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PREFACE	
This	 thesis	 is	 a	 partial	 fulfillment	 of	 the	 requirements	 for	 the	 PhD	 degree	 at	 the	
Department	of	Ecology	and	Natural	Resource	Management	(INA),	Norwegian	University	
of	 Life	 Sciences	 (UMB).	 The	 project	 was	 funded	 by	 the	 University.	 Generous	 funding	
from	the	"The	Forestry	Development	Foundation"	(Utviklingsfondet	for	skogbruket)	for	
the	 stay	 at	 Oregon	 State	 University	 (OSU)	 in	 the	 period	 August	 2008	 ‐	 June	 2009	 is	
greatly	appreciated.	

The	 advisor	 group	 was	 headed	 by	 Birger	 Solberg,	 and	 consisted	 in	 addition	 of	 Erik	
Trømborg	and	Maarit	Kallio.	Birger	was	 the	mastermind	of	 the	project	 ideas.	With	his	
open‐door	policy	and	enthusiasm,	he	has	always	had	time	for	inspiring	discussions,	but	
at	the	same	time	given	me	valued	freedom.	Erik	and	Maarit	have	both	shared	ideas	and	
have	 been	 important	 discussion	 partners.	 Erik	 co‐authored	 on	 Paper	 I	 and	 has	 given	
much	 constructive	 inputs	 along	 the	 whole	 way,	 while	 I	 have	 benefited	 much	 from	
discussions	on	modeling	with	Maarit	during	 the	 last	months	prior	 to	defense.	 I	would	
also	 like	 to	 thank	Darius	 Adams	 at	 OSU	 (co‐author	 on	 Paper	 II)	 for	 receiving	me	 and	
providing	 guidance	 on	 important	modeling	 issues,	 and	 particularly	 Greg	 Latta	 at	 OSU	
(co‐author	on	Paper	 II	 and	 IV),	without	whom	 this	 thesis	would	not	have	 reached	 the	
same	 qualities.	 Torjus	 Bolkesjø	 introduced	 me	 to	 forest	 sector	 modeling	 and	 co‐
authored	 on	 Paper	 I,	 and	 has	 also	 later	 shared	 valuable	 modeling	 insight.	 Terje	
Gobakken	taught	me	about	Gaya	and	co‐authored	on	Paper	IV,	and	of	Kåre	Hobbelstad,	I	
learned	about	forest	dynamics	at	the	national	level.	Even	Bergseng	has	been	very	helpful	
in	 solving	 all	 Gaya	 issues	 promptly	 and	 sharing	 expertise,	 while	 Ann	 Kristin	 Raymer	
freely	 shared	 data	 and	 knowledge	 about	 carbon	 dynamics.	 Thank	 you	 all.	 Thank	 you,	
Arezoo	and	Åsa,	for	spreading	much	laughter	and	fun	in	the	department,	and	to	Arezoo	
for	 inviting	 me	 for	 dinners	 in	 long	 working	 evenings.	 I	 would	 also	 like	 to	 thank	 the	
administrative	and	technical	staff	at	INA	for	good	assistance.		

I	am	lucky	to	have	a	family	who	has	a	great	interest	in	discussing	topics	as	economics,	
forestry	and	climate	change.	My	father	is	better	informed	about	these	issues	than	many	
people	who	can	devote	their	 full	 time	to	study	them,	and	my	mother	has	an	especially	
clear	 eye	 for	 science.	 Last,	 but	most	 important,	 I	 am	 indebted	 to	my	 dear	 Luiz.	 Your	
interest	and	knowledge	about	 science	makes	you	 the	best	discussion	partner	any	PhD	
student	 could	 wish	 for,	 but	 more	 invaluable,	 you	 have	 given	 a	 moral	 and	 practical	
support	 across	 oceans	 and	 during	 numerous	 too	 long	 working	 days	 that	 has	 been	
marvelous.	Mil	obrigados.	
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Figure�1:�Carbon�stocks� (Pg)�and� fluxes� (Pg/yr).�Fluxes�are� indicated�with�arrows.�Source:�Grace�
(2004).�
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Figure� 2:� Annual� industrial� harvest� and� increment� and� growing� stock� in� Norway� 1919�2009.�
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increases.	Hoen	(1994)	analyzed	 the	optimal	 rotation	age	with	positive	carbon	values,	
also	including	the	effects	of	decay	rates	of	wood	products	depending	on	the	harvest	age.	

	

Studies	of	costs	and	potentials	

It	 has	 become	 increasingly	 clear	 over	 the	 last	 years	 that	 realistic	 scenarios	 of	 global	
greenhouse	gas	 emissions	 and	mitigation	options	have	 to	 include	 the	 land‐use	 sector3	
due	 to	 its	 large	 emissions	 and	 possibilities	 for	 mitigation.	 In	 some	 of	 the	 studies	
reported	by	Fisher	et	al.	(2007),	forestry,	agriculture	and	bioenergy	use	are	assessed	to	
contribute	 between	 15	 and	 60%	 of	 the	 total	 cumulative	 greenhouse	 gas	 emission	
reductions	 up	 to	 2030,	 of	 which	 at	 least	 three‐fourths	 is	 taken	 in	 forestry	 and	 by	
reducing	non‐CO2	emissions	from	agriculture.	The	highest	percentage	occurs	in	studies	
reporting	a	low	abatement	of	climate	change,	in	which	forestry	and	agriculture	are	cost‐
efficient	mitigation	options.	

The	forest	sector	may	contribute	to	climate	change	mitigation	in	several	ways	(Nabuurs	
et	 al.,	 2007a):	by	maintaining	or	 increasing	 the	1)	 the	 forest	 area,	2)	 carbon	 stocks	 in	
existing	 forests	through	management,	3)	carbon	stocks	on	the	 landscape	 level	 through	
increased	forest	conservation	and	extension	of	forest	rotations,	and	4)	carbon	stocks	in	
wood	 products	 and	 increased	 substitution	 of	 products	with	 high	 inputs	 of	 fossil	 fuels	
and	replacing	fossil	fuels.		

The	 literature	 on	 how	 the	 use	 of	 forest	 and	 wood	 products	 can	 contribute	 in	 the	
mitigation	 of	 climate	 change	 is	 extensive4.	 One	 very	 early	 contribution	 was	made	 by	
Dyson	(1977),	who	suggested	that	society	could	buy	itself	time	to	reduce	its	dependency	
on	 fossil	 fuels	 by	 establishing	 large‐scale	 forest	 plantations	 for	 carbon	 sequestration.	
The	wood	 from	 those	 plantations	 could	 then	 be	 used	 for	 replacing	 fossil	 fuels,	 e.g.	 in	
coal‐fired	power	plants.	

There	is	clear	evidence	that	including	the	forest	sector	in	climate	change	mitigation	can	
substantially	decrease	overall	 abatement	costs.	By	 reviewing	bottom‐up	studies	of	 the	
forest	 sector,	Nabuurs	et	al.	 (2007a)	 found	 that	on	a	global	 scale	 forests	may	mitigate	
between	1270	and	4230	million	tonnes	CO2/year	in	2030,	bioenergy	excluded,	to	a	cost	
up	to	$100/tonne	CO2eq.	Approximately	half	of	this	potential	may	be	achieved	to	a	cost	
up	to	$20/tonne	CO2eq.	These	estimates	correspond	to	8‐13.5%	of	the	global	mitigation	
potentials	to	a	cost	up	to	$100/tonne	CO2eq	and	15%	for	a	cost	up	to	$20/tonne	CO2eq,	
respectively	 (Barker	et	al.,	2007).	The	major	part	of	 the	sequestration	potential	 in	 the	
forest	sector,	particularly	at	lower	costs,	is	estimated	to	take	place	in	the	tropics,	mostly	
by	 reducing	 deforestation	 (Nabuurs	 et	 al.,	 2007a).	 In	 their	 review,	 top‐down	 analyses	
																																																								
3	The	land‐use	sector	includes	the	agriculture	and	forest	sectors;	in	addition,	bioenergy	is	often	referred	to	
as	a	subsector	of	the	land‐use	sector.	

4	In	this	review,	I	do	not	include	stand	level	analyses.	
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provided	sequestration	potentials	four	to	five	times	higher	than	the	bottom‐up	studies.	
They	 remarked	 that	 bottom‐up	 studies	 often	 have	more	 accurate	 implementations	 of	
costs	and	market	barriers	than	the	top‐down	approach.	However,	the	differences	in	the	
results	also	reveal	the	uncertainty	of	those	figures.		

The	 largest	 and	 cheapest	mitigation	potentials	 in	 the	 forest	 sector	 seem	 to	be	outside	
Europe	and	do	not	include	forest	management.	By	applying	a	global	forest	sector	model,	
Sohngen	 and	 Sedjo	 (2006)	 estimated	 that	 up	 to	 80%	 of	 all	 mitigation	 stems	 from	
reduced	deforestation	and	afforestation,	whereas	the	remaining	20%	comes	from	forest	
management.	Nonetheless,	 this	does	not	 imply	 that	 temporal	or	boreal	 forests	are	not	
viable	for	climate	change	mitigation.	In	reviewing	studies	of	mitigation	costs	in	the	U.S.	
forest	 sector,	 Stavins	 and	 Richards	 (2005)	 found	 that	 300	 million	 tonnes	 of	 carbon	
annually,	or	approximately	20%	of	the	national	carbon	emissions,	could	be	offset	in	the	
forest	sector	at	a	cost	of	$7.5‐$22.5/tonne	CO2eq.	In	an	application	of	FASOM,	Adams	et	
al.	 (1999)	 found	that	up	to	73	million	tonnes	CO2/year	additional	 to	baseline	could	be	
sequestered	 in	 the	 U.S.	 agriculture	 and	 forest	 sectors	 at	 a	 cost	 of	 under	 $21/tonne	
CO2eq.	 Carbon	 projections	 of	 the	 European	 forests	 differ	 much,	 but	 the	 economic	
potential	 at	 a	 carbon	 price	 of	 $20/tonne	 CO2	 in	 2040	 is	 estimated	 to	 90‐180	million	
tonnes	CO2eq/year	excluding	bioenergy	(Nabuurs	et	al.,	2007a).	The	chosen	mitigation	
strategies	 in	 European	 forestry	 in	 these	 estimates	 included	 afforestation	 of	 abundant	
agriculture	lands,	use	of	bioenergy	and	forest	management	in	old,	saturated	stands	and	
in	under‐stocked	stands.	

Few	 sectoral	 studies	 of	 costs	 and	 climate	 change	 mitigation	 potentials	 in	 the	 forest	
sector	seem	to	have	been	carried	out	in	Europe.	Karjalainen	et	al.	(2003)	projected	the	
European	forest	sector’s	carbon	budget	until	2050	by	applying	EFISCEN,	and	compared	
a	scenario	in	which	harvests	increased	by	0.5‐1%	per	year	until	2020,	with	a	"business	
as	 usual"	 scenario.	 They	 concluded	 that	 the	 higher	 harvest	 level	 would	 decrease	 the	
carbon	stock	in	soil	and	in	trees,	 increase	carbon	storage	in	products	and	decrease	the	
total	carbon	stock	in	the	sector.	

In	 “Climate	 Cure	 2020”	 (The	Norwegian	 Climate	 and	 Pollution	 Agency,	 2010),	 carbon	
sequestration	in	three	national	harvest	scenarios	in	Norway,	10	(≈	today’s	harvest	level)	
("low"),	13	and	15	million	m³	("high")	were	estimated	by	the	use	of	AVVIRK‐2000	(Eid	
and	 Hobbelstad,	 1999).	 A	 harvest	 level	 increase	 of	 50%	 was	 found	 to	 substantially	
decrease	carbon	sequestration.	For	 instance,	 in	2040,	around	10	million	 tonnes	CO2eq	
less	would	be	sequestered	in	the	high	harvest	scenario	than	in	the	low.	By	the	year	2100,	
this	difference	would	decrease	to	about	5	million	tonnes	CO2eq	due	to	a	faster	reduction	
in	the	growth	rate	 in	the	 low	harvest	scenario,	where	the	average	forest	age	 increases	
more.	(As	mentioned	in	Section	2.3,	carbon	sequestration	is	projected	to	decrease	even	
if	 the	 current	 harvest	 level	 is	 sustained.)	 The	 costs	 and	 potentials	 of	 other	 carbon	
sequestration	measures	 such	 as	 increased	 planting	 density,	 afforestation,	 fertilization	
and	the	improvement	of	plant	material	were	considered.	Afforestation,	fertilization	and	
plant	 improvement	 were	 measures	 estimated	 to	 have	 negative	 or	 zero	 costs,	 though	
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fertilization	was	 the	only	measure	out	of	 all	 of	 them	 to	have	any	 significant	 impact	 in	
2020	(0.45	million	 tonnes	CO2eq).	 Increased	planting	density	and	plant	 improvements	
could	 both	 have	 large	 impacts	 in	 100	 years	 (1.4‐2	 million	 tonnes	 CO2eq),	 while	
afforestation	is	the	most	important	measure	in	terms	of	carbon	sequestration	potential.	
“Climate	Cure	2020”	also	reports	substitution	effects	for	the	use	of	bioenergy	and	wood	
for	materials,	but	these	are	not	analyzed	together	with	changes	in	harvest	levels.	

In	Norway,	an	early	"bottom‐up"	study	of	costs	and	potentials	of	carbon	sequestration	
strategies	 in	Norwegian	 forests	 (Lunnan	 et	 al.,	 1991)	 reported	 that	 relative	 to	 a	 base	
level,	an	additional	4,	6,	8	and	10	million	tonnes	of	CO2	could	annually	be	sequestered	
with	 low	 conflicts	 and	 costs	 in	 10,	 20,	 30	 and	 40	 years	 after	 the	 strategies	 were	
implemented,	 respectively.	 If	 land‐use	 conflicts	 were	 not	 considered,	 these	 estimates	
rose	to	9,	17,	20	and	28	million	tonnes	of	CO2	per	year.	

	In	both	Sweden	(Backéus	et	al.,	2005)	and	Norway	(Hoen	and	Solberg,	1994;	Raymer	et	
al.,	 2009),	 regional	 studies	 of	 costs	 and	 potentials	 of	 increasing	 carbon	 sequestration	
through	forestry	have	been	conducted.	These	three	studies	applied	detailed	stand	level	
management	 and	 yields,	 as	 well	 as	 carbon	 accounting,	 to	 assess	 how	 shifts	 in	 forest	
management	 triggered	 by	 higher	 carbon	 prices	 enhances	 carbon	 sequestration.	
However,	exogenous	prices	and	utilization	of	timber	are	obvious	shortcomings	in	these	
models.	 Such	 models	 therefore	 operate	 better	 for	 small	 forest	 areas	 and	 for	 policies	
which	 are	 not	 expected	 to	 exert	 a	 large	 influence	 on	 the	 wood	 markets.	 Large‐scale	
carbon	policies	 as	 investigated	 in	 these	 studies	may	have	 a	 rather	high	 impact	 on	 the	
wood	 markets	 through	 a	 reduced	 supply	 and	 reallocation	 of	 wood	 already	 in	 the	
markets.	 Hence,	 the	 potentials	 and	 costs	 are	 likely	 not	 to	 be	 fully	 revealed	 in	 those	
studies.	Nevertheless,	 their	detailed	modeling	of	 forest	growth	and	management	make	
such	 studies	 important	 for	 demonstrating	 possible	 forest	 management	 options	 for	
climate	change	mitigation.	

The	 increased	 use	 of	 forest‐based	 energy	 is	 considered	 to	 be	 an	 important	 climate	
change	 mitigation	 measure,	 even	 if	 the	 economic	 potentials	 and	 costs	 are	 highly	
uncertain	(Sims	et	al.,	2007).	Bioenergy	expansion	is	also	a	political	 target,	both	 in	the	
EU	(European	Commission,	2010)	and	Norway	 (Norwegian	Ministry	of	Petroleum	and	
Energy,	2008).	In	many	European	countries,	coal‐based	power	plants	constitute	a	major	
electricity	 source,	 but	 also	 a	 great	 potential	 for	 co‐firing	 with	 bioenergy.	 Technically,	
wood	pellets	are	well	suited	for	co‐firing,	and	it	is	feasible	to	co‐fire	several	types	of	coal	
with	 pellets.	 Up	 to	 15%	 of	 the	 fuel	 can	 be	 replaced	 without	 much	 technical	 changes	
(Sims	et	al.,	2007).	Coal‐based	electricity	 is	very	carbon‐intensive	(Dones	et	al.,	2003),	
and	 large	emission	reductions	can	 therefore	be	obtained	by	such	substitutions.	Today,	
bioenergy	 contributes	 roughly	 2.6%	 to	 the	 OECD	 electricity	 mix,	 and	 this	 share	 may	
possibly	increase	to	5%	in	the	next	decades,	given	an	increased	use	of	co‐firing	and	the	
construction	 of	 bioenergy	 plants	 (Sims	 et	 al.,	 2007).	 Between	 50	 and	 90	 TWh	 of	
electricity	can	possibly	be	generated	by	bioenergy	through	co‐firing	with	coal	within	the	
EU	(Hansson	et	al.,	2009).		
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Studies	 of	 economic	 potentials	 of	 increased	 use	 of	 bioenergy	 for	 heating	 in	 Norway	
include	Bolkesjø	et	al.	 (2006),	Langerud	et	al.	 (2007)	and	Trømborg	et	al.	 (2007).	The	
first	 two	 mentioned	 applied	 the	 spatial,	 partial	 equilibrium	 model	 of	 the	 Norwegian	
forest	 sector	 NTM	 II	 to	 study	 the	 impacts	 of	 higher	 energy	 prices	 and	 subsidies	 to	
bioenergy,	 respectively.	 They	 found	 the	 economic	 potential	 of	 bioenergy	 in	 district	
heating	and	central	heating	installations	to	be	relatively	large,	with	only	small	increases	
in	energy	prices	or	subsidies.		

Many	studies	have	 investigated	the	greenhouse	gas	 impacts	of	 increased	use	of	 forest‐
based	 energy.	 Raymer	 (2006)	 compared	 avoided	 greenhouse	 gas	 emissions	 when	
replacing	fossil	fuels	with	bioenergy	in	Norway.	Bright	and	Strømman	(2009)	assessed	
the	greenhouse	gas	emission	reductions	by	replacing	gasoline	with	forest‐based	ethanol.	
Forsberg	(2000),	Magelli	et	al.	(2009)	and	Sikkema	et	al.	(2010)	all	carried	out	life	cycle	
assessments	(LCA)	of	bioenergy	transported	long	distances,	and	Hektor	(1998)	studied	
the	cost	efficiency	of	measures	to	replace	fossil	fuels	with	bioenergy.	

