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Environmental	  Sustainability	  	
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We	  keep	  looking	  for	  
products	  
which	  are	  

environmental	  friendly,	  
sustainable,	  
renewable,	  
green...	  

	  
	  
 
	



Perform	  a	  Life	  Cycle	  Assessment	  (LCA)	
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cradle to gate!
cradle to grave!

u 	  LCA	  is	  a	  useful	  method	  to	  evaluate	  environmental	  impacts	  for	  a	  
certain	  product,	  process	  or	  ac-vity	  



LCA	  implementaCon	  steps	

	  
Goal	  and	  scope	  	  

definiCon	  
(ISO	  14040)	  

!
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Inventory	  Analysis	  
(ISO	  14041)	  

!
	  

Impact	  Assessment	  
(ISO	  14042)	  

!

	  

InterpretaCon	  
(ISO	  14043)	  

!



A	  wide	  range	  of	  wood	  uClizaCon	
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n  Wood buildings 

n  Furniture 

n  Pulp & paper 

n  Bio-energy  

n  Wood-based biomaterials... 

 	  
LCA	  on	  Wood	  pulp	  

Since	  2009	  
!

	  
LCA	  on	  Nanocellulose	  

Since	  2013	  
!



	  
	  
Part	  1.	  LCA	  on	  wood	  pulp	  
	  
A	  case	  study	  of	  wood	  pulp	  from	  
eucalyptus	  planta3ons	  in	  South	  China	  



Eucalyptus	  plantaCon	  as	  pulpwood	  supply	  
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Eucalyptus	  plantaJon	   Wood	  pulp	  mill	  

 
 
 
 
 
 
 
 

Large-‐scale	  establishement	  
(2001-‐2010)	  

2.6	  Million	  hectares	  

 
 
 
 
 
 
 
 

Capacity	  expansion	  
(by	  2015)	  

4.9	  Million	  tons	  

(China	  State	  Forestry	  Administra3on,	  2002;	  China	  Na3onal	  Development	  and	  Reform	  Commission,	  2004	  and	  2005;	  	  He	  and	  
Barr,	  2004;	  Barr	  and	  Cossalter,	  2004;	  Wang	  and	  Suo.,	  2009)	  

Environmental	  Sustainability	
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Cradle-‐to-‐gate	  perspecCve	  

Raw	  material	  supply	  
from	  eucalyptus	  

plantaion	  

Transport	  

	  
Wood	  pulp	  
ProducJon	  

Q:	   What	   are	   the	   environmental	   impacts	   related	  
to	  wood	  pulp	  producCon?	  
Q:What	   are	   the	   “hot-‐spot”	   processes	   leading	   to	  
higher	  environmental	  burdens?	  
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LCA	  implementaCon	  steps	

Upstream	  acCviCes	

Research	  boundary!

Input!

• 	  Materials	  
• 	  Energy	  

Output!

• 	  Product	  
• 	  By-‐product	  
• 	  Emissions	  

FuncJonal	  unit=	  1	  air-‐dried	  ton	  (ADT)	  Kra\	  pulp!
LCI	  inventory	  results	

Relevant	  environmental	  impact	  categories	

Impact	  assessment	  results	  for	  sustainability	  interpretaJon!

STEP	  1	  
Scope	  definiCon	

STEP	  2	  	  
Life	  cycle	  Inventory	  	

STEP	  4	  
InterpretaCon	

STEP	  3	  
Impact	  assessment	



Case	  study	  profiles	  
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LocaCon	  of	  the	  
selected	  case	  study!

Kra\	  pulp	  mill	  	  
(since	  2008)	  

Ø 	  400,000	  ton	  kra\	  pulp	  
Ø 	  best	  technique	  and	  faciliCes	  
Ø ~ 500	  employees	  
Ø 	  data	  collecCon:	  2010	  

PlantaCon	  operator	  	  	  
(since	  1996)	  

Ø 	  40,000	  ha	  eucalyptus	  	  	  	  	  	  
plplantaCons	  
Ø 	  a	  full	  range	  operaCons	  
Ø 	  200+	  employees	  
Ø 	  data	  collecCon:	  2009	  



Transport!Skidding!

Harvest!Nursery!

Principal	  processes	  (forest	  +	  transport)	  
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Seedling	  breeding! PlanJng! FerJlizaJon! Tending! Chain	  saw	  harvest!

Logging! 	  	  	  	  ExtracJon	  ! Loading	  ! Out	  of	  forest	  	  ! Delivery	  to	  mill!

