessed	11	August	2012].	
	
Muchova,	L.,	Bakker,	E.,	Rem,	P.,	2009.	Precious	Metals	in	Municipal	Solid	Waste	
Incineration	Bottom	Ash.	Water,	Air	&	Soil	Pollutions:	Focus.	[e‐journal]	9	(1‐2),	p.107‐
116.	Available	through:	SpringerLink	database	[Accessed	15	May	2012].	
Office	of	the	People’s	Government	in	Deyang,	2009.	Announcement	about	charging	
municipal	solid	waste	treatment	fee	(Chinese).	[online]	2	June.	Available	at:	
http://www.0838hw.cn/news_list1.asp?pro_id=1187	[Accessed	29	May	2012].	
	
National	Development	and	Reform	Commission,	2012.	Announcement	from	the	National	
Development	and	Reform	Commission	about	the	Pricing	of	Electricity	Produced	from	
Municipal	Solid	Waste	Incinerators	(in	Chinese).	[online]	Available	at:	
http://www.gov.cn/zwgk/2012‐04/10/content_2109921.htm	[Accessed	13	August	
2012].	

Pollution	Issues,	2012.	Incineration.	[online]	Available	at:	
http://www.pollutionissues.com/Ho‐Li/Incineration.html	[Accessed	25	May	2012].	



	 76

Qing,	G.	Z.,	2012.	Information	on	Guanghan	Municipal	Waste.	[email]	(Personal	
communication,	on	the	5th,	7th	of	June	2012	and	on	the	30th	of	July	2012).	

Rand,	T.,	Haukohl,	J.,	Marxen,	U.,	2000.	Municipal	solid	waste	incineration:	requirements	for	
a	successful	project.	[e‐book]	Washington	D.	C.:	World	Bank.	Available	at:	
http://books.google.at/books?hl=en&lr=&id=A2fBYOFJoJAC&oi=fnd&pg=PR5&dq=cost+
of+waste+incineration+plant&ots=sZghznI3B7&sig=zudtZjN1ozHogpT6ZMTzNRteObc&r
edir_esc=y#v=onepage&q=cost%20of%20waste%20incineration%20plant&f=false	
[Accessed	14	May	2012].	

Research	Office	of	Tianjing	City	Heping	Municipal	People's	Government,	2007.	Thoughts	
on	Reforming	Municipal	Solid	Waste	Collection	Method	(in	Chinese).	[online]	Available	at:	
http://www.tjhp.gov.cn/servlet/ContentServer?cid=1126853433413&pagename=tjhp%
2FHPart%2Fxxhcont‐1&c=HPart&p1=1104109915433	[Accessed	11	August	2012].	

SCEMC	(Sichuan	Environmental	Monitoring	Centre),	2011.	Environmental	protection	
check	and	acceptance	disclosure	report,	川環檢字(2010)第098號,	project	name:	Guanghan	

municipal	solid	waste	sanitary	landfill	(in	Chinese).	Chengdu:	SCEMC.	

Scharff,	H.,	2006.	Implementation	of	the	Landfill	Directive	–Dutch	experience.	In:	2nd	
India	–EU	Environment	Forum.	New	Dehli,	India,	2006.	[online]	Available	at:	
http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=35&ved=0CGEQFj
AEOB4&url=http%3A%2F%2Fec.europa.eu%2Fenvironment%2Finternational_issues%2
Fpresentations%2Fheisch.pdf&ei=siGxT9qvLYjitQbq‐
KmuBg&usg=AFQjCNHEeZ045r3krCRONGv6cDb_q_Tktw	[Accessed	14	May	2012].	

Schuster,	H.,	1999.	Waste	Incineration	Plants	in	Austria:	With	Data	on	Waste	Management	
in	Vienna.	[pdf]	Vienna:	Greenpeace.	Available	at:	
http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0CHIQFjA
A&url=http%3A%2F%2Fwww.gipuzkoa.net%2Fincineradora%2FIncinerationAustria.pdf
&ei=nOmwT4_mG8vDswa964yuBg&usg=AFQjCNFE1tRcM2O7amJN8vbKHQp8PT1_1Q	
[Accessed	14	May].	
	
Solenthaler,	B.,	Bunge,	R.,	2003.	Waste	Incineration	in	China.	[pdf]	Rapperswil:	Institut	für	
angewandte	Umwelttechnik.	Available	at:	
http://www.umtec.ch/fileadmin/user_upload/umtec.hsr.ch/Dokumente/Doku‐
Download/Publikationen/Waste_Incineration_China.pdf	[Accessed	15	May	2012].	