The	 most	 common	 approach	 in	 LCA	 of	 forest‐based	 energy	 seems	 to	 be	 considering	
bioenergy	as	carbon	neutral	(e.g.	Bright	and	Strømman,	2009;	Korpilahti,	1998;	Raymer,	
2006;	 Wahlund	 et	 al.,	 2004),	 which	 is	 in	 line	 with	 the	 approach	 taken	 by	 the	 Kyoto	
Protocol.	The	carbon	neutrality	is	based	on	the	summation	over	flows	without	regard	to	
the	timing	of	each	flow.	As	new	trees	grow	where	the	old	ones	are	harvested,	an	amount	
similar	 to	 the	 CO2	 emitted	 during	 combustion	 will	 be	 sequestered.	 A	 corresponding	
method	would	 be	 to	 use	 a	 0%	 discount	 rate	 in	 the	 carbon	 flows.	 However,	 there	 are	
concerns	 that	 such	 methods	 would	 create	 “perverse	 incentives”	 and	 actually	 lead	 to	
increased	 greenhouse	 gas	 emissions	 through	 deforestation	 (Searchinger	 et	 al.,	 2009).	
Schlamadinger	 and	Marland	 (1996)	 found	 that	 the	 overall	 greenhouse	 gas	 impacts	 by	
harvest	are	highly	dependent	on	the	time	frame.	
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� 4�RESULTS�

Summary�of�Paper� I:�Effects�and�costs�of�policies� to� increase�bioenergy�use�and�reduce�
GHG�emissions�from�heating�in�Norway�

(�����	�� (:� ��
��
����	�� ����	����� �
	�
	�������	��
���	�	��
����	�	�/���
��
	�����.
��
��A� 
�� �
�	����� 
	������ 
��� ���� ��������:� ���� ���	���	���� ������� �
� ��������� 
	������
����������
���.��	��
���
�	��3.��	��	�	���!��	����		�

��	������;�;��	�����
����������
��
���	��������
�	�	�	���������
���
�������	�����
	���������
�.�
	�	�����	�	���������	�!�
H	� �
����	�� �
	� ��
�	�	�	���:� �	���	�� ��		�

��	� ���� 	�����
��� ���� ����	��	��
.�
	�	������
�����
��������������
	�����������	������
	����������	������+,+,:����
��
	�
�
���� 
�� �
	� �
����	�!� 6�� ��������� �
	� ��'� ((:� ����
��� �	�������� �
	� �������� ���	��:�
�
��	����
�� �
�� �
	� �������	������ ���� ��
����.������ 
�� .�
	�	���� ��
�����
���	�	� ����
������	�!� �
	� ���.
�� ��A� ����	�� ��
�� ,� �
� -4,� EF�
��	� G=+	9� ��� �
	� ��	����
�:�
�
����	���
��
	���A	��	�	��������	����1,�EF'H
!���
����	���	�����������	�	���
��+,I�
���� 1,I� 
�� �
���� ���	���	��� �
���� �
�� �	�� ��������� 
	������ ����������
��� �	�	�
���	������	�!��

���
������ �
�
��� �	�����:� �� ���.
�� ��A�
�� �
����� ��	��
����� �
����	��.�	� �������
�� �
	�
.�
	�	������
�����
��������������
	�����������	������
	����������������
��!�H
��	�.��	���
���� ��
�����
�� �

�� ����	� ��� �
	� �.�	��	� 
�� �� ���.
�� ��A:� ��������� 
	������ ��
�����
��
.��	�� 
�� �
���� ����	��	�� �������� ���
� ������� ��A	�!� �
�	�	�:� ��� �� ���.
�� ��A� 
�� 4,�
EF�
��	� G=+	9:� �
	� �	�
������ �
�	������ ���� ������ �����B	�!� �	��	��:� �
��
� �	�	� �
�	�
	A�	����	:��	9���	����
��
	����A����
��	���
�.	�
�	���
����.�	!�����
	�
��
	�����A��	�	�:�
.�
	�	������
�����
��.��	��
���
���������	��	����
���	��5!1��H
:����
���+,����	���
	�
������� ��
�����
�� �	�	�� ��� �
��� ���	!� �
	� 
��
	��� ���.
�� ��A� �	�	�� �
���� �	���	�
��		�

��	�����	�����
�����
���
�������	������
	������.��+!2������
���
��	��G=+	9F�	��:�
�
��	��
�������
�5,I�
���
	�����������	���	�����
�������
�������
��
	�����!��.
���
����

���
����	�����
����	��	����
�����������
	����������������
�������
������
���	��	�����	��
����	��	�����
�	�������	������
	����������	��!�(��	���	�����������		�	���
��	��
�1,I����

��	�� �
� 
��	� �
�	� �
��� �� ��������� 	��	��� 
�� �
	� .�
	�	���� ��
�����
�� �	�	�!� 8
��
��	����
������
��
���.����	���	�	��
�.��	�����
������.
����A:��	��
�����
����
	��
�����
	��	�����	����	���������:������
	��
��������	��	���
��	��
�������!��
���������	��
��
���
����
	���	�	��	�
���
	���A:�.�
	�	�����������	������
����.�	������
	�������
����	��	���
��
�
	���.����	�����������!��

�
��
�����	:��	��
�����
����
	��
������	�����������
���������
��	���
��	��
��
	��	���	��
����	��������	��	��.�
	�	������
�����
��
���	��	��	����		�

��	�����	�����
���������
�
�	���	� �
	� �
���!� "�.����	�� �
�.�
	�	����������
���	�	���������	��	��	�	�����
��� ��
��
�
����� ��	��:� ��� ��.����	�� �	��� �
� �
�	�� �
	� ����	� �
� �
����	��� ���� �
��� ����	��	� �
	�
�
�������
�!�

�



&%")*�"

�

+5�
�

Summary� of� Paper� II:� Impacts� of� agent� information� assumptions� in� forest� sector�
modeling�
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Summary� of� Paper� III:� Greenhouse� gas� emission� impacts� of� use� of� wood� pellets� �� a�
sensitivity�analysis�
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Paper�IV:�Potentials�and�costs�of�climate�change�mitigation�in�the�Norwegian�forest�sector�
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Effects and costs of policies to increase bioenergy use and reduce GHG emissions
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In many European countries, the use of policy measures to decrease greenhouse gas (GHG) emissions from
energy consumption, including heating, is high on the political agenda. Also, increasing the absolute con-
sumption of bioenergy seems to partly be an objective in itself. But neither the costs of replacing fossil fuels
with bioenergy in heating, nor the effects on the GHG emission account are clear.
This study analyses first the avoided GHG emissions from substituting one energy unit of fossil fuel with
forest based bioenergy (wood fuel) in several heating technologies. Secondly, the effects on bioenergy
production of two policy measures in Norway - higher tax on domestic heating oil and paraffin and
investment grants to district heating installations based on wood fuels - are investigated. Thereafter, the
results are combined to display how the emissions from heating are affected. Finally, the achievements are
compared to the costs. The analysis is done by using a partial, spatial equilibrium model of the Norwegian
forest sector, wood fuels included.
Based onmodel runswe conclude that a tax of 60€/CO2eq on competing fossil fuels could increase the bioenergy
use in district heating installations with almost 4000 GWh/year. The same amount of bioenergy could be used in
pellet stoves and central heating systems, but a higher tax is then necessary. 50% investment grant to district
heating installations may also have a large effect on the bioenergy use, but the effect of the subsidies decreases
rapidly if applied together with a tax. Around 70% of the emissions from heating in Norway may potentially be
avoided, but such achievements depend on very high taxes on fossil fuels. Both taxes and subsidies may greatly
influence the energymarket, but should be used with caution in order to obtain the preferred goals. Few similar
studies are carried out in this field, and the results might be of interest for the bioenergy industry and the energy
policy authorities.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Norway has ratified the Kyoto protocol andmade the commitment
to limit the average GHG emissions in the period 2008–2012 to 1%
above the 1990 level. However, they were 11% higher in 2007 than in
1990 (Statistics Norway, 2008b). A white paper published in 2006
(The Norwegian Ministry of the Environment, 2006) concludes that
all GHG emissions from heating in Norwaymay be avoided in 2050 by
energy savings and change of heating sources from fossil fuels to heat
pumps and bioenergy. Currently, 6% of the national emissions stem
from heating.
As in many European countries, the attention on bioenergy has in-

creased significantly in Norway the last years. Arguments for this public
spending are reduction of GHG emissions, increased industry develop-
ment in rural areas, improved security of supply and reduced areas of

overgrown cultural land (The Norwegian Ministry of Petroleum and
Energy, 2008). The authorities have set anobjective ofmore thandouble
the use of bioenergy by 2020, and are therefore providing financial
support to the bioenergy sector, as investment grants to individuals and
enterprises that shift to bioenergy from electricity or petroleum. There
exist also taxes of fossil fuel use, but because of low public acceptance
and fear of negative distributional effects, the authorities are cautious to
increase them further. Actually, the carbon tax on heating oil is 0.07€/
l or circa 25€/ton CO2 (SFT, 2008).
From a purely economic point of view, subsidies to renewable

energy carriers are less efficient than taxes on fossil fuels if the goal is to
reduce GHG emissions, because subsidies tend to increase the total
amount of energy consumed due to lower prices to consumers, and fail
to put the burden of the negative externalities (GHG emissions) on the
polluter. Despite this problem, subsidies to renewable energy carriers is
a popular public policy throughout Europe, and is implemented as in-
vestment grants for heat production from biomass in eleven countries;
in addition, tax break is introduced in four (Ragwitz et al., 2005; acc.
to Bürger et al., 2008). If the goal of public intervention is to reduce
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GHG emissions, tax on the fossil fuels is to prefer, since this will, ceteris
paribus, higher the price to consumers and therefore reduce the con-
sumption. If, as stated by both theNorwegian and the EU authorities, the
goal is also to increase the quantity of bioenergy used, this can be done
by giving subsidies to bioenergy production or consumption, but this
will not ensure reduced GHG emissions (Golombek and Hoel, 2005).
Increasing the use of bioenergy might, however, steepen the learning
curve, and thereby lead to reduced use of fossil fuels in the longer run
because of lowered bioenergy production costs. Earlier studies suggest
that tax credits were successful in increasing the market share of solar
equipment in the U.S. (Durham et al., 1988; Fry, 1986; acc. to Tietenberg
and Lewis, 2009).
Bioenergy stemsmainly from forestry and forest industry in Norway

today, and wood is assumed to continue to be the major raw material.
Currently, less than half of the actual forest increment is harvested,
causing a rapid accumulation of the growing stock and an increasing
potential for bioenergy supply. The maximum volume that can be
harvested sustainably in Norwegian forests, i.e. the volume that can be
harvestedwithout the needof reducing it later, is today about21 million
(M) solid m3, of which harvest residues, trees on cultural land and road
sides make up 5.6 Mm3. The actual annual exploitation accounts for
about 11.5 M solid m3, the yearly non-declining additional biological
potential is thus 9.5 Mm3, corresponding to an energy gross output of
about 19 TWh/year (Gjølsjø, 2006). Thus, harvests may be increased
substantially while keeping the forests as a net CO2 sink. The gap in
harvested volume between the official statistics (Fig. 1) and the study
referred to is due to non-commercial removals, i.e. harvested wood
which is used directly by forest owners or for other reasons does not
appear in official statistics.
The only purpose of wood fuels in Norway today is heating, because

bioelectricity is hardly installed due to low profitability. Half of the
energy consumed for room and water heating and process heating in
Norway stems from electricity (which may be renewable or not, de-
pending on the source), 25% from oil and 18% from bioenergy (Enova,
2007). Bioenergy consumption adds up to 12 TWh per year (Table 1);
60% of the bioenergy is consumed asfirewood.More than a third is used
inmanufacturing industry,mainly in forest industry,with residues from
production as the main resource. Pellet stoves and district heating are
still in the beginning of market development. Fire wood has negative

impacts on local air quality when combusted imperfectly, and is bulky
and cumbersome for consumers to handle. For environmental and eco-
nomic reasons, pellets and chips are more suitable and are given more
public support. Despite the fact that some investments in district
heating are profitable at the present market prices (Trømborg et al.,
2007), district heating contributes to only 4% of the heat market in
Norway, totalling 2.8 TWh (2007). The use of district heating does not
necessarily mean the use of renewable energy, since parts of district
heating are based on fossil fuels (Statistics Norway, 2008a).
Potential analyses of climate policies, energy and forest resources

carried out in Europe are numerous, as well as studies of effective-
ness and costs of measures to increase renewable energy production.
Povellato et al. (2007) give a reviewof cost-efficiencyof policymeasures
in agriculture and forest sector in Europe; inmost of these studieswhere
the costs are estimated, it is done via calculating the relative change in
income or welfare, or costs per another unit. In Sweden and Finland,
several studieshave analysed theenergy andemissionspolicy, aswell as
effectiveness and cost-efficiency of policy measures (e.g. Gustavsson
et al., 1995; Hektor, 1998; Ericsson et al., 2004), but also there, we have
not come across studies which, in a realistic economic framework,
simultaneously analyse the effects of energypolicies affecting bioenergy
and GHG emissions, together with the costs of these policies. Such
studies seem particularly few in the cases when wood is the raw
material. Practically all wood used for bioenergy in Norway is potential
rawmaterial for the traditional forest industries. As policy incentives for
increased use of bioenergy will increase the competition for fibre, and

Fig. 1. Growing stock, annual harvest and increment in Norwegian forests. M m3 under bark (u.b.).
(Source: Statistics Norway, 2008c).

Table 1
Net bioenergy consumption in Norway 2006 (GWh) by type of fuel and categories of
consumers.
(Sources: Statistics Norway, 2008a, s.a.; NOBIO, s.a.).

Consumer
category

District heating
(chips and pellets)

Pellets in
pellet stove

Fire
wood

Wood, black
liquor

SUM

Manufacturing
industry

47 4420 4467

Service industry 273 273
Households 69 27 7398 7495
SUM 389 27 7398 4420 12234
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thus the costs for both the traditional forest industries and thebioenergy
industries, it is important to include also this aspect in the analysis.
In order to be able to impose well-working energy and GHG emis-

sions policies in Norway, more knowledge is needed about wood fuels'
capacity to reduce GHG emissions as well as effects and costs of such
policies. The objective of this study is therefore to analyse (1) the im-
pacts on GHG emissions by replacing one energy unit of fossil fuel
with wood fuel in various types of heating facilities, (2) the effects on
bioenergy consumption of investment grants to district heating systems
based on wood fuels, (3) the effects of increased taxes on domestic
heating oil and paraffin (“carbon tax”) on GHG emissions from heating
in various heating technologies, and (4) the cost associated with these
two policy measures.

2. Methods and materials

2.1. Main outline and assumptions

To address the first problem, life cycle inventories (LCI) earlier
carried out of all fossil and wood fuels considered in the analysis are
compared. To model the changes in bioenergy production under
changing policy and economic frames (objectives 2 and 3), an economic
model, the Norwegian TradeModel II (NTM II), is applied. In themodel,
the development in the Norwegian forest industry, including wood
fuels, is projected. The third problem is approached by combining the
results from objective 1 (avoided GHG emissions from substituting one
energy unit of fossil fuel with wood fuel) with NTM II simulations of
changes in bioenergy production caused by higher carbon taxes. The
associated costs (objective 4) are the costs for the society to achieve the
obtained changes in bioenergy production or GHG emissions. Only the
direct costs are included in this study, and both effects and costs are
calculated for year 2015.
Five differentgroups ofheating technologiesbasedonwood fuels are

considered in the NTM II. Each group includes one or several heating
technologies, and some of the technologies may be, as described in the
Appendix, fueledwith different wood fuels. However, in the analyses of
GHG emissions, each technology group is assumed to have only one
wood fuel option:wood stoves (fire wood); pellet stoves (pellets); cen-
tral heating bio boiler (pellets); and district heating bio boiler (chips).
The fifth group, bioenergy in forest industry (based on residues and
bark) is not included in the analysis since this use is only a function of
activity in forest industry, and does not change (directly) with changes
in economic frames for bioenergy. The assumed fossil fuels to be re-
placed in these four technologies are displayed in Table 2. The actual use
of fossil fuels in district heating installations in Norway today is
negligible, wood fuel in district heating installations is therefore as-
sumed to substitute for oil in central heating systems and not in district
heating installations. Electricity used for heating replaced by fire wood
is only considered in objective 1, and not in the policy analyses, because
of unclear electricity source and country of origin.

Two technologies/fossil fuels are eligible for carbon tax (objective 3),
domestic heating oil in central heating installations and paraffin in
paraffin stoves. Only district heating installations fueledwithwoodmay
receive financial support in the analysis (objective 2), but projection for
all heating technologies is included also in this part to improve the
accuracy of the results, since there may be interactions between the
technologies. Three different types of district heating technologies are
considered, all which are to be fueled with wood chips, and with the
corresponding investment assumptions (investments include both
plant and infrastructure):

A: Existing district heating systems based on bioenergy. No invest-
ments are required.

B: Existing water borne heating systems (central heating) in urban
areas for industry buildings and tenement houses based on fossil
fuels (fossil fuel to be replaced). Thewater borne system is assumed
to beused also forwood fuels, but investments for heatingplant and
feeding system are needed when changing fuel and equal to a total
of 500000€.

C: Heating systems in new buildings (same type as for B) to be con-
structed. Investments for heating plant, feeding system and water
borne distribution system equal 1.1 million €.

Three levels of investment grants to district heating installations
based on wood chips are analysed:

Basis No investment support to district heating installations.
Alternative 1 District heating installations based on wood chips (B and

C) are subsidised with 20% of the investment costs.
Alternative 2 District heating installations based on wood chips (B and

C) are subsidised with 50% of the investment costs.

Bioenergy production takes place in A independently of policies,
since there are no investments in this technology. B and C receive 20% or
50% subsidy of their respective investment costs— 500000 or 1100000
€. Eight carbon tax levels are investigated, from 20 to 160€/ton CO2eq.
All scenarios are run with an interest rate of 7% p.a. An exchange rate
of 8 NOK/€ is applied throughout the paper.

2.2. Model description

2.2.1. General description
A partial and spatial equilibrium model, Norwegian Trade Model II

(NTM II), was applied. The model projects production, consumption,
trade and transport in theNorwegian forest sector, wood fuels included,
given assumptions of competitive markets. Prices and quantities of
wood rawmaterials and forest industry products are endogenously de-
termined in the model, whereas all other production input prices are
exogenously determined. Thus, activity in the forest sector is assumed
not to influence the economyoutside the sector. The results are given in
amedium-long perspective (10–15 years from the base year). The NTM
II is an improved version of the NTM, developed in Norway in the 90s
(Trømborg and Solberg, 1995), based on the firstmodel of this type, the
Global Trade Model (GTM) (Kallio et al., 1987) and the EFI-GTM (Kallio
et al., 2004). Earlier, this model has been applied in Norway for market
and policy studies (Bolkesjø et al., 2005a,b, 2006; and Trømborg et al.,
2007). For more data and assumptions and for mathematical specifica-
tion of the model, see Bolkesjø (2004).
The objective function of the model is to maximize the producers'

surplus plus the consumers' surplus minus the transport costs for all
products in themodel. As shown by Samuelson (1952), this assures that
the model simulates the behaviour of profit maximizing producers and
welfare maximizing consumers under the assumption of perfect com-
petition. Each good's equilibrium price and quantity is determined from
the optimal solution.

Table 2
Fossil energy technologies and fuels substituted by bioenergy technologies and wood
fuels in the analysis.