Silviculture	  operaJons!



Su
pp

or
Jv

e	  
un

its
!

CHP	  Plant!

Principal	  processes	  (pulp	  mill)	  
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Wood	  preparaJon	  unit!

Cooking	  &	  bleaching	  unit!

Drying	  &	  finishing	  unit! Effluent	  treatment!

Market	  pulp	  !

Chemical	  recovery!

M
an

uf
ac
tu
re
	  p
ro
ce
ss
es
!
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System	  modeling	  with	  Umberto®	  	  
Das Bild kann nicht angezeigt werden. Dieser Computer verfügt möglicherweise über zu wenig Arbeitsspeicher, um das Bild zu öffnen, oder das Bild ist beschädigt. Starten Sie den Computer neu, und öffnen Sie dann erneut die Datei. Wenn weiterhin das rote x angezeigt wird, müssen Sie das Bild möglicherweise löschen und dann erneut einfügen.

Seedling	  producJon!

Transport!
PlantaJon	  

management!

Pulp	  mill!

13 

Pulp!



Inventory	  analysis	  results	  
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Cradle-‐to-‐gate	  perspecJve	  

RAW	  MATERIALS	  
• FerClizers	  	  	  	  	  143	  kg	  
• Chemicals	  	  	  	  	  212	  kg	  
• Water	  	  	  	  	  	  	  	  	  	  	  	  	  	  36	  m3	  
	  
	  

!

PRODUCT	  

• Market	  pulp	  	  	  1	  ton	  
	  

!
BY-‐PRODUCT	  

• Electricity	  to	  grid	  	  432	  kwh	  
	  

!

EMISSIONS	  TO	  AIR	  
• 	  GHGs	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  611	  kg	  
• 	  Biogenic	  CO2	  	  	  	  	  	  	  	  	  	  2,081	  kg	  
• 	  Other	  pollutants	  	  	  	  	  	  	  	  	  15	  kg	  

EMISSIONS	  TO	  WATER	  

• 	  Effluent	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  40	  m3	  

• 	  Pollutant	  discharge	  	  	  38	  kg	  
!

SOLID	  WASTE	  

• 	  Landfills	  	  	  	  86	  kg	  

!

ENERGY	  
• Fossil	  fuels	  	  	  254	  kg	  
• Electricity*	  	  	  	  	  	  	  8	  	  kwh	  
	  
	  

!

Ø 	  Input	  and	  output	  refer	  to	  the	  func3onal	  unit	  of	  1	  air-‐dried	  ton	  pulp	  !

Carbon	  sequestraJon	  
• 	  CO2	  uptake	  	  	  31	  	  ton	  
	  

!



Impact	  assessment	  results	  
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Ø 	  Results	  refer	  to	  the	  func3onal	  unit	  of	  1	  air-‐dried	  ton	  market	  pulp	  !

AcidificaJon	  	  	  	  	  	  	  	  	  	  	  	  	  (kg	  SO2-‐eq.)	  

EutrophicaJon	  	  	  	  	  	  (kg	  PO4
3-‐-‐eq.)	  

Global	  warming	  	  	  	  	  	  	  (kg	  CO2-‐eq.)	  	  

Human	  toxicity	  	  (kg	  C6H4Cl2-‐eq.)	  

Fossil	  fuel	  depleJon	  	  	  	  	  	  	  	  	  	  	  (GJ)	  	  	  

15.45	  

	  	  5.87	  

2,178.08	  

16.40	  

17.26	  

5.96	  

3.50	  

1,584.33	  

11.42	  

-‐	  

SELECTED	  
IMPACT	  CATEGORY	  

2.83	  

0.70	  

431.30	  

39.19	  

-‐	  

>	  

>	  

>	  

>	  

>	  

>	  

>	  

<	  

This	  study	   In	  Thailand	  
(Jawjit,	  2006)	  

In	  Spain	  
(Gonzalez	  et	  al.,2009)	  
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Transport 

CHP plant 

Chemical recovery 

Waste water treatment 

UP_Fossil fuel extraction 

UP_Fertilizer production 

UP_Chemical production 

UP_Electricity production 

Hot-‐spot	  processes	  

36%!

35%!

77%!

24%!

30%!

21%!

63%!

31%!18%!