Spoerri,	A.,	Lang,	D.	J.,	Staeubli,	B.,	Scholz,	R.	W.,	2010.	Technological	change	in	Swiss	
thermal	waste	treatment:	An	expert‐based	socio‐technical	analysis.	Waste	Management.	
[e‐journal]	30	(7),	p.1382‐1394.	Available	through:	SciVerse	database,	at:	
http://www.sciencedirect.com/science/article/pii/S0956053X10000942	[Accessed	15	
May	2012].	



	 77

Statistic	Bureau	of	Deyang,	2012.	Statistical	Yearbook	(in	Chinese).	[online]	Available	at:	
http://www.dytj.gov.cn/other/tjdata/nianjian/default.htm	[Accessed	12	August	2012].	

Tabasová,	A.,	Kropáča,	J.,	Kermesa,	V.,	Nemetb,	A.,	Stehlík,	P.,	2012.	Waste‐to‐energy	
technologies:	Impact	on	environment.	Energy.	[e‐journal]	
http://www.sciencedirect.com/science/article/pii/S0360544212000199	Available	
through:	SciVerse	database	[Accessed	23	May	2012].	

Tai,	J.,	Zhang,	W.	Q.,	Che,	Y.,	Feng,	D.,	2011.	Municipal	solid	waste	source‐separated	
collection	in	China:	A	comparative	analysis.	Waste	Management.	[e‐journal]	31	(8),	
p.1673‐1682.	Available	through:	SciVerse	database	
http://www.sciencedirect.com/science/article/pii/S0956053X11001589	[Accessed	15	
June	2012].	
	
Trading	Economics,	2012.	Commodity	(Aluminium).	[online]	Available	at:	
http://www.tradingeconomics.com/commodity/aluminum	[Accessed]	14	August	2012].	
	
Trading	Economics,	2012.	Commodity	(Copper).	[online]	Available	at:	
http://www.tradingeconomics.com/commodity/copper	[	Accessed	14	August	2012].	
	
United	Nations	Environment	Programme,	2011.	Recycling	Rates	of	Metals‐A	status	report,	
A	Report	of	the	Working	Group	on	the	Global	Metal	Flows	to	the	International	Resource	
Panel.	Graedel,	T.E.;	Allwood,	J.;	Birat,	J.‐P.;	Reck,	B.K.;	Sibley,	S.F.;	Sonnemann,	G.;	Buchert,	
M.;	Hagelüken,	C.	[pdf]	Available	at:	
http://www.unep.org/resourcepanel/Portals/24102/PDFs/Metals_Recycling_Rates_110
412‐1.pdf	[Accessed	2	September	2012].	
	
U.S.	Geological	Survey,	2011.	Historical	Statistics	for	Mineral	and	Material	Commodities	in	
the	United	States.	[online]	Available	at:	http://minerals.usgs.gov/ds/2005/140/	
[Accessed	15	August	2012].	
	
Van	Brecht,	A.,	Wauters,	G.,	Konings,	A.,	2012.	Innovative	and	BREF	proven	material	
recycling	of	bottom	ashes.	In:	Värmeforsks,	Ash	Utilisation	2012:	Ashes	in	a	Sustainable	
Society.	Stockholm,	Sweden,	January	25‐27,	2012.	[online]	Available	at:	
http://www.varmeforsk.se/files/program/askor/Andres_van_brecht_utan.pdf	[Accessed	
13	May	2012].	
	
Van	Caneghem,	J.,	Brems,	A.,	Lievens,	P.,	Block,	C.,	Billen,	P.,	Vermeulen,	I.,	Dewil,	R.,	
Baeyens,	J.,	Vandecasteele,	C.,	2012.	Fluidized	bed	waste	incinerators:	Design,	operational	
and	environmental	issues.	Progress	in	Energy	and	Combustion	Science.	[e‐journal]	38	(4),	
p.551‐582.	Available	through:	SciVerse	database,	at:	
http://www.sciencedirect.com/science/article/pii/S0360128512000160	[Accessed	23	
May	2012].	
	



	 78

Wang,	H.,	Nie,	Y.,	2001.	Municipal	Solid	Waste	Characteristics	and	Management	in	China.	
Journal	of	the	Air	&	Waste	Management	Association.	[e‐journal]	51	(2),	p.250‐263.	
Available	through:	Taylor	&	Francis	database	
http://dx.doi.org/10.1080/10473289.2001.10464266	[Accessed	18	May	2012].	