Bioenergy technology and wood fuel

Fire
wood
stove

Pellet
stove

Central
heating bio
boiler (pellets)

District
heating bio
boiler (chips)

Fossil fuel
technology
and fuel
substituted

Electric wall heater
(coal-based
electricity)

X

Paraffin stove X
Domestic heating oil
in central heating

X X

The fossil fuel technologies eligible for carbon tax are in italic.
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Themodel consistsof four sub-modules: (1) timber supply, (2) forest
industry including wood fuels, (3) products demand and (4) transport
and trade. 2003 is set as the baseyear, but due touncertainty of the exact
time of investment, the impacts are analysed for 2015.

2.2.2. Timber supply
Observed prices and volumes determine the base year's supply.

Timber supply is positively price elastic, while supply shifts annually
according to changes in the growing stock — given as annual growth
minus harvest.
In total, there are six timberproducts in theNTMII, saw logs andpulp

logs of Scots pine, Norway spruce and non-coniferous (mainly birch).
Harvest waste is also a possible raw material for bioenergy, but the
traded volumes of this product aremarginal. Theharvestwaste supply is
in themodel defined as a step-wise increasing supply function to reflect
increasing transport costs, based onAalde andGotaas (1999). The actual
biological–technical potential of harvestwaste is estimated tobe around
2 Mm3/year, or 4 TWh/year (NVE, 2003).

2.2.3. Forest industry and wood fuel production
Five mechanical forest industry products are specified in the NTM

II, together with two pulp grades and nine paper grades. Since the
Norwegian pulp, paper and board industries are very concentrated,
these industries are described at enterprise level. The sawmill industry
is described at regional level. As a result of the assumption that all actors
are profit maximizing, all factories produce up to the level where
marginal costs equal marginal revenues, or to their capacity constraints.
Investments will take place as long as the profit (revenues–variable
costs) covers the annual interest and depreciation costs of the new
investments.
In the saw mill industry, the surpluses of chips, dust and bark are

sold as by-products, wood fuel included. Prices of the by-products are
endogenously determined in the model.
The bioenergymarket is divided into eight technologies, as specified

in Table A1, and it is assumed that they cover the complete heat market
based on biomass. The wood fuels considered are fire wood, chips and
pellets. The bioenergy production costs and capacities at the start of the
analysis period are specified for each region.
Product categories and transformations included in the model are

shown in Fig. A1 in the Appendix.

2.2.4. Product demand
Like the supply functions, the demand functions are based on data

from the base year in addition to exogenous price elasticities for each
product. The demand curves are positively elastic to the exogenous
income growth proxied by GDP growth. The derived demand curve
for bioenergy is assumed nearly horizontal (highly elastic), reflecting
the assumption that consumers may choose between perfect
substitutes, and that bioenergy use hardly affects the energy price.
The price of energy is assumed to be 50€/MWh in the base year and
remains almost perfectly the same independently of bioenergy
production. This energy price, or the “heat price”, is determined by
the prices in the energy market of power and oil, as well as network
charges and taxes, VAT excluded. Carbon taxes on heating oil and
paraffin result in a horizontal upward shift of the demand curve, thus
giving the same effect as changes in the heat price. Since the demand
curve is determined by the price of alternative energy carriers, a
price/tax increase for these fuels leads to an upward demand curve
shift, thus more profitable bioenergy. Table A1 in the Appendix
describes all bioenergy technologies included in the model, and their
assumed efficiency and potential production increase. Each of them
has technical and regional specific potentials exogenously deter-
mined, based on data from Statistics Norway on total energy con-
sumption, structure of population and buildings, as well as existing
heating systems and plans for future construction activity. In ad-
dition, the rate of growth of bioenergy consumption is restricted, to

avoid unlikely increases from one year to another. For other as-
sumptions and data of how bioenergy is included in the NTM II, see
Trømborg et al. (2007).

2.2.5. Trade and transport
Forestry is a transport intensive industry, making the spatial

aspect important. In the model, Norway is divided into 19 regions,
which mainly follow the county borders. In addition, two interna-
tional regions are included in the model — Sweden (the part of
Sweden close to the Norwegian border) and the “rest of the world”
(consumption mainly in Western Europe, and production made in
order to balance the model). For each product, the model solution
secures that trade between any two regions takes place if it is
profitable for any producer, i.e. if the difference in the product prices
exceeds the transport costs.

2.3. Avoided GHG emissions from substituting fossil fuels with wood fuels

2.3.1. Unit GHG emissions from the heating technologies considered
For all fuels considered, life cycle inventories (LCI) were obtained

which give emissions over the life cycle per unit of wood fuel, electric
power or fossil fuel. The emission estimates are based on Spath et al.
(1999), Statoil according to Petersen (2003), SFT (s.a.) and Raymer
(2006), and include the emissions from exploitation, processing and
transport of the products, but not construction, maintenance and
demolition of buildings and machines. It should be emphasized that
parts of the emissions from the life cycle occur outsideNorway, and also,
parts of the emission reductions due to substitutions will take place in
other countries. Where the emission reduction takes place depends on
where the fossil energy production is situated. Substitution of coal-
based electricity will reduce the emissions in countries which sell such
electricity to Norway, while replacement of oil and paraffin in stoves
reduces emissions in Norway. The analysed carbon tax applies to con-
sumption of fossil fuel for heating in Norway (paraffin and oil in central
heating systems) and may reduce emissions mostly in Norway, where
the production actually takes place.
Wood fuels emit some CO2 and other GHG during the production

process and transport; all these emissions are included in the account.
But no emissions of CO2 stemming from combustion are taken into
consideration, since wood fuels are assumed carbon neutral (assuming
0% discount rate in the CO2 accounting, so 1 ton of CO2 has the same
value at all points of time). During the combustion process, other GHG
are emitted, namely methane (CH4) and nitrous oxide (NH4). All emis-
sionsof these twogases are converted toCO2 equivalents (CO2eq) by the
use of their respective global warming potential (GWP) and included in
the analysis. Hence, wood fuels are seen as carbon neutral, but not
entirely GHG neutral. A 100-years horizon is used for the GWP, in this
time perspective, CH4 and NH4 have respectively a potential 24 and 360
times higher than CO2 has (Sygna et al., 1999).
The energy content in wood fuels is calculated after Gjølsjø (1990).

The physical properties of the wood fuels are displayed in Table 3.
To obtain the GHG emissions per GWh utilised, the following for-

mula from Raymer (2006) was applied (the energy content in wood
(higher heating value) is denoted by “high” and the energy output after
conversion (lower heating value) by “low”):

TonsCO2eq=GWh= kgCO2eq = solidm
3
= ðMWhhigh = solidm

3
⁎efficiencyÞ:

3. Results

3.1. Unit GHG emissions

Table 4 displays the unit GHG emissions from LCI of fossil fuels. The
coal efficiency is for a pure power plant, with no use of the produced
heat.
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The unit quantities of GHG emissions of wood fuels, all weighted
with shares of 70% coniferous and 30% non-coniferous wood, reflecting
the actual harvest in Norway, are shown in Table 5. Pellets and chips of
coniferous and non-coniferous are assumed to have identical emissions
per cubic metre, but as a result of higher density in non-coniferous, the
latter has lower emissions per energy unit.
The net effect of substitution per energy unit is displayed in Table 6.

3.2. Effects of policy measures

As described in the Introduction, investment grants to bioenergy
installations cannot ensure lowered GHG emissions, so this policy is
only reflected in increased bioenergy consumption. On the other hand,
increased taxes on competing fuels may increase bioenergy consump-
tion, even if this measure is not directly designed to do so (but to
decrease fossil fuel consumption).
Fig. 2 shows that increased carbon tax on competing petroleum

products has a great effect on bioenergy production, according tomodel
runs. Increase of the tax up to 60€/ton CO2eq results in a yearly pro-
duction of 4000 GWh in district heating systems, compared to almost
zero without implementation. Pellets are more expensive, and need
fossil fuel tax of 100–120€/CO2eq.
Fig. 3 presents the bioenergy production in district heating systems

distributed into NTM II technologies and shows how it changeswith the
subsidy level, without any taxes.Without subsidies, no investments are
done and there is only some very minor production in existing district
heating systems (technology A). Production in this technology is in-
dependent of the subsidies, since there are no investments taking place
(but it depends on the price of competing fuels). While 20% investment
grant only has a minor effect on the production in existing buildings

with already water borne heating (technology B), 50% grant increases
the production level many times.
The interactionbetween tax and subsidies (Fig. 4) shows that if no or

only low taxes are imposed, subsidies may significantly increase the
bioenergy production. If taxes of 40€/ton CO2eq are introduced, sub-
sidies to district heating installations give less effect in terms of bio-
energyproduction. Above that tax level, there is hardly any effect at all—
the small effect of 50% subsidies at the highest carbon tax levels is
crossed out by reduced bioenergy use in central heating installations.
Thus, if the goal is to increasebioenergy production, the policymeasures
should be chosen carefully in order to avoid negative interactions.
Taxes on fossil fuels reduce GHG emissions because consumption

of the products decreases when their prices increase. Chips in district
heating installations are the first to replace fossil fuels with higher
taxes (20–60€/ton CO2eq), while pellets hardly enter the market
below a tax of 100–120€/CO2eq (Fig. 5). The potential in existing
wood-based district heating installations (A) is limited, and the major
reduction takes place in installations with existing infrastructure
where the fossil fuels is replaced bywood fuels (B).Without subsidies,
there is no production in new buildings (C), even at the highest tax
levels.

3.3. Costs of public intervention

The costs part of analyses of public intervention is as central as the
study of the GHG and bioenergy production effects, in order to make
different measures comparable. The direct marginal costs associated
with the carbon tax are simply the tax itself. The costs are less
straightforward to estimate for the subsidies to bioenergy production.
In this study, the cost per GWh of bioenergy production per year
is calculated as the direct support given by the authorities divided
by the additional yearly bioenergy production, i.e. the difference in

Table 4
GHG emissions from exploitation, production, transport and combustion of fossil fuels.
(Sources: Spath et al. 1999; Statoil according to Petersen, 2003; SFT, s.a.).

Fossil fuel Tons CO2eq/GWhhigh
from exploitation,
production and
transport

Tons CO2eq/
GWhhigh from
combustion

Efficiency(%) Total tons
CO2eq/GWhlow

Electric wall
heater (coal)

12 310 40 805

Paraffin stove 12 253 80 331
Domestic
heating oil in
central heating

12 273 90 317

Tons CO2eq/GWh.

Table 5
GHG emissions from harvest, production, transport and combustion of wood fuels
consisting of 70% coniferous and 30% non-coniferous.
(Source: Raymer, 2006).

Wood fuel
and technology

Tons CO2eq/
GWhhigh from
harvest, production
and transport

Tons CO2eq/
GWhhigh from
combustion

Efficiency(%) Total tons
CO2eq/GWhlow

Fire wood in
wood stove

10 19 60 48

Pellets in
pellet stove

7 4 90 13

Pellets in central
heating system

7 4 80 15

Chips in district
heating system

7 5 80 15

Tons CO2eq/GWh.
Emissions from harvest, production and transport include CO2, as well as the other GHG
considered in the study. CO2 is excluded in calculation of emissions from combustion, as
the wood is considered carbon neutral.

Table 6
Net effect of substitution per energy unit.

Substituting wood
fuel and technology

Fossil fuel and
technology substituted

Net effect of substitution
tons CO2eq/GWhlow

Fire wood in wood stove Electric wall heater (coal) 758
Pellets in pellet stove Paraffin stove 318
Pellets in central
heating system

Domestic heating oil in
central heating

302

Chips in district heating
system

Domestic heating oil in
central heating

301

Tons CO2eq/GWhlow.

Table 3
Physical properties of wood fuels.
(Sources: Hohle, 2005; Heje and Nygaard, 1997).

Wood
fuels

Energy
content
kWh/ton
pellets

Base density
roundwood
kg/solid m3

Moisture
content
(wet basis)

Energy content
roundwood,
kWh/solid m3

Solid m3

roundwood/
ton pellets

Fire wood
coniferous

440 35% 2182

Fire wood
non-coniferous

489 35% 2425

Pellets
coniferous

4800 394 8% 2067 2.322

Pellets
non-coniferous

489 8% 2565 2.322

Chips coniferous 394 35% 1954
Chips
non-coniferous

489 35% 2425
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production per year between the subsidies-scenario and the basis.
Fig. 6 displays the interaction between the costs of subsidies to wood-
based district heating installations (€/GWh produced heat from
bioenergy) and the carbon tax level (€/ton CO2eq on fossil fuels). As
the graphs show, the subsidies tend to provide less bio-heat per Euro
as the tax on competing fuels increases. The reason is as the tax
increases, bioenergy becomes more competitive also without subsi-
dies, and the effect of subsidies will thus be reduced. The cost graphs
are not displayed for the whole tax range, because the production
level remains unchanged between some tax levels. 20% investment
grants to district heating installations, if there are no carbon taxes,
cost with our calculations 50000€/GWh produced heat.

4. Discussion and conclusion

4.1. Unit emissions

The emissions from processing and combustion of fossil and wood
fuels used in this study are of the same magnitude as in comparable
works (Hektor, 1998; Wihersaari, 2005; and Korpilahti, 1998).
As described,we have assumed thatwood fuels are not entirely GHG

neutral, only carbon neutral. The carbon neutrality of bioenergy is often
taken for granted, but for this to be true, the forest incrementhas to be at
least as great as the harvest. As explained earlier, the harvest in Norway
ismuchsmaller than the increment; the conditionof carbonneutrality is
thus met. The highest increase in wood fuel consumption in the
scenarios, 7500 GWh, corresponds to a wood input of around 5 Mm3. It
is outside the scopeof this study to analysewhere thiswoodwould stem

from, from decreased input to particleboard, pulp and paper or from
increased harvest. But even if all the wood would be additional to the
base scenario harvest, the Norwegian forests would still be a net CO2
sink. Bolkesjø et al. (2006) applied the NTM II to analyse the con-
sequences of higher energy price and increased bioenergy consumption
on the forest industries, and found that most forest industries, except
particleboard industry, seem rather robust to increase in the energy
prices, even if it causes higher pulpwood prices. Increase in energy price
triggers, according to their study, bothmore domestic harvest andmore
imports.
Ideally, we would include net emissions of CH4 and N2O, i.e. the

emissions from combustion subtracted the emissions if the wood had
undergone decomposition in the forest. Because of lack of literature
on emissions of wood undergoing decomposition, these emissions are
not considered. Thus, all combustion emissions of CH4 and N2O are
included. Because of these emissions, combustion of bioenergy is also
eligible for carbon tax (or “GHG tax”, which would be a more precise
name for taxes on fossil fuels as well). But this tax would be negligible,
circa 2.5⁎10−4€/kWh for pellets and chips with a tax level of 20€/ton
CO2eq.
Even though LCI may provide useful information about the impacts

from a product's entire value chain, there are also often problems in
comparing LCIs because different LCIs may have considerably different
underlying assumptions— cf. e.g. Petersen and Solberg (2005). It is not
always clear how far-reaching the analyses are, i.e. which impacts are
included. In addition, some analyses include several GHGs, while others
concentrate only on CO2. Finally, there is always a questionwhether the
analysedvalue chain is representative for the actual chainsused. Despite
such uncertainties, the LCI used in this study provides in our opinion
good indications about the products' environmental impacts.
Fire wood is only included in the first part of the analysis, in esti-

mating emissions and emission reductions per energy unit. Fire wood is
assumed to substitute coal-based electricity, even if almost the entire
Norwegian electricity production is based on hydro power. Norway
trades electricity with the other Scandinavian countries, where the
marginal production is coal-based electricity, because its marginal costs
are higher than for hydro and nuclear powers, substitutes in these
countries. But there are also capacity limits on the grids between
Norway and those countries, and the limits were binding in 40% of the
time in 2006 (Nordpool, s.a.). Thismakes it unclearwhat the substituted
energy source at different points of time would be. If fire wood sub-
stitutes hydro power instead of coal power, the net effect of substitution
turns to be negative because fire wood emits more GHG over the life
cycle than hydro power does (Vattenfall, 2005). Additionally, coal
power supply is rather inelastic because of high shut-down and start-up
costs, which may further reduce the substitution effect. Since fossil fuel
taxes typically are each nation's affairs, it would be less relevant to
address taxes on foreign coal power in this paper.

Fig. 2. Projected bioenergy production in pellet stoves, central heating systems and district heating systems in year 2015 (GWh) with varying tax level on fossil fuels.

Fig. 3. Projected bioenergy production in district heating installations based onwood fuels
(GWh) inyear2015with varying subsidy level, no taxeson fossil fuels.A=existingdistrict
heating (no investments) and B = existing buildings with water borne heating. (No pro-
duction in new buildings (C)).
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4.2. Effects and costs of public intervention

Investment grants to district heating installations may have
large impacts on the bioenergy production. However, in order to

have any significant effect, according to our analyses, the grant
has to be greater than 20% of the investment costs if the measure
is not combined with higher tax on fossil fuels. On the other
hand, if the tax on competing fuels reaches 40€/ton CO2eq, the
subsidy cost per GWh additional bioenergy production increases
substantially.
The taxes seem effective in the area around 40€/ton CO2eq, where

fossil fuels in district heating installations are widely replaced. More
substitutions occur in pellet stoves and central heating systems, but
only at tax levels which probably are unrealistic, at least today. Such
replacements in district heating systems may reduce the total GHG
emissions by 1.15 Mtons CO2eq at a tax at 60€/ton CO2eq or more,
while the reductions from replacing fossil fuels with pellet indoors
add up to the same at the highest tax level analysed (160€/ton
CO2eq). For comparison, the total GHG emissions from heating in
Norway are around 3.2 Mtons CO2eq (The Norwegian Ministry of the
Environment, 2006). According to the results, emissions from heating
may thus be reduced by 70% with the use of taxes, but these taxes
have to be very high to make the second half of these reductions
happen.
As the results display, both subsidies to bioenergy and taxes on

fossil fuels increase bioenergy production. Even if both measures
make wood fuel relatively more competitive compared to fossil fuel,
the total energy consumption depends on the chosen measure.
Investment grants tend to increase total energy consumption, while

Fig. 4. Projected bioenergy production in district heating installations based on wood fuels (GWh) in year 2015 with varying subsidy and tax level.

Fig. 5. Avoided GHG emissions (M ton CO2eq) in year 2015 from replacement of fossil fuels in different installations with varying carbon tax (€/ton CO2eq). No subsidies assumed.
A = existing district heating (no investments) and B = existing buildings with water borne heating. (No production in new buildings (C)).