54%!
143	  kg/FU	  	  in	  China	  vs.	  15	  kg/FU	  in	  Spain	  

Coal	  as	  dominant	  fuel	  supply	  for	  
China’s	  power	  system	  leads	  to	  
higher	  level	  emissions	  of	  SO2	  and	  
NOx	  (Di	  et	  al.,	  2005;	  Yuan	  et	  al.,	  
2006)!

RelaJve	  contribuJons	  of	  principal	  processes	  to	  total	  environmental	  impacts	  

11%!

10%!8%!
19%!

60%!

22%!
41%!
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Key	  findings	  
Forest-‐to-‐pulp	  supply	  chain	  

Upstream	  
acJviJes!

u 	  FerJlizaJon	  operaCons	  of	  the	  forest	  subsystem	  should	  be	  a	  concern	  for	  
future	  eucalyptus	  plantaCon	  management	  in	  China!
u  	   OpCmizaCons	   of	   on-‐site	   supporJve	   units	   of	   chemical	   recovery,	   CHP	  
plant	  and	  water	  treatment	  plant	  should	  be	  taken	  to	  reduce	  the	  impact	  of	  
the	  pulp	  mill	  subsystem!
u  	   Supply	   of	   raw	  materials	   and	   energy	   should	   be	   a	   concern	   for	   all	   the	  
involved	  acCviCes	  along	  the	  enCre	  forest-‐to-‐pulp	  supply	  chain!



	  
	  
Part	  2.	  LCA	  on	  Nanocellulose	  
	  
An	  innova3ve	  route	  to	  produce	  	  
cellulose	  nanocrystals	  (CNCs)	  	  
with	  ionic	  liquid	  



Nanocellulose	  from	  wood	

19 

Method 1 
Acid hydrolysis!

Method 2 
Mechanical treatment!

Cellulose Nanocrystals! Cellulose Nanofibers!

n  Cellulose is the most abundant 

biopolymers on earth  

n  Nanocellulose is a promising 

bio-based material for many high 

performance applications 

n  Environmental impacts remain 

little understood 

(VTT, 2008)!



Cellulose	  Nanocrystals	  (CNCs)	
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Many desired properties 

n  High strength and stiffness (high Young‘s Modulus (=steel) ) 

n  Low weight 

n  Biodegradable and renewable 

n  Reinforcement in polymer-nanocomposites 

 

	  
CNCs	   are	   nano-‐scale	   highly	   crystalline	  
materials	   obtained	   from	   a	   broad	   range	  
of	  cellulose	  sources	  by	  acid	  hydrolysis	  
	  

AFM height image of CNCs (from Mao Jia) 



Ionic	  liquid	  route	  by	  Mao	  et	  al.	  (2013)	  

Microcrystalline cellulose 
           (MCC) 

 [Bmim]HSO4/H2O 

Heating 
 

120℃, 24h 

Centrifugation 
(12000rpm, 10min) 

CNCs 

+ 

Recovered ionic liquid 

Filtration 

Traditional route IL route  
(Mao et al, 2013) 

-‐	  strong	  acid	  (H2SO4)	   +	  green	  solvent	  

-‐	  corrosive	   +	  recoverable,	  reuseable	  

-‐	  low	  yield	   +	  higher	  yield	  	  

Supernatant Sediment 
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System	  modeling	  with	  Umberto®	  
!

T1:MCC supply

T2:Ionic liquid 
supply

T3:Electricity 
supply

T4:DI-water supply

T5:Filter 
membrane supply

P12:electricity

P13:DI-water

T6:Pre-Mixing T7:Hydrolysis

T8:Stirring and heating
 120 °C, 24h

P19:Colloidal 
suspension T10:Dialysis

T9:centrifugation
12000 rpm, 10min

T11:
Sediment Filtration

P20:CNCs

P21:Recycled IL 2

P22:Recycled IL 1

T13:Rotary 
evaporation

P23:recycled pure IL

Aqueous IL route

Fabrication processes

Upstream activities

FuncJonal	  unit=	  10	  g	  CNCs	  at	  lab	  gate!



Impact	  assessment	  results	  (Eco-‐indicator	  99)	  
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Hot-‐spot	  process	  leading	  to	  higher	  environmental	  impacts	  



Outlook	  
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Possible	  compara3ve	  LCAs:	  	  
• 	  IL	  route	  	  vs.	  tradi-onal	  routes	  (e.g.	  with	  H2SO4	  )	  
• 	  MCC	  	  vs.	  other	  star-ng	  materials	  	  
• 	  Op-miza-on	  scenarios	  
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