Wang,	L.,	2009.	The	Line	Haul	Cost	and	Cost	Drivers	for	Road	Freight	Transportation	in	
China.	In:	IEEM	(Industrial	Engineering	and	Engineering	Management),	The	2009	IEEE	
International	Conference	on	Industrial	Engineering	and	Engineering	Management.	Hong	
Kong,	8‐11	December	2009.	[online]	Available	at:	
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=5373135&tag=1&url=http%3A
%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D5373135%26tag
%3D1	[Accessed	11	August	2012].	

Winderickx,	2012.	Grate	incinerator	for	communal	waste.	[online]	Available	at:	
http://www.winderickx.pl/en/msw_municipal_waste_incinerators.php	[Accessed	23	May	
2012].	

World	Bank,	1999.	Municipal	Solid	Waste	Incineration:	Requirements	for	a	successful	
project.	[pdf]	Washington	DC:	The	World	Bank.	Available	at:	http://www‐
wds.worldbank.org/external/default/WDSContentServer/WDSP/IB/2000/08/14/00009
4946_00072505420045/Rendered/PDF/multi_page.pdf	[Accessed	11	June	2012].	

WRAP,	2009.	Comparing	the	cost	of	waste	treatment	option.	[pdf]	Oxon:	WRAP.	Available	
at:	
http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&ved=0CGoQFjA
C&url=http%3A%2F%2Fwww.wrap.org.uk%2Fsites%2Ffiles%2Fwrap%2FW504GateFe
esWEB2009.b06b2d8d.7613.pdf&ei=h‐
2wT_q3HoPAswbc_5i6Bg&usg=AFQjCNEpfbQ4pbU64iy_qrbF2IE4TVZxzg	[Accessed	14	
May	2012].	
	
Wuzhou	Engineering	Design	and	Research	Centre,	2010.	Feasibility	Report	on	Tonghua	
Waste	to	Energy	Incineration	Plant	(in	Chinese).	[online]	Available	at:	http://www.cn‐
hw.net/plus/download.php?open=0&aid=24553&cid=3	[Accessed	10	August	2012].	
	
Zentrum	Für	Nachhaltige	Abfall‐	Und	Ressourcennutzung	(ZAR),	Böni,	D.,	Di	Lorenzo,	F.,	
2011.	Experiments	to	Increase	the	Efficiency	of	Eddy	Current	Separators:	Additional	
Separation	of	NE‐Metals	from	the	Fine	Bottom	Ash	(in	German)	[pdf]	Zurich:	ZAR.	
Available	at:	
http://www.zarch.ch/images/stories/OeffentlicheDokumente/110708_bericht_ne_absch
eider.pdf	[Accessed	13	May	2012].	
	
Zhang,	H.,	He,	P.	J.,	2012.	Beneficial	Uses	of	Municipal	Waste	Combustion	Ash	(in	Chinese).	
[online]	China	Municipal	Solid	Waste	Forum.	Available	at:	
http://www.msw.com.cn/file/upload/201201/07/03‐01‐58‐60‐1.pdf	[Accessed	15	May	



	 79

2012].	
	
	
Zhang,	Y.	M.,	Shang,	X.	B.,	Li,	K.	M.,	Zhang,	C.	S.,	Zhang,	K.	F.,	Rong,	H.	W.,	2011.	
Technologies	status	and	management	strategies	of	municipal	solid	waste	disposal	in	
China	(in	Chinese).	Ecology	and	Environmental	Sciences	(in	Chinese).	20	(2),	p.389‐296.	
[online]	Available	at:	
http://www.jeesci.com/article/2011/02/32%E5%BC%A0%E8%8B%B1%E6%B0%913
89‐396.pdf	[Accessed	17	May	2012].	
	
Zhao,	Y.,	Si,	J.	T.,	Tian,	B.	G.,	Wang,	H.	T.,	Lu,	W.	J.,	2007.	Method	of	technology	choosing	of	
municipal	waste	treatment	and	disposal:	I.	Model	study	(in	Chinese).	Acta	Scientiarum	
Naturalium	Universitatis	Pekinensis.	[e‐journal]	43	(6),	p.834‐848.	[online]	Available	at:	
http://d.wanfangdata.com.cn/periodical_bjdxxb200706017.aspx	[Accessed	24	July	2012].	

Zhuang,	Y.,	Wu,	S.	W.,	Wang,	Y.	L.,	Wu,	W.	X.,	and	Chen,	Y.	X.,	2008.	Source	separation	of	
household	waste:	A	case	study	in	China.	Waste	Management	[e‐journal]	28	(10),	p.2022‐
2030.	Available	through:	SciVerse	database:	
http://www.sciencedirect.com/science/article/pii/S0956053X07002619	[Accessed	16	
August	2012].	