Fig. 6. Relationship between carbon tax on fossil fuels (€/ton CO2eq) and costs of 20%
and 50% investment grants to bioenergy production in district heating installations (€/
GWh) in year 2015 for technologies B (existing buildings with water borne heating)
and C (new buildings). (No production in technology C takes place with 20% support.)
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taxes will reduce it. If the objective is to increase the total quantity
consumed of bioenergy, investment grant is the most efficient
measure. Taxes on fossil fuels will also increase bioenergy consump-
tion, but cannot ensure efficiency in this case. If reduction of GHG
emissions is the goal, a tax on fuels emitting such gases is the most
efficient measure — and the tax should be the same per CO2eq for all
emission sources (Golombek and Hoel, 2005).
In the analysis, we have evaluated how much higher carbon tax

reduces emissions by replacing petroleum consumption with wood
fuel, which occurs because bioenergy becomes relatively more
competitive. But this estimate is likely to be conservative, because
the emissions may also be further decreased with higher tax due to
reduced overall energy consumption. For the district heating
installation subsidy policy, it is possible to estimate the amount of
wood heating increase, but not the amount of fossil fuel decrease, nor
the amount of GHG reduction. Because subsidies tend to lower the
costs to consumers, we cannot ensure that the increased use of wood
fuels will displace the same energy amount of fossil fuels, hence the
GHG emissions will probably decrease less than an estimated amount
of fossil fuel emissions that the wood energy systems could ideally
displace. These aspects are not analysed in the study, and should
preferably be approached by the use of a broader energy model or a
computable general equilibrium (CGE) model.
In December 2008, the expected price of CO2 emission allowances

for 2008–2012 in the European Union (EUAs) is 15–20€/ton (Nord-
pool, 2008). The Norwegian carbon tax of petrol is 43€/ton CO2,
while the oil and natural gas exploitation industry pays 32–43€/ton
CO2 (The Norwegian Ministry of Finance, s.a.). The Norwegian
government's project of capturing CO2 from a gas heat and power
plant at Mongstad in Norway will probably have abatement costs of
more than 63€/ton CO2 (The Norwegian Ministry of Petroleum and
Energy, 2007). Reducing GHG emissions by higher taxes on fossil
fuels used in heating is thus less costly than many of these other
measures taken.
The calculated costs in our study only include direct effects, and

should be interpreted as a lower bound. Effects and costs are
calculated for year 2015 and include investment costs in that year,
with assumed 20 years lifetime of installations. Any indirect effects, as
technological improvements from learning, rural employment, alter-
native costs of subsidies, use of tax revenues, etc. are excluded.

4.3. Overall discussion

Inclusion of production of all commercial wood products in
Norway makes the NTM II adequate to model development in the
bioenergy sector. Only aminor part of thewood fuels in Norway stems
from logging residues, and the main share of the wood fuel is also
suitable for other purposes, as pulp and particle board. An integrated
modelling of the entire forest industry sector as provided by the NTM
II is therefore a necessity to consistently project developments of
bioenergy production. On the other hand, this analysis only looks at
the effects on the forest sector, and excludes the rest of the economy,
except for the assumptions made regarding economic growth. There
might be smaller effects on other parts of the economy which are not
included. Use of CGE models might have addressed these effects, as
well as these effects' feedbacks on the forest sector. On the other side
contributes the forest sector to less than 1% of the GDP in Norway, so
the effects on the economy outside the forest sector are probably
small.
According to the results, the maximum potential in some

bioenergy technologies is reached quite fast with increasing carbon
tax, once the production is initiated. This trend is especially clear
for district heating installations and pellet stoves. It is, however,
possible that the potentials are reached faster in the model than
the actual development, because the model does not cover all

variations in the actual cost structure in some bioenergy
technologies.
The base energy price of 50€/MWh assumed in the model

analyses, taxes included (but VAT excluded), is lower than the recent
historic prices in Norway. During the last fifteen years, the domestic
heating oil price has increased from around 40€/MWh to 100€/
MWh, which also includes the current carbon tax of 0.07€/l. In the
model's base year, 2003, the price was circa 70€/MWh (Statistics
Norway, 2009). However, even if the energy price is too low, we
consider the results to still be of relevance. To improve further
analyses, prices of both energy and input factors (which partly have
increased since the base year) should be updated. Increasing the
energy price in the simulations would have the same effect on
bioenergy production as higher tax on fossil fuels. For example, an
energy price of 70€/MWh (the actual price in the base year)
corresponds to a carbon tax of 60€/ton CO2eq with an energy price
of 50€/MWh.
The energy prices in district heating are today lower than the

average electricity price for end-consumers, implying that district
heating should to a higher degree attract investments than what the
present investment rate indicates. A reason for this lack of
accordance may be that modification and installation of district
heating plants and infrastructure take such a long time that the
results are not visible yet, since the energy price has reached this
level only recently. Uncertainties of future energy prices and policies
may also cause inertia in the investments, as well as market
imperfections may do. When developing infrastructure for district
heating, constructions have to be build in a large scale and for many
consumers to be profitable. Lack of pipes for water borne heating is
probably also delaying the development of district heating in
Norway.

5. Conclusion

In this study, we found that a tax on domestic heating oil and
paraffin could increase bioenergy consumption in district heating
installations with almost 4000 GWh per year, if the tax level is at least
60€/ton CO2eq. More bioenergy use could take place as pellets in
stoves and central heaters if the carbon tax is augmented tomore than
100€/ton CO2eq. 50% investment grants to wood fuel-based district
heating installations could also increase the bioenergy use signifi-
cantly. However, if these two measures are combined, the costs
associated with promoting use per unit of bioenergy output are likely
to increase. Investment grants to bioenergy installations cannot
ensure reduced GHG emissions because the price the consumers
face tends to be lower with subsidies. Subsidies should be used if the
goal is to increase the use of bioenergy. Taxes on fossil fuels are more
likely than subsidies to reduce GHG emissions since higher energy
price leads to lowered consumption. We found the potential for
reduced emissions from district heating to be about 1.15 M tons
CO2eq/yr with a carbon tax of 60€/ton CO2eq and a similar reduction
potential from indoor installations switching to pellets with a carbon
tax of 160€/ton CO2eq. With a carbon tax of 160€/ton CO2eq,
emissions from heating in Norway may be reduced by 70% with
resulting changes to wood energy systems. But due to several inertias
in the energy market and development of district heating systems,
these numbers are not likely to be achieved directly. However, both
taxes and subsidies seem to be effective policy measures to reach the
respective goals.
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a b s t r a c t

The forest sector faces changing political paradigms and volatile

policy measures. Policy makers rely on economic and biological

models to inform them of the impacts and risks associated with

both anticipated and unforeseen policies or shocks to the system.

Assumptions about agents’ knowledge of future events are fun-

damental in all forms of models suggesting that the degree of

information of future events may have large behavioral impacts.

Despite the importance of this assumption, few studies have looked

into what this difference in information may imply, and few stud-

ies have analyzed the importance of varying the degree of a priori

information on the impacts of policy measures. This paper attempts

to elucidate some of these impacts by comparing how an exoge-

nous shock affects the Norwegian forest sector if the agents are

assumed to have: (i) perfect information, (ii) information about the

market shift only a limited time before its implementation or (iii)

no a priori information. The shock analyzed is an import ban on

all coniferous wood into Norway, which is possible if the Pinewood

nematode (PWN) becomes more widespread in Europe. To examine

this question, we adapt the Norwegian forest sector model NorFor

to reflect perfect, limited and no prior information. The results indi-

cate that if the agents anticipate the shock, they will begin to adjust

harvest and production levels before it occurs. Due to high opportu-

nity costs, harvest is reduced in the first periods to allow increases

later. Bioenergy, with much lower profit than pulp and paper on

the margin, is the hardest hit by the ban, while paper production is

little affected. This may also be due to high capital costs in the paper
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industry and a perfectly elastic wood demand curve for bioenergy

use. Substantial price increases for both raw materials and final

products are suggested under either limited or perfect foresight.

The analysis may provide useful insight about how agents react to

sudden changes depending on their a priori information.

© 2011 Department of Forest Economics, SLU Umeå, Sweden.

Published by Elsevier GmbH. All rights reserved.

Introduction

Forest sector models are widely used to analyze the impacts of changes in economic or policy

frames, which may be gradual or occur as shocks. Depending on the assumptions about agent foresight

in the models, such changes may imply different policy impacts. In a perfect foresight model, the agents

are assumed to have perfect market information for the whole projection horizon. Thus, market shocks

are actually not shocks in such models, as they are anticipated from the first period and the behavior

is adapted accordingly. Examples of forest sector models assuming perfect information include the

FASOM model (Adams et al., 1996), the various regional models of Oregon developed by Adams and

Latta (2005, 2007), the Timber Supply Model (TSM) (Sedjo and Lyon, 1990) and models related to the

TSM by Sohngen and Mendelsohn (1998) and Sohngen et al. (1999).

Yet, most models assuming that information available to the agents is imperfect are myopic models.

These models assume that agents only possess information about the current period and the past, and

know nothing about future conditions. The GTM (Global Trade Model) family, such as the GTM (Kallio

et al., 1987), CGTM (Cardellichio et al., 1989), EFI-GTM (Kallio et al., 2004) and NTM (Trømborg and

Solberg, 1995; Bolkesjø, 2004) as well as the Global Forest Products Model (GFPM) (Buongiorno et al.,

2003) all operate under this assumption.

Questions have arisen over the degree to which perfect foresight models are fit to predict behavior

since the underlying assumption of perfect information over the whole time horizon is extreme and

rather far from observed behavior. On the other hand, it is also a simplification to assume that agents

have no information beyond the current period. The questions should rather be how much information

agents are assumed to have, and how different degrees of information impact behavior?

The purpose of the present study is to analyze behavioral impacts resulting from agents’ foresight

conditions, i.e., no foresight, or foresight limited to some time, or full foresight, in a forest sector model.

The study utilizes the Norwegian forest sector model NorFor, a dynamic equilibrium model with the

default assumption of perfect foresight. The model is adapted to be able to reflect limited or no a priori

knowledge of a future market shift.

We analyze the impacts of a general import ban on all coniferous timber to Norway beginning in

2020. Based on economic theory, several different forms of response are possible:

i. Having full information, agents will begin adapting from the first period of the simulation.

ii. If forest owners anticipate the ban, they will reduce timber harvest in the years before the ban in

order to save timber for later periods when prices are higher.

iii. Due to (ii), harvests will increase more after the ban is introduced if the agents have perfect foresight

than if they have not.

iv. If industry agents do not possess information about the ban, industrial production will be reduced

considerably after the ban is imposed.

To test these hypotheses, four scenarios are run:

1. Base scenario with no ban (BASE).

2. Import ban in 2020 with perfect knowledge, i.e., the ban is known from 2010 (PK).

3. Import ban in 2020 with limited knowledge, i.e., the ban is known from 2015 (LK).

4. Import ban 2020 with no knowledge, i.e., the ban is known from 2020 (NK).
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In scenarios 3 and 4, the model is solved iteratively over time periods with periods prior to knowl-

edge of the import ban constrained to base scenario levels, reflecting the assumption that agents have

no information of the ban and hence no basis on which to change behavior. From the period the import

ban is known, the model is allowed to adjust. The differences in behavior among scenarios 2–4 reflect

how the agents may adjust depending on whether they have information about the shock beforehand

or not.

The introduction continues with a brief literature review of the underlying theory and its

application, an overview of the Norwegian forest sector and the Pinewood nematode to pro-

vide further context for the study. The section “Methods” describes the NorFor model and how

it incorporates forest investment decisions interrelated with industrial capacity, processing, and

forest products trade. The results of the scenario analysis are presented in the third section

and discussed in the section “Discussion and conclusions”, where also the main conclusions are

drawn.

Foresight assumptions in economic modeling

The rational expectations hypothesis (REH), put forward by Muth (1961), asserts that the subjective

expectations of the agents equal the expectations conditional on the information available. Or, by

Muth’s (1961) own words (p. 316): “. . .that expectations of firms (or, more generally, the subjective

probability distribution of outcomes) tend to be distributed, for the same information set, about the

prediction of the theory (or the “objective” probability distributions of outcomes)”. The expectations

may differ from the actual values due to unpredictable uncertainty. As Muth (1961) stated, “. . . nor does

it [the hypothesis] state that predictions of entrepreneurs are perfect or that their expectations are all

the same” (p. 317). He did not see the REH as the way agents make their expectations, but he considered

more the hypothesis’ predictive power (Pesaran, 1987). The REH was based on two phenomena that

averages of expectations in industry are more precise than models, and that “reported expectations

generally underestimate the extent of changes that actually take place” (Muth, 1961, p. 316). However,

the hypothesis has been subject to much debate, and there are even disagreements about what the

hypothesis actually states (Gomes, 1982). Pesaran (1987) argues that this hypothesis is extreme and

only holds within the frames of long-run steady state.

Contrary to the REH, the perfect foresight theory does not allow for uncertainty in the system. Per-

fect foresight corresponds to the REH without any uncertainty, and in this case, the expectations would

equate the actual values (Sheffrin, 1996). Thus, the perfect foresight assumption is much stronger than

the REH. Nevertheless, it is widely used in economic modeling.

Also in forest sector models, behavioral assumptions have been the subject of some debate. It

has been claimed that the (global) market equilibrium in one period is “essentially independent of

future market equilibria” (Dykstra and Kallio, 1987, p. 460). However, use of a perfect foresight model

(where the opportunity costs of decisions in all other periods are considered in the harvest decisions

in each period) may still give us useful information about how agents would act if they had perfect

information. The basic theory of harvest behavior also indicates that future price expectations belong

in the model, as owners determine harvest over time to maximize intertemporal utility. Depending

upon the objective of the study and the type of impact to be studied, limited or perfect foresight could

be assumed.

Despite the importance of future information on behavior and adaptations, few studies have dealt

with this question in the forest sector. One exception is Sohngen and Sedjo (1996, 1998), who compared

the price and inventory impacts resulting from several types of exogenous changes in a myopic and a

perfect foresight model. This analysis has some limitations, however, since the model was extremely

simple, involving only a timber demand curve, a simple age class-based forest inventory representa-

tion, and (in the myopic model) a timber supply curve. The sole source of dynamic adjustment in this

analysis is the timber inventory. More complex models involving multiple market levels (beyond tim-

ber) may display different behaviors because of other dynamic elements, such as product inventories,

capacity and capacity investment behavior. Fixed demand functions for timber that do not allow sub-

stitution adjustments over time may also have limited the analysis (Adams and Haynes., 2007). Finally,

Sohngen and Sedjo did not consider changes in behavior that might occur in periods before exogenous
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conditions shift. All changes occur in the “first” period of the analysis and there is no opportunity for

anticipatory adjustment in the perfect foresight model.

Heide et al. (2004) applied the general equilibrium model MSG6 of the Norwegian economy to study

behavior patterns of exogenous shifts depending on whether the shifts are of permanent of transitory

nature, and whether the shifts are anticipated or not. There are twelve exogenous shifts in their study,

ranging from changes in export and import prices (Norway is considered a price-taker in the world

market) to productivity changes, taking place in the first year or year ten. Their results indicate that

the degree to which a world market shift is anticipated or not influences the investment, consumption

and leisure time behavior prior to the shift, and that anticipation of a shift reduces the disturbances

in the market. Furthermore, the impact of the a priori knowledge assumption is the largest just after

the market shift occurs and is dampened with time. Babiker et al. (2009) compared climate change

mitigation costs in a myopic and perfect foresight version of the MIT Emissions Prediction and Policy

Analysis (EPPA) model, a global CGE model. Without any abatement of greenhouse gas emissions,

perfect foresight gives lower energy prices and hence higher consumption and emissions. An equal

relative reduction in greenhouse gas emissions is more costly when the agents lack perfect information

about the future, because future-looking agents can adjust production and consumption beforehand.

The Norwegian forest sector

The Norwegian forest sector constitutes a minor share of the GDP, 0.6% (SSB, 2010a), but is impor-

tant for rural economies and employment. Recent annual harvest for sale fluctuates between 6 and

8 million m3 (in addition to approximately 1–2 million m3 outside official markets), which is well

below half of the annual increment of approximately 25 million m3 (Statistikkbanken, s.a.). The bulk

of the productive Norwegian forest is owned by as many as 120,000 private landowners with the aver-

age property size being scarcely 60 ha (SSB, 2010b). Thus, almost all forest owners have their main

income from outside the forest sector. The pulp and paper industry has consolidated over the last

few decades, and consists of about 20 mills today. Newsprint, uncoated paper, and linerboard are the

primary products with a large proportion of the output destined for export.

Approximately 40% of the pulpwood in the Norwegian forest economy is imported, of which 85%

originates in Sweden and the remainder from other North European countries. In addition, between

700,000 and 1.1 million m3 of chips are imported annually (Statistikkbanken, s.a.). Most of the mills

consuming pulpwood and chips are situated in the eastern part of the country close to the Swedish

border, and transport distance may be shorter for Swedish than for domestic wood. The sawlog import

is limited to about 5% of the harvest. At the same time, pulpwood exports are about half of imports,

while the sawlog exports are similar in magnitude to imports.

The Pinewood nematode in Europe

The North American Pinewood nematode (PWN), Bursaphelenchus xylophilus, is harmless to trees

native to that continent, but kills Scots Pine Pinus sylvestris, the abundant pine species in Europe.

Spruce is not killed by the PWN, but may be a host. PWN has caused great harm to pine in Asia, to

where it was introduced (FCEC, 2008). North Europe has import restrictions on conifer timber and

chips since the 1980s, when the PWN was discovered in pine chips loads imported from Canada and

the U.S. Later, those restrictions were adopted by the EU and applied to most of Europe (Dwinell, 1997).

Nevertheless, in 1999, the first proof of European PWN establishment was found in Portugal (Økland

et al., 2010). Findings of PWN in wood pallets exported from Portugal to other European countries

triggered measures, and the European Commission banned imports of all coniferous wood originating

in Portugal which was not proved of going through specific heating treatment (European Union, 2008).

The PWN is an important risk factor to European forests, and large amounts of money have been spent

in an effort to control its spread. In Spain, where one single tree has proved infested, 3 million Euros

were spent in 2010 for combat (EPPO, 2009). Import restrictions vary between European countries

(EPPO, 2009). In Norway, an overall import ban of coniferous timber with bark from outside Europe

and from Portugal has been in place since 2001. Measures such as bark removal and heat treatment

are required depending on origin (LMD, 2000). Based on the fear in Europe of PWN spread and the
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large pulpwood import into Norway, our hypothesis is that if the PWN is found in Sweden, it may have

large impacts on the Norwegian wood market, due to the import ban which is likely to be imposed in

such a situation.

Methods

NorFor is a spatial, partial equilibrium model of the Norwegian forest sector based on the assump-

tion of perfect competition and perfect foresight. As such it is important to note that the model solution

is intended to represent market potential and simulated policy changes shift projected market poten-

tial. Based on the objective function of the discounted value of the annual net social payoff, the model

determines the optimal behavior of the agents in primary forest production and industry as well as

consumers. A condensed mathematical description of the model is given in Appendix A.

The structure and data input of the forest industry portion of the model derives in large part from

the NTMII (Bolkesjø, 2004), with updated capacity data. Forest growth depending on management

is simulated with the stand simulator Gaya (Hoen and Eid, 1990). The incorporation of the forest

management yields into the dynamic linear programming harvest schedule problem comes to a large

extent from the regional models of Oregon (Adams and Latta, 2005, 2007).

NorFor includes 18 Norwegian counties (all counties except Finnmark) along with one foreign

region for import and export and operates in five-year periods. The foreign region is a pure trade

region with no industrial production and includes only the net trade with Norway.

The NorFor model can be divided into four parts: forest management and harvesting; industrial

capacity and processing; wood products consumption and prices; and trade of timber and wood

products.

Forest management and harvesting

The forest data are comprised of approximately 9000 national forest inventory plots covering all

productive Norwegian forest land. The growth and yield for each plot is simulated with Gaya for up

to seven management options in addition to final harvest: no management; thinning; precommercial

thinning favoring hardwoods; precommercial thinning favoring hardwoods and thinning; precom-

mercial thinning favoring softwoods; precommercial thinning favoring softwoods and thinning; and

shelter wood harvest. The criteria for stand ages at which thinning occurs are set exogenously whereas

timing of final harvest is endogenous. Yields are also generated for regenerated stands following final

harvest and depend on site class, species, and regeneration methods. With the exception of shelter

wood harvests, the conditions in a stand after final harvest are independent of the conditions of the

prior.

In the dynamic optimization problem, the model selects the appropriate management options

through time for each hectare of forest land. This management selection includes current stand har-

vest timings as well as regenerated stand silvicultural investment and harvest timings. Planting, site

preparation as well as precommercial thinning options comprise the silviculture investments choices.

The timber supply consists of sawlogs and pulpwood from thinning and final harvest of pine, spruce

and birch species. Supply from abroad of wood and intermediate products is defined by a constant

elasticity import supply function.

Industrial capacity and processing

The industry structure and data are to a large extent taken from the NTMII (Bolkesjø, 2004) but with

updated capacity data for the pulp and paper industry. The solid wood industry is defined at the county

level, while the pulp, paper and board industry is defined at mill level. Sawmills process the logs into

lumber, and sell the slabs and off-cuts to the pulp, paper and board industries or for bioenergy. If no

action is taken, capacity is depreciated at a fixed percent per year. Industry agents may also choose to

maintain the capacity level or to add new capacity. Inputs other than wood and intermediate wood

products, such as capital, labor, energy and recycled paper are priced exogenously.
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The share of sawlogs and pulpwood in a stand is defined by Gaya, but sawlogs may be downgraded

to pulpwood. Pulpwood can be used for producing pulp, paper and board, or downgraded as well for

bioenergy purposes.

Wood products consumption and prices

The demand for final products is the engine for processing and harvesting. In all regions, demand

functions for final products, such as sawnwood, paper grades and bioenergy, are represented by basic

prices and quantities from NTMII runs and elasticities based on econometric studies. All products, raw

material, intermediate and final products, can be exported, facing export demand functions similar to

those for final products in Norway.

Bioenergy is a rather insignificant commodity in the large heating market, dominated in Norway

by electricity. Thus, the energy demand is perfectly elastic at a fixed price, implying that bioenergy

production does not impact the energy price.

Trade of timber and wood products

The forest sector is transport intensive, with long distances between the forest, forest industry and

consumers. Wood and wood products can be transported between all regions in Norway and to/from

abroad, and shipments will take place if the price difference is greater than the transport costs, to

ensure the maximization of the net social payoff (Samuelson, 1952).

Results

The scenarios were run for 15 five-year periods, using a discount rate of 3%. To reduce the potential

for the terminal valuation impacting the policy analysis, only two thirds of the modeling time horizon,

i.e., from year 2010 to 2055, is presented.

Base scenario: no ban

In the base scenario, domestic harvest level is at 19.6 million m3 the first period, decreasing until

2055, when 8.3 million m3 is harvested. Almost half of the harvest (9 million m3) in the first period

is birch, but the relative contribution of birch declines rapidly, to about 10% of total harvest in 2055

(840,000 m3). Harvested volume of coniferous sawlogs starts at 2.4 million m3 increases to its maxi-

mum in 2020 (4.0 million m3) and thereafter declines.

Timber imports increase steadily from about 3.6 million m3 in first period to 4.3 million m3 in end

of the modeling horizon. 75% of the imports are coniferous pulpwood and 17% are birch pulpwood.

Spruce is the only sawlog imported. Exports of timber amount to approximately 800,000 m3, of which

about half is pine pulpwood, and the remaining divided almost equally between spruce sawlogs and

spruce pulpwood.

Prices for most final products increase over the time horizon. For spruce sawnwood, the most

important solid wood product in terms of volume, the price growth is about 50% over the 10 period

horizon, starting at ∼150D (1,200 NOK).1 The relative price increase of newsprint is similar in magni-

tude, starting at 523D , while uncoated paper sees a smaller increase of 13% from its first period price

of 777D .

Demand for sawnwood increases from first to second period, and thereafter remains quite stable

with spruce near 1.9 million m3 and pine roughly 900,000 m3. More than 75% of the pine sawnwood

demand is met with imported wood; while the number for spruce sawnwood is 15–21%. Spruce sawn-

wood production follows the same basic pattern as demand. Newsprint demand experiences a small

decrease to the second period, but is thereafter stable at 750,000 tonnes. Uncoated paper demand

is 740,000 tonnes initially then increases stepwise to 800,000 tonnes. Bioenergy demand is volatile,

1 An exchange rate of 0.125 between Norwegian crones (NOK) and Euros has been applied throughout the paper.
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Fig. 1. Harvest of coniferous pulpwood (million m3) in all scenarios.

Table 1
Harvest levels of coniferous and birch pulpwood relative to BASE.

Period Coniferous pulpwood and sawlogs Birch pulpwood

PK (%) LK (%) NK (%) PK (%) LK (%) NK (%)

2010 −5 – – −5 – –

2015 −6 4 – −3 −10 –

2020 −5 2 4 −4 −12 −22

2025 −9 −2 −1 17 13 7

2030 −12 −7 −6 43 47 38

2035 −12 −8 −8 32 42 40

2040 −2 −1 −1 −18 4 4

2045 3 2 2 −38 −13 −13

2050 13 6 6 −66 −42 −39

2055 9 −1 −2 −25 −37 −29

and the patterns follow the harvest levels. The first period demand is 20 TWh delivered heat in wood

stoves, which is reduced to less than 5 TWh in the last period.

Forest management and harvest

Harvest levels of coniferous pulpwood for the four scenarios are given in Fig. 1. Some trends become

apparent in analyzing the output. The PK scenario reduces its harvest levels immediately below the

base and remains below until after 2040. The LK and NK both increase coniferous pulpwood harvest

levels in the period agents gain knowledge of the import ban, however their harvest behavior is nearly

identical following the 2020 period as harvests fall below the base case, yet remain above the PK

scenarios until 2040.

Table 1 presents the percentage change from the base levels in total coniferous and birch pulpwood

harvest for the scenarios. The coniferous total harvest numbers have the same basic traits as the

coniferous pulpwood harvests discussed above. In the PK scenario, harvest is reduced prior to the

ban, but the reduction continues, and increases in magnitude until 2040. The harvest patterns are

similar, but of smaller magnitude, in the LK and NK scenarios. The birch pulpwood harvest behaves

differently. Having knowledge from the first period, the agents reduce the harvest, but increase it

substantially in periods after the ban is introduced, for reducing it even more later. Without any

anticipation of the ban, birch pulpwood harvest is reduced by 22% in 2020. Birch sawlogs harvest is
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Table 2
Industrial production in ban scenarios relative to BASE.

Period Pulp and paper Coniferous sawnwood Bioenergy

PK (%) LK (%) NK (%) PK (%) LK (%) NK (%) PK (%) LK (%) NK (%)

2010 0 – – −1 – – −6 – –

2015 −1 0 – −2 −2 – −6 0 –

2020 −3 −2 −2 −4 −3 −3 −31 −26 −26

2025 −2 −3 −3 −4 −3 −3 −35 −28 −29

2030 −2 −2 −2 −4 −3 −3 −39 −33 −33

2035 −2 −3 −3 −5 −4 −4 −46 −37 −37

2040 −3 −4 −4 −6 −6 −5 −55 −45 −45

2045 −3 −5 −5 −7 −10 −10 −63 −53 −53

2050 −4 −7 −7 −7 −14 −15 −68 −58 −57

2055 −4 −8 −9 −7 −18 −18 −60 −63 −61

Table 3
Spruce pulpwood prices relative to BASE.

Period PK (%) LK (%) NK (%)

2010 1 – –

2015 2 9 –

2020 8 10 14

2025 7 9 17

2030 8 13 28

2035 15 25 49

2040 21 45 82

2045 29 75 98

2050 38 90 116

2055 33 106 137

very stable between the scenarios, starting at 43,000 m3 in first period and increases to 82,000 m3

in 2055.

Coniferous harvest is reduced to some degree in all ban scenarios in the first decades, but it levels

off by 2040. When the ban is introduced in 2020 and not perfectly anticipated, the intertemporal

allocation is smaller. Coniferous and birch pulpwood are substitutes in bioenergy (but not for pulp

and paper), and harvest of birch stands increase considerably with the decrease in coniferous harvest

which counterweights the coniferous decline. When coniferous harvest increases after 2040, harvest

of birch goes down.

In the PK scenario, coniferous pulpwood is retained with between 0.5 and 1.5 million m3, compared

to BASE until 2035, and in 2050, pulpwood harvest is 0.85 million m3 higher in the PK scenario than

in BASE.

Industrial capacity and processing

In the model, pulpwood is used for pulp, paper, boards and bioenergy. The results indicate a shift in

production with the ban. While pulp and paper production is relatively stable throughout the horizon,

bioenergy declines rapidly (Table 2). Even if the ban is anticipated, production decrease accelerates

only after the ban is imposed. Sawnwood production decreases to maximum 7–8% in the perfect

knowledge scenarios, and up to 18% if anticipation is somewhat or completely limited.

Wood products consumption and prices

Wood prices would potentially be impacted by the ban. Results indicate that reducing the time

agents know about the ban prior to its implementation may lead to greater price impacts (Table 3).

Consequently, an import ban in 2020 has the largest impact when it is not anticipated.An import ban

imposed in 2020 which is not anticipated beforehand or only five years beforehand may have large
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Fig. 2. Domestic price of spruce sawnwood (NOK/m3) in the scenarios. (Prices in NK scenario are almost identical to LK.)

impacts on product prices. Such a ban may cause the spruce sawnwood price to more than double

over the horizon. The results suggest that a ban anticipated in ten years disturbs sawnwood prices

less than the same ban with no prior information (Fig. 2). Similar patterns are found for newsprint

(Fig. 3). The differences in prices between the scenario where the ban is known five years prior to the

enforcement (LK) or not known beforehand at all (NK), are small. The degree of anticipation seems to

have more impact on prices of pulpwood than on wood products.

Both sawnwood and paper consumptions are relatively stable in the years after introduction of

the ban (Table 4), but sawnwood consumption is more disturbed than paper, and reduced a priori

knowledge triggers larger impacts, also in later periods. Since bioenergy in the model is not tradable

(only wood for energy), consumption equals production.
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Fig. 3. Domestic newsprint price (NOK/tonne) in the scenario. (Prices in NK scenario are almost identical to LK.)
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Table 4
Consumption of coniferous sawnwood and paper relative to BASE.

Period Coniferous sawnwood Paper

PK (%) LK (%) NK (%) PK (%) LK (%) NK (%)

2010 −0 – – 1 – –

2015 −1 −1 – 0 0 –

2020 −2 −2 −2 −0 −1 −0

2025 −2 −2 −2 1 0 −0

2030 −2 −2 −2 −0 −3 −3

2035 −2 −2 −2 −2 −4 −4

2040 −3 −3 −3 −1 −1 −1

2045 −4 −6 −6 −0 −3 −3

2050 −4 −7 −8 0 −4 −4

2055 −3 −8 −9 0 −4 −4

Table 5
Import of wood products relative to BASE.

Period Pulp and paper Coniferous sawnwood

PK (%) LK (%) NK (%) PK (%) LK (%) NK (%)

2010 3 – – 1 – –

2015 0 0 – 3 1 –

2020 2 3 3 2 1 1

2025 2 1 1 2 1 1

2030 2 1 1 3 1 1

2035 2 2 2 2 2 1

2040 1 1 1 3 2 1

2045 0 0 0 3 4 4

2050 0 1 0 3 6 6

2055 −1 7 18 3 8 8

Trade of timber and wood products

Import of manufactured wood products (pulp, paper, boards and sawnwood) is not much changed

with the ban. Only in the last periods of the time horizon do imports increase in the non-perfect

knowledge scenarios (Table 5). Import of birch is not affected by the ban.

Export of coniferous timber is reduced by up to 10% in the PK scenario, and up to 21% in the LK

and NK scenarios (Table 6). However, it is only in the latest periods that this reduction takes place.

A 10% reduction corresponds to about 90,000 m3. Sawnwood export is only slightly impacted by the

ban, while pulp and paper export is reduced to some extent.

Table 6
Export of coniferous timber, coniferous sawnwood and pulp and paper relative to BASE.

Period Coniferous timber Coniferous sawnwood Pulp and paper

PK (%) LK (%) NK (%) PK (%) LK (%) NK (%) PK (%) LK (%) NK (%)

2010 – – – −1 – – −1 – –

2015 – – – 0 0 – −2 0 –

2020 −2 −2 −2 0 0 0 −3 −2 −3

2025 0 – – – – – −4 −4 −4

2030 −3 −3 −3 0 6 6 −3 −2 −2

2035 – – – −6 0 0 −1 −2 −2

2040 −8 −5 −5 0 0 0 −3 −4 −4

2045 −10 −10 −10 − −1 −1 −4 −5 −5

2050 −10 −15 −15 −1 −1 −1 −6 −8 −8

2055 −10 −21 −21 −1 −7 −7 −6 −9 −9
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Discussion and conclusions

This study provides insight into how agents in the Norwegian forest sector could react to a sudden

exogenous change depending upon their a priori information. Given that the model chosen for the

analysis, NorFor, utilizes perfect information in its dynamic optimization of intertemporal welfare its

resulting allocation of resources should be viewed as a sort of maximum market potential rather than

a forecast. Scenario analysis using such a model provides decision makers with relevant information

in the form of the change in market potential with the introduction of a policy. In general, perfect

foresight smoothes out the impacts of shocks, since optimal decisions are made simultaneously for all

periods. The constraint of limited foresight before the ban reduces the possibilities for intertemporal

adjustment. In the model runs, the adaptations in the perfect knowledge scenario begin in the first

period, by saving timber for later periods when its value increases. Similar results in the scenarios

with LK and NK suggest that anticipating the ban five years beforehand does not give many chances

for adaptations. The small differences between the results in the LK and NK scenarios compared to the

PK case may also be caused by the fact that the investments in the first period in the LK case are done

with incorrect assumptions about future market conditions, and the investments limit the possibilities

of changes in the short run.

Comparing the model runs, the output levels of pulp and paper and sawnwood products change at

most by −9% and −18%, respectively, from the base case. In these instances there is little difference

in the extent of response between the LK and NK cases, being 2–3 times the changes in the PK case.

Similarly, consumption changes in the product markets are at most −9% for sawnwood and −4% for

paper, and the pattern of larger but nearly equal changes in the LK and NK cases compared to the PK

case is preserved.

In log markets, not much change is seen in the domestic harvest of sawlogs, which increases slightly

with the ban due to less downgrading of sawlogs to pulpwood. Changes in pulpwood markets are larger

than those observed in the product markets and more complex. Unlike the product market, the largest

changes are seen for the PK case with smaller and roughly equal changes for the LK and NK cases.

Stability in product markets is obtained at the expense of greater variation in the factor markets (a

phenomenon commonly observed due to elasticity differences). The PK case with the smallest changes

in product output and consumption (and trade) requires the largest shifts in the log market.

A large share of the pulpwood is used for bioenergy before the ban. Since bioenergy profit is con-

siderably lower than for paper grades, bioenergy is the first to be the phased out. The high capacity

costs in the pulp and paper sector and the fixed price assumption for wood for bioenergy may also be

factors in this result. Stability in pulp and paper production is attained at the expense of bioenergy.

This is to some extent also true for sawn wood as well. Under PK, bioenergy production is reduced

more and pulp, paper and sawn wood production is sustained correspondingly more than under LK

and NK.

Patterns of change are roughly similar in log and product trade. Relative changes from the base case

are smallest for products. Sawnwood imports show a larger relative increase than pulp and paper, and

the sawnwood LK and NK import cases are nearly the same at about twice the PK case levels in the last

periods. In exports, reductions in coniferous timber exports are only slightly larger for LK and NK than

the PK case, while there is very little difference between the sawnwood and pulp and paper export

cases.

The relative price impacts are not completely uniform but display pattern similar to those for

production and consumption. Percentage changes in log prices are larger than those in the product

markets. When the ban is implemented the spruce pulpwood price increases in the LK case are larger

than in the NK case, which again are larger than those observed in the PK case. For products, the price

impacts are very similar under LK and NK, substantially higher than under PK.

In the earlier Sohngen and Sedjo (1998) study, their scenario of sudden young timber dieback

comes closest in wood supply effects to our import ban scenario – though they deal only with a timber

market and their dieback occurs before the start of the simulations as a change in initial conditions.

They find larger price impacts in the myopic model in the first years after the shift than in the perfect

foresight model and that the prices in the two models converge with time. We also find larger initial

changes in log prices under the LK and NK cases, but the log price projections diverge over time.
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In the application of MSG6 (Heide et al., 2004) for exogenous market changes anticipated and

unanticipated ten years in the future, the import price increase case is maybe the most comparable to

our study. They found that consumers begin to adapt from the first period by reducing consumption

and leisure. After the market shift has occurred, they reduce less if it is anticipated, and over the entire

horizon, the anticipation leaves consumers better off, compared to the non-anticipation scenario. This

is a general equilibrium model which has a totally different and more complex representation of

consumption than NorFor, but we believe the results are of interest to compare.

To summarize the answers to the hypotheses posed in the introduction:

i. Having full information, agents will begin adapting from the first period of the simulation.

We found clear evidence of adaptive behavior before the ban takes place, however the extent

depended on the length of time ahead of the ban that the agents had knowledge. Knowledge five

years ahead of time led to behavior similar to that of agents who received no a priori information

of the ban.

ii. If forest owners anticipate the ban, they will reduce timber harvest in the years before the ban in

order to save timber for later periods when prices are higher.

This behavior is illustrated in Figs. 1 and 2. Forest owners continue to retain timber after the ban

is imposed, as they foresee even greater price increases later.

iii. Due to (ii), harvests will increase more after the ban is introduced if the agents have perfect foresight

than if they have not.

Given Norwegian forests growth rates and the relatively short modeling time frame of this anal-

ysis, it may be difficult to determine if the harvest behavior noted in our results is consistent with

this hypothesis. When the ban is perfectly foreseen, the agents do appear to retain more coniferous

timber after the ban is imposed which would be consistent with a lengthening of rotations moving

closer to the biological rotation thus leading to higher long term harvest levels. For birch, the trend

is unclear.

iv. If industry agents do not possess information about the ban, industrial production will be reduced

considerably after the ban is imposed.

Post-ban production of pulp and paper and sawnwood does decline more in the LK and NK cases,

as displayed in Table 2. For bioenergy, the production reductions are greater for the PK cases than

for the LK and NK cases.

In considering our results, limited possibilities of substitution in the model may affect the simu-

lation outcomes. A tree-level forest growth simulation model could to a greater extent optimize the

species composition in harvest. In the present model, a stand or a part of a stand is harvested with

all the species it contains. Pulp and paper industries may to some degree change the composition of

input factors, particularly over time. However, due to technological development, this may be difficult

to model for a longer period. Also, different species of sawnwood are probably substitutes in demand,

even if not necessarily perfect substitutes.

The year of the introduced ban, 2020, is hypothetical and not based on projections of market

changes. Choosing another year for the introduction of the ban might have impacted on the results,

for instance might a more distant ban have caused larger differences between the scenarios.

The harvest levels reported here are substantially higher than recently observed levels, as the large

growth increment gives flexibility to harvest increases and we have assumed a relatively high real

term interest rate of 3% p.a. Forest owners may, however, have other, or additional, objectives than

maximization of net present worth. Typically, forest owners prefer to pay for a more stable harvest

level, or to even have non-declining yield. The additional harvest given here compared to the statistics,

is to a large extent birch wood. Almost all birch, independently of quality, is used for bioenergy and

is outside the demand for the traditional forest industry. This indicates that birch could be used to

a much larger extent. However, it is important to keep in mind that the harvest levels given by the

model are potentials of what might happen if all agents follow the behavior indicated by the objective

function and constraints, and is therefore not necessarily comparable with historical data.

Interesting future research could be to compare NorFor with NTM, or to develop a myopic version

of the NorFor model. It could also be possible to replace the forest management model with a simple
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growth model in NorFor to make the perfect foresight and myopic models more comparable. It would

also be of interest to analyze the impacts of having a ban further into the future, to investigate further

the importance of the time available for adaptation.

Conclusions

The impacts of the hypothetical import ban seem, according to the results, to depend upon the

degree of information available about the shock before it occurs. Possessing this information before

the shock may lead the agents to save more timber to later periods, when its value increases. Actually,

the price increase over the whole horizon leads forest owners to save wood also after the ban is

introduced. The PK results indicate that production in the industry may also be altered before the

shock takes place. Because bioenergy production has relatively low profitability and a perfectly elastic

demand for wood, pulp and paper production is conserved to the detriment of bioenergy. The prices

of both raw materials and final products increase substantially, but more if there is no advanced

information about the ban. In general, more information will smooth out shocks. More studies about

the impacts and the consistency with the “real world” of the assumptions of foresight would be of

great interest.

Appendix A. Model specifications

Objective function:

Maximize

T∑
t=1

⎡
⎣∑

r

∑
fp

Dr,fp(Qr,fp,t) +
∑

p

DF
p(Q FD

p,t) −
∑

p

SF
p(Q FS

p,t) −
∑

r

∑
l

∑
cf

FCr,cf × Hr,l,cf,t

−
∑

r

∑
ip

∑
m

∑
f

ECr,t,f × Rip,r,m,f × PRip,r,m,t −
∑

r

∑
ip

∑
m

ICr,ip × (Ck × Cr,ip,m,t

+ Cm × CMr,ip,m,t + Cb × CBr,ip,m,t) −
∑

ar

∑
ar2

∑
p

TCar,ar2,p × TRar,ar2,p,t

]
(1 + i)−t

subject to:∑
XM

∑
t

EXpl,t,XM = HApl ∀ pl (1)

∑
XM

EXpl,t,XM =
∑

t2

∑
XM

∑
NM

NEW XNpl,t,t2,XM,NM ∀ t, pl (2)

∑
t2

∑
XM

∑
NM

NEW XNpl,t,t2,XM,NM +
∑

t2

∑
NM

∑
NM2

NEW NNpl,t,t2,NM,NM2

=
∑

t2

∑
NM

∑
NM2

NEW NNpl,t,t2,NM,NM2 ∀ t, pl (3)

Hr,l,cf,t + Q FS
p,t +

∑
ar2

TRar2,ar,p,t +
∑

m

PRp,r,m,t − WDp,r,t −
∑
ar2

TRar,ar2,p,t

−
∑

m

∑
p

Rip,r,m,p × PRip,r,m,t − Q FD
p,t = Qr,p,t ∀ t, p, r (4)
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Cip,r,m,t−1(1 − dr) + CMip,r,m,t + CBip,r,m,t = Cip,r,m,t ∀ t, ip, r, m (5)

CMr,ip,m,t ≤ Cip,r,m,t−1(1 − dr) ∀ t, ip, r, m (6)

PRip,r,m,t ≤ Cip,r,m,t ∀ t, ip, r, m (7)

CBr,ip,m,t ≤ CMaxr,ip,m ∀ t, ip, r, m (8)

Explanation of constraints

(1): Allocation of existing forest

(2): Harvested existing stands go into a new management regime.

(3): Regenerated and re-regenerated stands go into a new management regime.

(4): Balance of wood inputs and outputs in industry.

(5)–(8): Capacity constraint.

Definition of symbols

Sets

ar, ar2: all regions, within and outside Norway.

cf: forestry cost factor, i.e., costs of logging (final harvest and thinning) and silviculture.

f: costs in industry of input with exogenously determined prices.

fp: end products, i.e., with a demand function in Norwegian regions.

ip: industrial product, i.e., intermediate and end products from industrial production.

l: log products, i.e., sawlogs and pulpwood of spruce, pine and birch.

NM, NM2: management regimes for forest land regenerated once (XN) or more (NN).

p: products, including log products, industrial products and end products.

r: regions within Norway.

t: periods.

T: last period.

XM: management regimes for existing forest lands, i.e., which have not been clearcut yet.

Scalars

Cb: costs to build new capacity as a share of IC.

Ck: costs of keeping capacity as a share of IC.

Cm: costs to maintain capacity as a share of IC.

dr: depreciation rate in industry.

i: interest rate.

Parameters

CMaxi,ip,m: maximum capacity for all periods.

FCr,cf: forestry costs in region r and of cost factor cf.

ECr,t,f: exogenous costs in industry, in region r, period t and of factor f.

HApl: area in each forest plot.

ICr,ip: investment costs in region r and for industrial product ip.

Rip,m,f: input ratio of factor f to production of industrial product ip and in technology m.

TCar,ar,p: costs of transport a product from region ar to region ar2.

Variables

Cr,ip,m,t: capacity level in region r, of industrial product ip and of machines m.

CBr,ip,m,t: new capacity in region r, of industrial product ip and of machines m.
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CMr,ip,m,t: maintained capacity in region r, of industrial product ip and of machines m.

Dr,fp(Qr,fp,t): area under the demand curve for end product fp in region r as a function of volume Q.

DF
p(Q FD

p,t): area under the demand curve for product p in the foreign region as a function of volume

QFD.

EXpl,t,XM: area in plot pl allocated to management regime XM and harvested in period t.

Hr,l,cf,t: harvest in region r, of log product l with forestry cost factor cf in period t.

Invl,r,p: growing stock of log product l, in region r in period p.

NNpl,t,t2,NM: area in plot pl allocated to management regime NM, re-regenerated in period t and

harvested in period t2 (after been through XN) NNpl,t,t2,XM.

PRip,r,m,t: production of industrial product ip, in region r, in machines m in period t.

SF
p(Q FS

p,t): supply function for product p in the foreign region as a function of volume QFS.

SFT
p (Q FS

p,t): supply function for product p in the foreign region as a function of volume QFS in the last

period.

TRar,ar2,p,t: transport of product p from region ar to region ar2 in period t.

WDp,r,t: wood debris of product p, in region r and in period t.

NEW XNpl,t,t2,XM,NM: area in plot pl allocated to management regime NM, allocated to management

regime XM before harvest, harvested and regenerated in period t and harvested in period.

NEW NNpl,t,t2,NM,NM2: area in plot pl allocated to management regime NM2, allocated to management

regime NM before harvest, harvested and regenerated in period t and harvested in period.
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Table�1:�Resource�use�over� the� life� cycle� of� pellets� (per� tonne�pellets)� and�energy� input� (kWh)�per�
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Per�tonne�
pellets� Unit�

kWh�input/�
MWhtheo�in�
pellet�

&������	������� H

��� -!1� �
��	�� -,,,�

��
8�	�� �
�� �����������	� ����

���	���

4!5� ����	� -J�

�� 8�	���
���
���������
���� 0!J� ����	� -0�

��
�����
��� �	���� 
��� �
�� �	��	��
������
����

+4!+� ��� 4+�

�� "�		�� ,!,0� ��� 3�
�� G
���	�	� ,!5+� ��� 3�
�� ���
����� ,!,J� ��� 3�

��

8�	�� �
�� �
��������
�� ����
������
��� 
�� �
��������
��
�������

,!,,+� ����	� ,!,,1�

��

%�	���������
'
�����
����

+,,�
-2,�

�H
�
���

J+�
0,�

������
��� ���� ��	�

���	��	����
��

�	���� 
��� �
�� �	��	��
������
����

-2!+� ��� 2-�

8�	���
���
���������
��� -!+� ����	� +!4�
8�	���
���
�����F���
������� ,!17� ����	� -!+�
%�	����������
������
����� J!+-� �H
� ,!7�
8�	�� �
�� 
�������� 
�� �	��	���
������
�

,!-+� ����	� ,!+�

� � � �

Total� (excluded�wood)� � � 252�
� � � � �

�
�

�

�

�

�

�

�
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Table 2: GHG emissions over the life cycle of pellets. Kg CO2eq/tonne pellets. 

Factor�
kg�CO2eq/tonne�
pellets�

Share�of�total�
emissions�(%)�

"����������	�� ,!J� � ,!+�
8	�����:��	������������
���� -2� � 1!J�
G
�������� 5� � +!7�
&
���������
���� +1� � -,!1�
G���
�.
���������
���� 7-� � 20!4�
Subtotal� raw�material� procurement� and��
transport��

136� � 57.6�

G
��������
��
������
��� ,!+� � ,!-�
G
���� -+� � 1!,�
%�	��������� -� � ,!J�
Subtotal�production� 13� � 5.5�
*
������� -� � ,!2�
G���
�.
���������
���� J4� � -7!1�
)��
�����������
������� -� � ,!2�
���������.����3�����
�	���� 2� � -!J�
)��
������� ,!,+� � ,!,-�
G���
����� J� � -!5�
*
������
������
	���	��	���� ,!,+� � ,!,-�
%�����
��� 
�� �	�
��	� ���� ����
��� 
A��	�
��������
�.����
���

2+� � -2!5�

���������
����
�� ,!+� � ,!-�
Subtotal�transport�and�use�� 87� � 36.9�
Total�� 236� � 100�

�

8����	�-��

����
����
3��������
	��	��	����
�	�
	�����
��
������
�2-!1I�	�����	�������	��	�����
���
��
-14����G=+	9F'H
	��:��
��	��	��������.�
����
���������
�	���������	���	���
����;�;�	�����
���.��
-,5J����G=+	9F'H
	��!��
����	����	�	����
��	��
�����
�-4+2����G=+	9F�
��	��	��	����������05I�
�	�����
�!�H��
�
�����������
��:��������
	������	�����������
�����
�������	�$����J1,�,,,��
��	��
�	��	�����
��	����	��
�������
�	������������	�����	�����
���
�	������
��,!52������
���
��	��G=+	9!�

�
	� ��.�������
�� 	��	��� ����	��	�� �
��
�	� �
��� --,,� ��� G=+	9F'H
	��� ��� �
	� ��
�����
�� �
���� 
��
�	��	��� ��� �
�	� ���
���.�	:� ���
� ��� ���
� ��	� 
�� �
���� �

�� 
�� ��������� ����� .���3
���!� (�� �
	�
	�	��������� ������ ��� ��
�����
�� ��� .��	�� 
�� ������	� �
�	�� ���
	�� �
��� 
���
�
�	�:� �
	� ;�;�
	�����
��� ��
�� ��	� 
�� 	�	��������� ��� ��
�����
�� ����	��	� ��
�� -� �
� +J4� ��� G=+	9F�
��	� �	��	��:�
�
��	�	�����
���
�	���
	����	�����	��
�	��
����
�.�	!��

(���	��	�����	���	���
���	���	������
	������ ���=��
�������	����	�	����
����������:� �
	�	�����
����
��
������
��� �	��	��	�� .�� -2� ��� G=+	9F�
��	� �	��	��!� ��������� 0,I� 	�����	���� �
�� �	��	��� ��� �
��
������������	�����	��	��	���
����.�������
��
��+52����G=+	9F'H
	��!�
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APPENDIX�
Table A1  
Data� Quantity Unit Source
Procurement�and�transport�of�raw�materials�
��
8�	���
�������
�������������	�"
��
	����
)!"!� ,!1-1� ���	��F�2�

>

��
��	����!�
�+,,1��

8�	���
�������
��
���	���"
��
	����)!"!� +!72� ���	��F�2�
>

��
��	����!�

�+,,1��
8�	���
�������
���
���������
����
���
"
��
	����)!"!� J!+� ���	��F�2�

>

��
��	����!�
�+,,1��

8�	���
�������
�������������	��
��
�	���
)!"!� ,!,00� ���	��F�2�

>

��
��	����!�
�+,,1��

8�	���
�������
��
���	����
��
�	���)!"!� +!01� ���	��F�2�
>

��
��	����!�

�+,,1��
8�	���
�������
���
���������
����
���
�
��
�	���)!"!� 1!12� ���	��F�2�

>

��
��	����!�
�+,,1��

;�;�	�����
��������������	��
����� +!455� ���G=+	9F�2�
'��
	��	��	����!�

�+,,0��

;�;�	�����
���
���	����
����� 7!25J� ���G=+	9F�2�
'��
	��	��	����!�

�+,,0��

;�;�	�����
����
���������
����
����
����� --!4+0� ���G=+	9F�2�
'��
	��	��	����!�

�+,,0��
��	�	���
�������
���
��������
��	���
���	� -!1 ���	�F�
�����2� �

�	��+,,0�
��	�	���
�������
���
��������
����� ,!2-� ���	�F�
�����2� �

�	��+,,0��

�	���������	��6���
��-+I�� 20� �.F��.��		��
����
�������
R		����-70,��

�	������&�..	���

���
�	�3����� 4+,� ��F�2�  �.���	����!��+,,-��
'
�����	��
��	����������	�������!.!���	��
.������

J, I 6�
�

���
����

%�	�����	��������	�	�� -,!-� �H
F���	��  *(8���!�!��
%�	�����	������
	����
���� --!2� �H
F���  *(8���!�!��
"����������	��
���������6��
����3��	�$��� +4� ����� 6�
�

���
�����
"����������	��
���������������A3��	�$��� +, ���� 6�
�

���
����
"����������	��
���������"������
3��	�$�� +4 ���� 6�
�

���
����
G���
��
��� +5�1,,� �
��	�� 6�
�

���
�����
8�	���
�������
������
��
���� +J� �
��	F���� 6�
�

���
�����
G=+�	�����
���
	����
�����	�� 2!-5� �
��	�G=+F�
��	�

��	��
6�
�

���
�����

Production� � �
)�	�
���
�����
���������
���
�����������	�����
������� 0� I� 6�
�

���
�����

%�	�����	�������
�����
���� -7,,� �H
F�
��	� �

�	��+,,1��
G
�������
����		����	�$��� ++,,� �
��	�� 6�
�

���
�����
G
�������
���
���	�	���	�$��� -7�1,,� �
��	�� 6�
�

���
�����
G
�������
�����
������	�$��� -,1,� �
��	�� 6�
�

���
�����



20 
 

���	��
�������
���
��������
�����
��	�� -0,,, 

��� 6�
�

���
����
;�		�

��	�����	�����
���.��������� ,!,22 ���G=+	9F�
��	���� ��'G�����+,,2�
;�		�

��	�����	�����
���
���
�
�	�� J!++� ���G=+	9F'H
� ?���	�������+,,1��
;�		�

��	�����	�����
�����		����
�����
�� -+54!74� ���G=+	9F�
��	� G�'��-774��
;�		�

��	�����	�����
����
���	�	�
��
�����
��

-J2!-1� ���G=+	9F�
��	� "#���	��
���+,,1��

;�		�

��	�����	�����
������
����
��
�����
��

0,!42 ���G=+	9F�
��	� "������	��+,,,�

D	���
����
�����
����	�$��� 4,� �	���� 6�
�

���
�����
���������
�����
��
���	��	��� J1,�,,,� �
��	�� 6�
�

���
�����
�������	�	����������
�������
���������� 7,�,,,� 'H
� 6�
�

���
�����
'
�����	��
��	���
���	��	��� -, I 6�
�

���
����

Transport�and�use�of�pellets� � �
G���
��
��� 1,,,� �
��	�� 6�
�

���
�����
"����������	��
��������� 4� ����� 6�
�

���
�����
8�	���
�������
������
��
���� --� �
��	�F���� 6�
�

���
�����
��	���	�������
����������	�������������
�� 1, �� 6�
�

���
����

;�;�	�����
��������� ,!,24� ���G=+	9F�
��	����
��'G�����+,,2�O�
)!"!�*G(�����.��	�
��
#	����+,,2��

;�;�	�����
���������	3.��	��	�	���������� -+2,� ���G=+	9F'H
� �
�	���+,,2��
G=+�	�����
����
�����������-,,�I�
	�����	�����

2+1!J ��F'H
 "���
�	����!��-777�

G�J�	�����
����
�����������-,,�I�
	�����	�����

,!+7+� ��F'H
� "���
�	����!��-777��

%�	�����
��	����	��	��� J!0� 'H
F�
��	� 6�
�

���
�����
G�J�	�����
�����������
�.����
��
���	��	��� ,!2� ��F�
��	� &���	���+,,4��
�+=�	�����
�����������
�.����
��
���	��	�� ,!,5 ��F�
��	 &���	���+,,4�

6��	��

���	������"����	� 20,� ��F�2�
�	#	�������������

�-77,��
"
��	�
�����.
������

�� 1,� I� �	��	��	���-70J��
�	�������	�"����	��

�� +,!-� '>F��� �	���.����-775��

Costs� �
����	�
����	�
�����
����

+5� EF'H
� 8=%]���!�!��
5,!44� )"�F�
��	� 6���+,-,��

�	�������	�
�����
��� +5� ;>F�
��	� 68(����!�!��
����	�������	� +-!12� )"�F�

����
�� )!"!�%(���+,-,��
�	�������	�������	� -, -,�'>F�
��	 %����
�����!�!�
����	�����
��� 5, )"�F.���	� 6���+,-,��
�	�������	�����
��� 4!-� ;>F.���	�� 68(����!�!��

 
 



�

�

Paper�IV�



�
�

�

�



-�

�

Potentials�and�costs�of�climate�change�mitigation�in�the�
Norwegian�forest�sector�

�

Sjølie,�H.�K.1*,�Latta,�G.S.�2,�Gobakken,�T.1�and�Solberg,�B.�1�

1:�Norwegian�University�of�Life�Sciences,��

Department�of�Ecology�and�Natural�Resource�Management�

Box�5003,�1432�Ås,�Norway�

2:�Department�of�Forest�Engineering,�Resources�and�Management,��

Oregon�State�University,�Corvallis,��

OR�97331,�USA�

*corresponding�author:�e�mail:�hanne.sjolie@umb.no;�

�phone:�+�47�64�96�61�48;�fax�+�47�64�96�58�01��

�

�

Abstract�
���	�
��������	��
��	�.		�������	��
������	�����������
	��
�	���N��
�	�������
��������	�
������	� �
���	� �
�
��
� ����	��	�� ���.
�� �	9�	������
�!� (�� ����� 
�� �
	�	� ������	��
�
���	�� ��� �
�	��������	�	��� ��� �����	��
������
� 	A
�	�
������	�	����	������	������
�����B���
�� 
�� �

�� ��
�����!� �
�	�	�:� ����	3����	� �
�	��� �	��
�� �
����	�� �
���� .	�
	A�	��	���
������	��	��
	�����	��������	������
�
��
��
���	����������������������	���	���
���� 
���	��� �	���	�:� ���� ���	����� �
�
��
� �
���	�� ��� ��
����� �
�� ����	�	��� �

��
��
�����!��
��:�	A�	�����
���
��������	��
�����	��	����	�	���������
���.���.	����	��	��.��
���������� ����	�� �������!� H	� �����B	� �� �������:� �������� 	9����.����� �
�	�� 
�� �
	�
�
��	����� �
�	��� �	��
�:� �
��
� ��
#	���� �
�	��� �����	�	��:� 
���	��:� �����������
��
�����
�:� �
�������
�:� ����	� ���� ��		�

��	� ���� ���A	�!� (������� 
�� �� ���.
��
��AF��.������	���	� �
����		�

��	����� ���A	�� ��� �
	��

�	� �
�	����	��
����	�	������	��
�
�� ���.
������	�� �������� ��
��-,,� �Y-+!1�E�� �
�0,,��= � �Y-,,�E�F�
��	�G=+	9!�H	�
�
����	��	������
�����	��
�	�
�������	���
����
���
������	����
��
�����	���
���	�:��!	!:�
���	�����
���� ����	� ���� ����������� ��
�����
�� ��	� ��A	�� �
� .��	� �	�	��� �.��	� ��	����
�
�	���	�����
��
����.
���
���������
�����
�����
�	��������	�	��������
�	�����
���	���
�
� ����!� &	������ �������	� �
��� ���
� 	��
�	�
��� ����	��:� �
�	� �
��� 5� �����
�� �
��	��
G=+	9F�	���������
���� �
� �
	�.��	���	�����.	��	9�	��	�	�F��
��	�� ��� �
	��	��
����� �
�
+,11� �
�� �� ���.
�� ����	� 
�� 0,,� �= F�
��	� G=+	9!� �
�	������� ��	� �
����	��.��� �
�	��
�
	�� �
�	��� �	��
�� ��
�����
�� ���� ���	�����
���� ����	� �	�	��� ��	� 	A
�	�
�����



+�

�

�	�	����	�!�����������
�����	���������:����.
���	9�	������
������
�	������������	��	��
.���	��������
������:����
���������������
�.	�
���	��	���������	�����������������!�(���
	�
	��
�	�
��� ����	�� �
�	�:� �������� ���.
�� �	����	�� ��	� ���	�� ��� �
�	����:� .��� ���
������
�:�
���	���������	��	A�
�����	��	��	:���
�����
���
�������
���
	�������������	��
���� �
�����

�� ��������� �
� 
��
3	�����	���� .�
	�	���!�H	� �
�����	� �
��� ���
��
�������
����	�� �������� ��� �
�	��� ������	� �
���	� ��������
�� �����	�� ��� ���
������ ��� 
��	�� �
�
���	���������
�	������������
���!�

Key�words:�6�
3	�
�
�����
�	����:���������	9����.����:����.
���	9�	������
�:���������

�����B���
�:����������
�	�:�.
�	����
�	������

�

1.�Introduction�
�
	����
�����	�
���
	��
�	���V��
�	�����
	���
.������.
������	�����	����
���	��	�:�	!�!�.��
(�GG����.�����	����!:�+,,5������*
�	�B�����*����+,-,�!���.�����	����!��+,,5���
����
���
�
�������� ����
��
� �
	� �
�	��� �	��
������ �
����.��	� ��� ������	� �
���	���������
�/� .��
������������
������	�������
	��
�	�����	�:�.��������������
������	�������
	����.
����
���
���	A��������
�	�����
�
��
������	�	��:�.��������������
������	�������
	����.
����
���

�� ��������	� �	�	�� �
�
��
� ����	��	�� �
��	�����
�� 
�� �
�	���� ���� 	A�	������ �
�	���
�
����
��:�����.����
��������.�������
�!��

������	�
�������	��
���
��������.	�	�����
�����.
���	9�	������
��
��	�.		�������	��
���

�� ����
��� ����	�:� �	��		�� 
�� �	����:� �	��	�	�����
�� 
�� �
�	��:� �	��	�	�����
�� ����
�
�	�����
���

������	�������	�	�����
�	���������
��
!�&��
���������"�
�	���+,,J��
�	����������.	��
�����.
���	9�	������
���
��������	���
���	�	��.���
	�����-77,N������
�
	����	�����	�
����
�����	���
���
�!�=�	����������
��.	��		���
	��������������
��
	�����
�
	�
	�� �
	�����	�� �
�� ���.	�� ������
���.����	���	����
������� ��� ������	��
���
�:� �!	!�
�
	�
	�� �
	� ����	� ���� ���
����
�� 
���

�� �
� ����	�	��� ����
�	�� ��	� 	��
�	�
��!� �
���
��������
�� ��� ���
������ .	����	� 	A
�	�
����

������	�� ������ �
��� �����B	���
����	��
������
�����	����
	��

������	�!�8
�������3����	��
����	�:��
�����������
������

��:�.���
�
�� ����	3����	� �
����	�� ���
� ��� ����
���� ���.
�� �	9�	������
�� �
����	�:� �

������	���
�����
���.���.	�������	�:�.���
���	�����.
�
��

��3�	��������
��3�	������.	��������!�
"

��3�������.	�������������.	��	���	�� ����
����	�� ����	����
�
�����
��
�� �
	��
����
��
��	�����������
��	9�	��	���
�	����.
���*�����	����!:�+,,-�!����	�	���
�	��������	�	������
���	�����
���
����	�����������	��	��
	��
��3�������.	���������.
�
�����	����
��9��������
���� 9������!� G
���	�� ��� ����	�� ��	� �
� ���	�	�� ���.	�� ������� ��	� ���	��� �
� ������� �
	�
������	��
������
���:�����
	�
��
���������
����
���		�����
����
�	��������	��	����
�
��
	��
�

�� ����	�:� .��� ��� �
	� ���	� ���	:� ���	����	�� �
�� ���	�������
�	� ��� �
�	����� ����	��	�
���
�
��
	�����.	������	�!�

�
� �
	����

��V���
��	��	:� �	�����.
���
�����������	�� ���	�������� �
�	��������	�	���

�����	����	������	����
��
	��

������	���
��	�.		�������	��
��!�H	�
��	��	��
	���
�	�



2�

�

���
���������	���
��
�
��	��
����	���
	�	��	����
�� �����������	�����	A������������	��
������������
�	������.
���	9�	������
���
����	�!��
	���������
.#	����	��
���
������	����	�
�
������
�������������
����	�����������
�������	���
��������	��
���	���������
������
	�
�
��	������
�	����	��
�:����
�	��
�	�
�������	A
�	�
����

������	��:�������
���
	���
�
����	���
�	��:� ������ ��� �	����� �
��
� �
�	��������	�	����	����	�� ��	� ����	�	��	��
���	�� ����
��� ���.
�� ����	�:� ���� ������ �
�� �
	� 	��
�	�
��� ����	�� �
�	�:� 	A����	�
����	�� �������� �����	����	�� ���	����	�� ��� �
	��

������	�� ���	�� ����
��� ���.
��
����	�!��

�
	����	�� �
�����	�����
� �� .��	�� �	�������
��
�� �
	��
��	����� �
�	��� �	��
�� 	�
�
���
���� ����	��� �
�	��� ���.
�� �	9�	������
�� ���	�:� �
��
�	�� .�� �� ���	�����	� �	��	�� ����

��
�
	�	���	������
���
	������!��	A�� :��	��	����.	��
	��
�	����	�!�G
���	��2����������
�
	��	�������������G
���	��J:��
	��	��������	��������	�������
������
��������!�

The�Norwegian�forest�sector�
���

��
� �
	� �
�	��� �	��
�� ��� �
����� �
����.��	�� 
���� ,!4I� 
�� �
	� ;��� �"����������
�
����:� +,-,�:� ��� ��� �
	� �����	� ����	��� �	��
�� ��� �
	� ����
���� ��		�

��	� ���� �;�;��
���
���!�2-������
���
��	��G=+:�
��10I�
���
����V���
����	�����
���
�����	��
	�*)*)G8�
��������	:��������	��
���	������
�	�������	��
�:������	9�	��	�	������
	��
�	�������+,,0�
��
��	����� G�����	� ���� �
�����
�� ��	���:� +,-,�!� �
�	�	�:� ���
������ �
� �
	�  �
�
�
��
�
�
�:��
��������
�������
�	���
���	�����	9�	������
������
�-!1������
���
��	��G=+����
�
	��
�	�����)�8GGG:�+,,+�!�%A�	����	�������������	���	�����������
�	�����
����
��-71,�
�
�
��
� -77,� �"���������� �
����:� +,-,�� �
�.��	�� ���
� ���.�	� 
���	��� �	�	��� 
���
�
����	��.��� ����	��	���
	��	��G=+������	!��
	�����	���
��������
���	��� �	�	�� ��������	��
.	��		��4!1�����0!1������
���2F�	������
����������
�����
�-��
�+������
���2�
���	��	��

�����	�
������������	��:��
��	��
	������������	�	����	�	�����
���.		���.
���+1������
��
�2��"���.�����
����:�+,--�!��	�����
����
���

���	�	�����
A����	���-!0������
���S����
+,,0� ���
� �
��� 
�� �
��� .	���� �����	� ����� �

�� �"���.���� �
����:� +,--�!� -+,� ,,,�
������	������
��	���
����
	���#
�����
���
	��
��	������
�	������
������	���	�

������
��B	� 
�� #���� 4,� 
	����	�� �"���������� �
����:� +,-,�!� ���	�� ��
�����
�� ��� �
����� ���
���������������
� ����	�9�������	��
���	�������:����
��	�������
��	��������������	������
���	�.
����	A�
��	���
�%��
�	�������	��!�"�����

����
�����
������.
���+������
���2:�

�� �
��
��
��� ��� ����	�	�� �
�� �
�	����� ��	� ���
� ��� ������
���� 1,,�,,,��2� �"���.����
�
����:� +,--�� 
�� �	�� ���
��� ��� +,,0!� &
��
��� J� �H
� 
�� �

�3.��	�� 	�	���� ����
�	�	���	�����

��	

�������+,,0:��
�����������	�

�����$�.
�������"#$��	:�+,--������
�.
����
	����	���
��������
�	�������������"#$��	�	����!:�+,-,�!��

�Forest�mitigation�studies�
'
��� �����	�� 
�� �
�	��� ���.
�� �	9�	������
�� �
���� ���� �
�	������� �		�� �
� 	���
��
	A
�	�
��� �

�� ����	�� ���� �����B���
�� 
�� �

�!� (�� "����������:� ��������
��� ����

�����B���
��
�� �
�	��������	�	���
��	��	�	�����.		�������	��
���
���	��
���� �	�	�� ���
�
����� �&���	��+,,1O�&���	�� 	�� ��!:� +,,7�� ���� "�	�	�� �6���P��� 	�� ��!:� +,,1�:� 
�� ��



J�

�

����
���� �	�	�� ��� "���B	������ �H���	�� 	�� ��!:� +,-,�� ���� 	����	�� 
�� �� ����
���� �	�	�� ���
8������� �������	�� 	�� ��!:� -775�!� �
	�� ���� "
�.	��� �-77JO� -770�� 	A����	�� ����	3
����
.	��		����A���B�����	����	�	����
��
�
�����.	�����
�	������	��G=+3�	9�	������
�����
�
������������
	����	��
�	����
�	���.���������	�	����
����
�	������&���	��	����!��+,,7�!�
%�����
�� 	�� ��!� �+,,5�� �����B	�� �
	� �	�� ��		�

��	� ���� 	�����
��� ���
� ����
���
�����	�	��� �	���	�� �
�� "����	� ������� ��� "�	�	�� ���� ���
� ����	�	��� ��.�������
��
	��	���!�H
��	� 6���P��� 	�� ��!� �+,,1�� �
�������	�� 
	���
�	�� �
� 	����	� ��� 	�	��
���	���
��
��
�	�����	����������������	����������	��
��:��
	������"
�.	����-77J:�-770������
&���	�� 	�� ��!� �+,,7�� �
�������	�� �
	��� �
�	�� �
� 
���
������ 
���	��� �	�	��� �
� ��
���
�	����	� ��
.�	��!� 6���P��� 	�� ��!� �+,,1�� ����
���	�� ���.
�� 	����	�� 
�	�� ���	� ��
��

���	��	���

����
�������
��
	��
����
�����	�
��
���	��!�&���	��	����!��+,,7���
����	��
�
��� ���� .	�	���� �������� 
�� ���������� 
�� 	A�������� �

�� ��
������ �

��� ���� ��
�����
��.�������
�!�(�����������.�������
��	��	��������	��	���
	�
�	��������.
��.	�	����.��4,I�

�	��-+,��	�����
	�����.	���	�	��	���	�	���A���B	�!��

��
�	A�	���
����
��
	�	A
�	�
����

������	������
��
�����
�	������.
���	9�	������
��
��	� �
	� �"'� ����.	�� "������ '
�	��� ���
� �	���	�� �
�	��� ���� 8�"='� �8
�	��� ����
������������� "	��
�� =�����B���
��'
�	����
�	��!� "

��	�� ���� "	�#
� �+,,,�� �����	�� ��
��
.��� ���.	�� ������� �
�	�� .��	�� 
�� �
	� �"'� �
� ��������	� ;�;� 	�����
�� �������� 
��
�
���	������	���������"	�#
�	����!��+,,-����	�����
����	���	���
��
���
	����	��
�	���
�
	������	���������� �
��� ����	�� �
�� ���.
�� �	9�	������
�� ��� ��
.��� �
�	���!� ������ 	�� ��!�
�-777�� 	���
�	�� � 8�"='� � �
� �����B	� �
	� �
���� 
�� ���.
�� �	9�	������
�� ��� �
	� )!"!�
����������	������
�	����	��
��!��

=�� �
	��

����
������ ���	:� �	�	���� �����	�� 
��	� �����B	��;�;� �������� .�� ����	������
.�
	�	���� �����

�� �
�������
�� ��� �
��������
�!� �	�	��	�� ���� "
�.	��� �+,,1�� ���� ��
�	��	��
���
	���.�������
��	��	����
���	���������
���	�	�������		�����
��

������
�����
����"�	�	�:� ���� �
�����	�� �
��� �
	� ��.�������
��	��	���� ��
���� �
�723-,4+����G=+	9�
�	���2�
�� ���.	�� ������ ����24312,����G=+	9��	���2�
�� ���.	�� ������ �
�� �
���	�	� ����
�

�:��	��	����	��!�&���	���+,,4�������	���
	��	��	��	����
����.�������
���
	������
���
���	��
���

����	����	����	��	�������
�������	��:����	�����.
���	�������

�:��
��	�"#$��	�
	����!� �+,-,�������B	���
	� ��������
�����.
����A���
��
�� �
����� ��	���
��;�;�	�����
���
��	��
��
�������
���
�������	����
��

����	��:����
�������������.
���	���������
���

�!��

Scenarios�
(������
��
�����.
���	9�	������
������	������
	��
�	��������	�	����	����
����
�	�������:�
ceteris�paribus:�����	��	��
	��
����
����	���������:�-754O����� 

�	�:�-771�!��
�	�	�:�
�
��� �
�	��� ���.
�� �����	�� ���
� �	����	�� �	��	�	�����
��� 
�� �
�	��� �����	�	��� 
��	�
	A
�	�
������	�	����	������	��������	�
���

�!� "����:� .����� 	�
�
���� �
	
��� ����	����
�
��� ����	3����	� �
����	�� ����	�	�� �
:� 	!�!:� ����	��	� �	�� ���.
�� �	9�	������
�� ��� �
�	���:�
����� �����	��	��
	��

������	����
�
��
��	���	���

��������!�G
��	9�	����:� �
	��
���

�� ���.
�� �	9�	������
�� ����	��	�� ��� �
	� 
��
�������� �
��� 
�� �	�������� 
��	�� �
�	����
����	��	�!� 8���
	�:� ���	�����
� ���.
�� �
����	�:� �
	� ���
����
�� 
�� �
	��

�� �	�
���	� �
�



1�

�

�

����
�������������������������
���	��
����
��������
	���������
���
�	������
���
	�
�	��
�!����
	�� ���.	������	����	� �
��

�������������	����
��� ���
��� ���	����	� �
� �
�	���

��	����
�����	��	����	���	�������
�	����!��
��:��
�	������������
��������.	����	�	��.��
���������������
	�	����	���!�*�����:�������
�����	�	����
����	����
	���B	�
���	����	�������.
��
�
����	�:����������
���
����	��.�	��
��	��!��

H	� �����B	� ��
� ����	�	��� ����	��� �
�	��/� 
�	� ������ 	��
�	�
��� ���.	�� ���� �

��
��
����������	�:�����
�	�	A
�	�
������.	�������

����
���������	�!�H	���	���.��	�
��	����
� �
�� ��
� ����
�	�/� �	������ �
	� �	�	�	��	� ���.
�� ���A� �	�	�:� ��� 
���� ������
����
���.
�� ���A	�� ��	� ����� �
�:� ���� �
�� �
����������� �
	� 	A
�	�
��� ����	�� �
�	�!� (�� �
	�
	A
�	�
��� ����	�� �
�	�:� 9�������	�� 
�� ���
���:� 	A�
���� ���� �	��
���� �����������
��
�����
�� ��	� �	�� ��� .��	� ��	����
� �	�	��� �
�� 	��
� �	��
�:� �!	!� �
	� �	�	��� �
��
� ��	�
�	�	����	�� .�� �
	� �
�	�V�� 
������� �
����
�� �
	�� ��������� �� ���.
�� ����	� 
�� B	�
!�
G��.
��.	�	�����
���

����
���������
���	�������.�������
��	��	�������	�������	�����.
�
�
����	���
�	��:�.��� ��� �
	�	A
�	�
�������	����
�	�:� �
�����������
��
���
������
��.	�
����
	�� �����B	�� .	�
��� �
	� .��	� ��	����
!� '�������
�� 
���
��� ��� �
�	����� ��� �
	�
	A
�	�
�������	����
�	�� ��	� �����	�� �
� ���	���	���� ��� �
�	��������	�	��� ���������:�
��	�
��	�������
������:��
�������������	��	���
��
����
��������	�	���
��
��
���	������
�	�

�������������!�"�.�������
������������������
�����
����������	���
�.�
	�	���:��
��
�
�������	���
	��
��������������������
���
�
��
��	���	��
���	�������
	�	A
�	�
�������	���
�
�	�!�(���
	�	��
�	�
�������	����
�	�:���#����	�����������	�����	����

�������
�
	��
�
�����������
�����	�	�������
	�.��	���	����
!�

8
��.
�
�����	���
�	��:�	��
�����.
������	���	����
����	����:���
��-,,��Y-+!1�E���
�0,,�
�= ��Y-,,�E�F�
��	�G=+	9!�����	������	����	�� �
��������
�������.
���	9�	������
��F�
��
��	��;�;�	�����
����.
�	�.��	���	���
	�	��
	����.
�����A���������	��
�	���	��
����
���� ��A	����	������ �
���	�����	����.
�� ���A	���
����	�� �
� �
	�.��	���	!� (�� �
	��	�����:�
T%��
� -,,U:� T%��
� +,,U:� T%��
� 2,,U� 	��:� �������	� �
	� 	��
�	�
�������	���
�	�����
�
����
������.
������	���	����
�:�����T%A
�-,,U������
�
�� �
	�	A
�	�
�������	���
�	��
���
����.
������	���	����
�!��

G
����	�� �
� ��	����
�� 	A�������� ����	�� �������:� �	� .	��	�	� �
��� ���������� ����	��
���������	�������/�

-! ���	�	����������
���
���/��
	� �
��
���������
����
���		�����
����
�	���� � ����	��	�
����
�	����.	��������

	��:�.����
	��
���
��
�
����������
��
���
������
�����	��	:�
�����
	������
���
����	��	������	�����	���

+! ���
	�� �
��3�	��� �	9�	������
�� �
�	������� ��� �
�	���:� ��	� �
� �
	� ���	����	� �
��
�
�	����	���	��������
�	���������	��.������	��	�����.	������	��

2! "
����� ��� �
	� ��	� 
�� ���.	�� �
����	�� �
� �
	� .��	� ��	����
:� ��� ��	� 
�� ����	�	���
��
������ 
��	� ����	�	��� ��		�

��	� ���� 	�����
��� �������� ���� ��.�������
��
�
�	�������



4�

�

2.�Methods�
8
���
	���������:��	������B	��
	��������:��	��	����
�	���
��	9����.������
�	���
�8
��
���
	�
�
��	������
�	����	��
�!��
	��
�	����������	�����	����.	�����"#$��	�	����!��+,--�������
	�
����� ��� ��$�.
��� ���� "#$��	� �+,--�:� .��� �� .��	�� �	�������
�� 
�� �
	��
�	�� ��� ��
���	��

	�	!��

�
�8
���������	�����	���	��������
�	����:����.	��
���	��:����	���	����������
�	������
��
���.	�� ���
��

����
������ ��� ��������:� �
�������
��
���

����
�����:� ����	� ���� �
	�
���.
����
���
���
	��	��
�!��
	�-7��
��	������
����	���
����
	��
�	������	��
��:�����
�
	�	� ��	� ��
� �
�	���� ����	� �	��
��:� "�	�	�� ���� &	��� 
�� H
���� �&=H�!� �
	� �	��
��
�	���
�������	��	���:�.	�����������+,-,!��	��	����
��	����
����������	�:������
	��	��3���	�
��� �
	� �	��
�� ��!	!� ��
���	�� �������� ����� �
����	�� �������� ������ ������
��� ����
���	���	����
����������A���B	��
�	���
	�

��B
�!�������
�������	�
��J�I��!�!� ��������	��
�
�������
�	����������
�3�
�	���������	�!��

(�� �
�	����:� �
���.�	� ���3�
����
�� �����	�	��� �����	��	�� ������	� ��	�
��	������
�
������� ���
����� �
���	��:� ��	�
��	������ �
������� ���
����� .�
���	��	�:� �
������:�
�
	��	���

��F��		����		�����������	�������
�.�����
���
���

�	!�8�����
���	��	���������
���� .	� �	�	�	���	�� .�� ��������� 
�� �������� �	�	�	����
�:� ���
� ����
��� �
���.�����	��
�	���������	������������	��	���
��
����
�!�D�	�����
��	A����������������!	!���������
��
�
����
	��������	��
��
��	����.	����
���������	�	�	���	������������������
��
�
��	�.		��

���	��	��� ��	� �������	�� �
�� k7,,,� ����
���� 8
�	��� (��	��
��� ��
��� ��� �
	� �������
�������
��;������
	������%��:�-77,�:��������
��	���
��
�8
��
�����������	���	���	�	�!�
8����� 
���	��� ������� ��� 	��
�	�
����� �	�	����	�� ��� �
�8
�!� �
������	�	��� �	A�	���
�	�	�	����
��� ���� �
� 
���	��� ��	� �
���.�	� 
���
��!� ��� ��	����� ����	� 
�� 1��= F�2� 
��
��������� ��
��� 
��	�� �
��� 7,� �	���� ��� ������	�� �
� �	��	�	��� 
�
	�� �
����.	�� ����	��
���
����	�� ���
� �����	� �
�	���!� ��� ;��� 	�� ��!� �+,,-�� �

�	�� ������������� ���� ���
�
	A����	�� �
�� �
���	�
��� �
�	���� ��� �
	� )!"!:� �� 
��
� ����
���� ���� ��� ��	����� ����	�
�
��	��
���� �
� 
������ �� �
�� ����
���� ���	� ���

��� ��	����� ����	�:� ���
� �
	� ���	�

���	����������	��
����	�����!��

8
�	��� 
��	��� ������� ����
��� ���� �����

�� 
�� ���	:� �����	� ���� .���
:� ��� �	��� ���

���	����	����	���
��
	��
�	�������.�
	�	������������	�!��
	�k+,��
��	���������:����	��
���� .
���� ��������� ������ ��	� ������������� ��	����	�� ��� �
	� �
�	�� ���
� ��������	�� ����
�������
	�����	���!�G�������	���
���������������.�
	�	������
�	��������	����	��
���
�����
�	�	�!� �
	� ��������� ��
�	��	�� �

�� ���
� ����� �

�� ���� .
����:� ����� ���� ���	��
��
����������.�
	�	���������	��!��

�	������
���
	���������
������������

�:�.
����:����	������.�
�
	�����	���	����	��
��
�
������	�	��.��	��
���
������
�!��	��������	����������
��	������
�;�����
��
:��
����3
��	�������
������
����
��
���������	��
���	�!��
	�	�������������
��	������
�����	�����	��
��
�� 3,!2� �
� 3,!7!� �
�		� ���	�� 
�� .�
� 
	��� ��	��
�	�	�/� ����	� 
	������ �
�� 

��	

����
.��	��
���

�� ��
�	�������	��	�� ��
�	�:����	�.
��	�
	������.��	��
�� �	������
	������



5�

�

�������������
	����������	����	�����
��
����
���	��	��:�����
	����
���������!��
	�	��
�		�
��
���������	�����	�	�������	������	�������	�
�������
�	������!�

��
��
�	��������	��	��
���	����	�����	��.�����	�����
	��
�����!������������	����������
��
����������.	�����	��.	��		�������
�	������	��
����������
��
	��
�	�����	��
��:����
�
�	��	����	�������
����
���!�����	�.	��		����
��	��
������	������	�����
	�����	�����	�	��	�
	A�		����
	�������
����
�����"���	��
�:�-71+�!�"������	�������������
��	������
�����	��
��
���
���� ����	���
�,!0� �
�� �
�������+��
������������	����
�����!�%A�
���	���������� ��� 3,!0�
����3+��
���
���������
�����:��	��	����	��!�

�
	����.
����
�������������	���
���
	��
��
�����������
���
	��	��
�/�(����		�:����	�:�.���:�
������� ���� �	��� .����
	�:� �		��	�:� ������ ���� ������ ���� �
���	� �

��� ��	� ������	�!�
G��.
������	9�	��	�	�����������
��
:�����	����	����������	�������
����
�	���������
��

���	����	����	�����	���
�������
��������
���	�������
	����	��
�����	��
���
���
	��
�	����
��
��	�!��	��	�����
�����	����
���	����

�������
�����	�.��	��
���
	�D�""=��
�	����	���
��
�
��	������
�����
����&���	��	����!:�+,,7�!�;�;�	�����
�����
����	�
�����
��	������
���
�����������
�:� ��������:� �����������	:� 
���	��:� �	������ ������
��:� �
�	��� �
��� �
��������
�:�
������
����
����������.��������������
�	��������������������	�������	�!��8
�����.
����
��
����

�� ��
�����:� �
	� ����	��� ���.
�� ��
���	� ���� ��.�������
�� 	��	���� ��� �
����� ��	�
���	���	���	��	��	�!�H

����
��������	������	���
��
�
���
����	����������:�.�����	��
���
�	�	���� ��������� .��� ����
����:� �����

����
������ �
����
���
�� ��	� ��	� �����	�� �
�.	�
�
�.���	�!�"�.�������
����������	���
�.	�
�	3�
3
�	:��!	!��
���
�	������
���

����
�����
�	����	��
�	������
����
�
	����
�����
�������
	����	�����	!�"�����

����������	���
�
�	����	�
������		�:�
�����
���	�	:�����.�
	�	���� ������	�.
��	� ��������	������ ��� ���������
��	� �����	�� �
� �	����	� �
�	����� 
	������ 
��!� 8��	�

�� ���� �	��	��� �����	� 

�	�� ����
�

������	��
�.���	����	������	���
���.������	�
����
���
�
�	������
�����
����
�	�!��

8
���
	���������:� ����		���	��
����	�	��
�	�	�:����� ��
	��	������ ����
	��������	���	��
���
�����B	�!���

�

3.�Results�

Base�scenario�
(��
������ �
�� .
�
� �
�	�� ���������
��� ��� �
	� 6��	� ��	����
!� � (�� �
���� �
�� 
���� �
	�
T.����	�����������U����	��
���	�	��������������
������:�.������
��
	��������������
�����
��
�	�	�����	������
	�	A
�	�
����
�	���
����
��!��(���
	�6��	���	����
:�
���	����
�	����
��
-,!7� �����
�� �2� ��� �
	� ������ �	��
�:� �
� .	��		�� -+!1� ���� -2� �����
�� �2� �
�� ���� ���	��
�	��
��!�J,�,,,�
	����	���	�	�����������	�	�	���	������
	�6��	���	����
:�
���
��
��.
���
+5�,,,�
	����	�������	�����
������	:�J,,,������������	�	�	���	�����
������	�����01,,�

	����	�������������	�	�	���	�����
�.���
!��
���������������	��.	��		��-1�,,,�����+,�
,,,�
	����	���	���	��!��



0�

�

�
	��������������
�����
��
������
�����	�	������	��	������	�	��������
	�
���	������	��
�	��
�
	�

��B
������
	�6��	���	����
!��
����������

����
�����
������.
���+������
���2��
	�
�������	��
����������	��	���
�+!5������
���2� ����	��
��-,:�
���
��
�51I30,I���������	!�
�
	���
�����
��
���������	�.
��������+,,�,,,��2��
	��������	��
������+11�,,,��2��
	������
�	��
�!�G
��	��
���������.	����
����.	�.
�������	�--,�,,,��
��	������2+,�,,,��
��	�:�
�	��	����	��!��
	���
�����
��
�����������.
���5+1�,,,��
��	�F�	����
	��������	��
�:�����
0,,�,,,� �
��	�F�	��� ��
�� �
	� �	�
����	��
�:����
� ����	��	�� �		�� ���.
�
��	�
�������
�����
	����������!����	����
�����
���	������
��+������
���
��	�F�	�������
	��������	��
��
�
�+!1������
���
��	�F�	�������
	��	�
����	��
�:������
	�	���	�����	����	�����:�	������
��
+!7������
���
��	�F�	�������	��
��-,!�(���	��	����	��		��������
��	�����	�:����	�.
�����
���� 
�
	�� ���	�� ���� .
����!� 6�
	�	���3.��	�� ����	� 
	�����:� ������� �
��������� 
��
���	�

�:�����������2!-��H
F�	�������
	��������	��
�:�.����	�	���
������2!5��H
F�	�����
��
�
	� �	�
��� �	��
�!�H��	�.
��	� .�
3
	������ ��������	�� .	��		�� ,!5� �H
� ���� ,!0� �H
�
���
��
	����	�����	������	�	�����
������
�����
�!��	��	�����
�����
����:�

�	�	�:��	���
���.�	!��

(���
	�6��	���	����
:��	�����
����
�������	:����	�����.���
����.	��	9����12,�,,,��2��
	�
������ �	��
�:� 
�� �
��
��
��� ��� �����	� ���� ������������� ���	� �����

�!� �	�� ���
���� 
��
������

���
����+41�,,,��2�������.	�.
�����-71�,,,��
��	�!��	��	A�
���
����������J5,�
,,,��
��	�:�
���	��������J4,�,,,��
��	������
�����	�.
�����+5,�,,,��
��	�!��

�
	� �����	� ����
�� ����	� �
�� �
	� W���
��� ��� 2+,� �= F�2� ��� �
	� ������ �	��
�:� �
��
�
����	��	���
�J7,��= F�2��
	�������	��
�!��
�	�	�:��
	������	�������

������	��
��
��
�		� �
	� ���	� ����	��	:� ���� ��������	�� .	��		�� -+5,��= F�2� ���� -44,��= F�2!� �
	�
�	������������	�����	��	����
��J-2,��= F�
��	��
�J00,��= F�
��	�
�	���
	�

��B
�!�
�
	�����	��
�����	�

���������
A����	���+,,��= F'H
��
���
	��

�	�

��B
�:��
��	��
	�
	�	�����
��������	�����
����	��.����
�	�����
�����	���
����
�42��= F'H
!�

Harvest�
(���
	�	��
�	�
�������	���
�	�:��
	�	����.	��
���	��������������
����.
������	��	�	���
�
	�	� ��� �� ������������ �	�����
�� ��� ���.
�� ����	� ����	��	�� �8����	� -�!� �
	� ��A�����
�	�����
������
���	�����������.
������	�
��-,,��= F�
��	�G=+	9����0,,�,,,��2:������
	�
�
�� �
	� ���.
�� ����	� 
�� 0,,� �= F�
��	� G=+	9:� 
���	���� �	��	��	�� .�� ��A����� +!4�
�����
���2��
����	���
��
	�6��	!�

(�� �
	� 	A
�	�
�������	���
�	�:��
��	� �
	� 
���	��� �	�	�� ��� ��A	�:� �
	��
�	�� 
�����B	��
�
��
���������
�
���	��!�(���
	�6��	:��
	���	���	���	����
���	������+,+,�����	����
��-+4�
������	����	A�0��
�14�������	����	A�+,��8����	�+�!������.
������	�
��J,,��= �����	��	���
	�
�
����
�� ��	� 13+1� �	���:� ���� �
��� �
�� �	��� ��
������	� ���	�!� %��
�	�
��� ����	���
����	��	��
�����	A�.����������
���	������	�����
	���	���	��
���	�����
������	�����!�

�



��

�

8�

9�

10�

11�

12�

13�

14�

2010 2015 2020 2025 2030 2035 2040 2045 2050 2055

To
ta
l�h
ar
ve
st
�(m

illi
on

�m
3 )

Year
Base 100 200 400 600 800

�

Figure�1:�Total�harvest�levels�in�the�scenarios.�Note�that�the�scale�on�the�y�axis�begins�at�8�million�
m3.�

�

Figure�2:�Average�harvest�age� in�2020�and� in�2050� for� site� indices�8,�14�and�20.� (The�site� index�
refers�to�the�average�height�of�the�100�largest�trees�per�hectare�at�40�years�age,�and�8�is�generally�
considered�a�low�site�index,�14�an�middle�good�and�20�good.)�
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Figure�3:�Average�density�of�final�harvested�stands�(m3/hectare)�varying�with�carbon�prices�in�the�
two�market�models.�

Silviculture�
+��� ��	�
��"����� 	��� ���	�,���� 	�
� �������	��
� ��
����
������ ��� ���� ���
����� ��	�
-��

���
������!� 	��� �������	��
� "���� ������ 	�
� ������� ��� ����#�
��� ���������� �������� .���

/�"�
��!� ���� ��#���	����� ���#����
�� 
����
�� ��� ���� �	����� ������ 	�
� ���� 	���#�
�

#	�%����#�	������$����	�������	������	����������!����	���������	��
�	��	�
���������������

��
��������#	�%���#�
��� 	���	�
����� 	��� ��
���
�� ���� ���� �*��������#	�%���#�
��!�

��"�
��!� ���	�� �������	��
� 	��	�� �����	��� "���� ������� �	����� ������� 0������	�����

#����
�� ��	���� "���� ���� �	����� ������!� ���� 
���� ���� 
	��� #���� ���"���� ���� �"��

#	�%���#�
�����$���� �����	�������������	��������,.���1234������52&�6!�	�#�������



���

�

	��	�� 	��� �������	��
� �	���	���� "���� �������� �����	
!� ������� 	��� ��	���
!� 	�
� ��� ����

�*�������� #	�%��� #�
��!� ��#�� #���� 	��	�� 	��� 
�
���
� ��� �����!� "����� �	�� �����

�������	�����
�������	�
���������������"��������

32000

34000

36000

38000

40000

42000

44000

0

10

20

30

40

50

60

70

80

90

0 100 200 300 400 500 600 700 800

Re
ge
ne

ra
te
d�
ar
ea
�p
er
�ye

ar
�(h
ec
at
ar
es
)

Sh
ar
es
�o
f�a
re
as
�re
ge
ne

ra
te
d�
w
ith

�d
iff
er
ne

t�m
et
ho

ds

Carbon�price�(NOK/tonne�CO2eq)

Endo�regen�area Exo�regen�area
Share�Endo�spruce�planting Share�Exo�spruce�planting
Share�Endo�birch�nat.�regen. Share�Exo�birch�nat.�regen.
Share�Endo�spruce�nat.�regen. Share�Exo�spruce�nat.�regen. �
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not�included.�Note�that�the�right�axis�starts�at�32�000.�
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Figure�6:�Relative�production�level�compared�to�Base�of�pulp�and�paper�(P&P)�and�of�solid�wood,�
including�sawn�wood�and�boards.�(100�means�equal�to�Base.)�
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Figure�7:�Relative�production�level�compared�to�Base�of�bio�heat�in�space�heating�including�wood�
stoves�and�pellet�stoves�(Biospace)�and�of�bio�heat�in�central�heating�and�district�heating�systems�
(Biowater).�(100�means�equal�to�Base.)�
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Figure� 10:� Prices� for� spruce� sawn� wood� (SSAW)� and� newsprint� (Newspr)� in� years� and� with�
different�carbon�prices.�
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Figure�11:�Marginal�cost�plots� for� increasing�net�sequestration�of�greenhouse�gases� in� the� forest�
sector�for�various�horizons.�
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Figure�12:�Marginal�cost�plots� for� increasing�net�sequestration�of�greenhouse�gases� in� the� forest�
sector�per�hectare�productive�forest�for�various�horizons.�
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Table�1:�Maximum�annual�undiscounted�net�CO2�sequestration�potential�above�baseline�(million�
tonnes�CO2eq/year)�in�the�sector�with�a�carbon�price�of�800�NOK/tonne�CO2eq.��
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Figure�13:�Carbon�stored�in�forests�(tonnes�CO2eq)�over�time�in�various�carbon�price�scenarios�and�
market�models.��
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